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Abstract−We studied the capability of electrocentrifuge-spinning (ECS) method for generating highly aligned nano-

fiber. First, the degree of nanofiber alignment (DNA) produced by ECS was compared with that of rotating drum (RD)

method and ECS superiority was demonstrated. Then central composite design (CCD) and response surface methodol-

ogy (RSM) was used for optimization of operating conditions. The critical factors selected for the examination were

voltage, polymer concentration, collector diameter and spinneret rotational speed. To design the required experiments

at the settings of independent parameters, RSM was applied. A total of 30 experiments were accomplished towards

the construction of a quadratic model for target variable. Using this quadratic model, the influence of aforementioned

variables was discussed on DNA. The best operating condition for attaining the maximum value of DNA was the applied

voltage of 20.19 kV, polymer concentration of 17.44wt%, collector diameter of 40.76 cm, and rotational speed of 2680.10

rpm.
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INTRODUCTION

Electrospinning has attracted considerable attention due to its

potential as a simple and versatile technology to produce polymer

fibers [1-5]. In conventional electrospinning, electrospun fibers are

deposited randomly in a non-woven arrangement on the grounded

collector. This is mainly due to the formation and growth of whip-

ping instability during stretching process of electrified polymeric jet

[6,7]. Such non-woven electrospun nanofibers have limited appli-

cations as the adsorbent, filtration media, catalyst support, wound

dressing, and tissue engineering scaffold [1]. This restricts the areas

in which electrospun nanofibers can be exploited. To extend the

usage of nanofibers for advanced applications such as implementa-

tion of small-scale electronic devices [8-10], cell maturation in neural

tissue engineering [11-13], blood vessel engineering [14], and im-

proving the tensile strength of nanofibers [15-17] only continuous

well-aligned single nanofibers or uniaxial fiber bundles are appli-

cable. However, due to the electrostatic interactions between exter-

nal electric field and surface charges on jet, controlled fabrication

of nanofibers is a major challenge in this field.

To date, several approaches have been suggested to produce uniax-

ial aligned nanofibers. In these methods, the collector of conven-

tional electrospinning apparatus is replaced by a rotating drum [18,

19], a sharp-edge rotating disk [20], parallel conducting electrodes

[21-23], a fin rotor [24], two charged copper disks [25], and a hollow

cylinder [26]. Although fiber alignment has somewhat improved

by these techniques, there are still several drawbacks for the pur-

poses of practical applications of nanofibers. In the method of us-

ing RD as the collector, DNA is not so favorable [1,26]. The other

methods produce aligned fibers with limited length [21-24] and over

a narrow area [20]. Additionally, these methods have been restricted

with low production rate of aligned nanofibers that is another major

challenge in commercialization of aligned nanofibers production.

Recently, Dabirian et al. developed a simple high-performance

technique named ECS [27,28] to generate polymeric nanofiber. In

this technique, electrical and centrifugal forces are employed simul-

taneously to generate aligned nanofiber. Dabirian et al. [28] also

studied the jet formation process in ECS by high-speed photogra-

phy and proposed that this technique can be employed to generate

bundles of aligned nanofiber.

In this investigation, by performing a minor change in the posi-

tioning of ECS setup developed by Dabirian et al. [27,28], we evalu-

ated the capability of ECS to generate highly-aligned nanofiber. To

assess the effectiveness of the modified device, DNA at various pro-

cessing condition was compared with those obtained using a stan-

dard electrospinning technique such as RD method. Our results re-

vealed that DNA in ECS method was on average more than three-

times higher than the corresponding values in RD method.

It is usually essential for applicable engineering data to be mod-

eled and analyzed for determining the conditions under which the

highest process performance is attained. RSM [29] and other rele-

vant experimental design techniques are well-known methods for

this purpose that are used by many researchers especially in chemi-

cal engineering [5,30-32]. Therefore, another aim of this work was

using RSM in conjunction with central composite design to estab-

lish the functional relationships between spinneret rotational speed,

polymer concentration, collector diameter, and voltage with DNA.

Then, this relationship was used for determining the optimal oper-
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ating conditions to attain the highest value of DNA.

MATERIALS AND METHODS/EXPERIMENTAL

1.Materials

Industrial grade polyacrylonitrile (PAN) with a weight-average

molecular weight of about 100000 g/mol was obtained from Poly-

acryle IRAN Company as the polymer and N, N-dimethylforma-

mide (DMF) was purchased from Merck Company as the solvent.

Polymer solution was prepared by dissolving PAN in DMF with

the concentration of 14 to 19wt%. Afterwards, it was kept in a con-

stant temperature around 50 oC for 2 hours to complete the dissolu-

tion. The polymer solution was then placed in a special handmade

container equipped with a flat-tipped stainless steel needle (0.5×

15mm) as the spinneret. The needle was connected to the positive

terminal of a high DC voltage power supply.

2. Experimental Apparatus and Procedure

2-1. ECS Setup

The ECS setup was detailed by Dabirian et al. [27] and is illus-

trated in Fig. 1. In two research efforts by Dabirian et al. [27,28],

the setup was installed in vertical position. However in this study,

the ECS setup was installed in horizontal position for production

of highly aligned nanofiber. The experimental setup consists of a

special handmade cylindrical container mounted horizontally on the

center of a flat rotating disk. The container is equipped with a flat-

tipped stainless steel needle as the spinneret. The collection of con-

tainer and flat rotating disk is positioned horizontally at the center

of a hollow cylindrical collector and is joined to a high speed three-

phase electromotor with adjustable RPM. In this study, a syringe

needle with diameter of 0.5mm and length of 15mm was used as

the spinneret and a metallic hollow cylinder with 8 cm height has

been used as collector. Once the container started to rotate and cen-

trifugal force was applied, the polymer solution was drained out of

the needle. The polymer solution was ejected from the tip of spin-

neret as soon as a potential difference greater than the critical voltage

was applied between the spinneret and cylindrical fiber collector.

The spinneret and fiber collector were connected to the positive and

negative terminals of a high voltage DC power supply, respectively.

Due to the high rotational speed of spinneret and exposing the outlet

polymer solution to surrounding air, the ejected solution from the

nozzle tip was immediately dried. Therefore, the polymer solution

did not have enough time to reach the collector. Actually, the main

drawback of ECS setup was the blocking of its nozzle by the dried

polymer. To overcome this problem, the spinneret and container

have been enclosed with a cylindrical cap in a way that only 2mm

of spinneret tip has remained uncovered.

2-2. RD Setup

In this study, a single RD has been employed to generate aligned

fibers. The setup is comprised of a rotating drum with diameter of

5 cm that has been covered by a layer of aluminum foil to collect

the fibers. A moving syringe pump with reciprocal movement along

the cylinder axis is installed in front of the RD to feed the spinneret.

3. Experimental Design

In this paper, RSM was applied to model and optimize the ECS

parameters for generating aligned nanofiber with maximum degree

of orientation. Applying RSM especially for optimization problems

has several advantages, like time and material saving and low oper-

ating costs [33]. RSM has four basic steps [34]. First, it specifies

several experiments for measuring the dependent variable at vari-

ous conditions. The user then performs the required experiments

and measures the values of dependent variable. All the experiments

should be carried out as near as possible to the recommended con-

ditions by RSM. This minimizes the effect of experimental error in

the observed response. Then, RSM develops a simple formula to

correlate the dependent and independents variables. In most com-

mon problems, a second-order formula is suitable for this purpose

[29,33,34]. By applying the developed formula, RSM then deter-

mines the best set of conditions to optimize the response. Finally, it

depicts the influences of independent variables (factors) through

two- and three-dimensional figures.

RESULTS AND DISCUSSION

1. Comparison between ECS and RD Methods

To compare the ability of ECS and RD methods for producing

highly aligned nanofibers, both methods were evaluated at the same

operating condition. The selected parameters that had direct effect

on the DNA were voltage, polymer concentration, spinneret col-

lector distance, RPM, and feed flow rate. As the feed flow rate of

ECS method [27] is affected by both rotational speed of spinneret

and applied voltage, first the polymer flow rate was measured at

selected RPMs, namely, 1200 and 2000 for various voltages from

10 kV to 22 kV. Then, the corresponding values of feed flow rate

in each RPM and voltage were set for the feed pump of RD method.

The measured flow rates of polymer solution for ECS are depicted

in Table1. Other operating conditions were 17wt% for polymer con-

centration, 14 cm for spinneret collector distance, and 10 kV to 22

kV for Voltage.

The degree of nanofiber alignment was determined using image

analysis by Fourier transform analysis [35]. Nanofibers were depos-

ited on a glass microscope slide or a transparent plastic film for a

short time around of 20 sec. For each ECS and RD parameter, the

Fig. 1. ECS device for generating highly aligned nanofibers.

Table 1. Feed flow rate (ml/h) at various voltages and RPMs in ECS
and RD methods

Voltage

RPM
10 kV 13 kV 16 kV 19 kV 22 kV

1200 0.45 0.45 0.50 0.60 0.56

2000 0.70 0.73 0.74 0.81 0.87
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experiment was repeated thirty times and several optical images

were captured from each sample with an optical microscope (BEL-

BIO2). Finally, one-hundred images were chosen for alignment anal-

ysis, and the average value of nanofiber alignment of these images

was reported as DNA. The variation of DNA against applied voltage

for both ECS and RD methods is represented in Fig. 2. In addition,

the values of standard deviation (Std) for each curve are depicted

in this figure. The values of RPM in this figure were kept constant

at 1200 and 2000. For comparison of the results, consider the values

of DNA at 2000rpm and the voltages of 10 kV, 13 kV, 16 kV, 19

kV, and 22 kV. The numerical values for RD at these conditions

were 13.7%, 12.76%, 19.8%, 21.95%, and 29.4%, respectively. How-

ever, the corresponding values for ECS were 52%, 61%, 76.4%,

76.8%, and 81%, respectively. These numerical values indicated

that the DNA for ECS method was on average more than three-

times as high as the RD method.

The morphology of fabricated aligned nanofibers was character-

ized via optical and scanning electron microscopy. The typical opti-

cal micrographs of PAN nanofibers by ECS and RD methods are

depicted in Fig. 3. From this figure one can see that the type of elec-

trospinning approach has a remarkable influence on the DNA. Ac-

cording to this figure, an obviously higher value of DNA was ob-

tained for ECS method.

2. Statistical Analysis of the Experimental Data

Independent factors in the current study were voltage, polymer

concentration, collector diameter, and spinneret rotational speed.

The only dependent variable was DNA. Using Design Expert soft-

ware, a 4-factor-5-level CCD was applied as the central composite

design (CCD). Each independent variable was coded at five levels

between −β and +β. The variation domains of independent vari-

ables were 8-22 kV for voltage; 14-19wt% for polymer concentra-

tion, 20-60 cm for collector diameter, and, 800-4,500 rpm for spin-

neret rotational speed. The levels of factors are shown in Table 2.

The form of proposed formula for calculating the DNA as func-

tions of the four independent variables was as follow:

DNA%=β0+β1A+β2B+β3C+β4D+β12AB+β13AC+β14AD

DNA%=+β23BC+β24BD+β34CD+β11A
2+β22B

2+β33C
2+β44D

2 (1)

where β0 is the formula constant; β1, β2, β3 and β4 are linear coef-

ficients; β12, β13, β14, β23, β24 and β34 are cross product coefficients,

and β11, β22, β33 and β44 are the quadratic coefficients [36]. The param-

Fig. 2. Comparison between DNA in ECS and RD methods.

Table 2. The levels of factors in the ECS experiments based on central composite design (CCD)

Factor Coded levels of variables

Low axial Low factorial Center High factorial High axial

(−β) (−1) (0) (+1) (+β)

A: Voltage (kV) 008 0011.5 0015 0018.5 0022

B: Concentration (wt%) 014 0015.25 0016.5 0017.75 0019

C: Diameter (cm) 020 0030 0040 0050 0060

D: Rotational speed (rpm) 800 1725 2650 3575 4500

Fig. 3. The typical optical micrographs of PAN nanofibers by ap-
plied voltage of 22kV and polymer concentration of 17wt%
for (a) ECS method with collector diameter of 40 cm and
rotating speed of 2,000 rpm (b) RD method with the dis-
tance between drum and spinneret tip of 14 cm and rotat-
ing speed of 2,000 rpm.
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eters A, B, C, and D in this formula refer to the coded values of volt-

age, polymer concentration, collector diameter, and spinneret rota-

tional speed, respectively. Expert Design software determines the

values of these constants in order that minimizes the deviation of

this formula from the experimental data.

As the number of experiments at the design center was sug-

gested to be six [37], the total number of experiments must be equal

to 2k+(2×k)+6=30 [38], where k is the number of independent fac-

tors. After specifying the required experiments, the values of inde-

pendent variables were coded to lie at ±1, 0, and ±β. The actual

values of independent variables for these 30 unique experiments to-

gether with their corresponding coded level are shown in Table 3.

As soon as the requested DNA data were obtained from the ex-

periments, the unknown coefficients of Eq. (1) were calculated by

applying least squares method. The relationship between DNA and

coded variables is presented in the following equation:

DNA%=69.52+13.36A+6.88B−6.24C−2.9D

DNA%=+3.05AB+11.33AC+0.44AD−3.37BC+2.64BD−3.23CD

DNA%=−4.02A2
−3.47B2

−9.17C2
−10.15D2 (2)

The analysis of variance (ANOVA) for the response is summarized

in Table 4. The value of 43.46 obtained for Model F-value indi-

rectly suggested that the proposed formula for calculating DNA%

was significant. The possibility that such large value of F-value could

occur as a result of noise is only 0.01%. The p-value parameter in

this table determines whether the model terms of A, B, C, D, AB,

AC, AD, BC, BD, CD, A2, B2, C2, and D2 are important or not. The

parameters with the p-value more than 0.0500 did not have signifi-

cant effect on the response. So for the current case, the entire model

terms with the exception of AD were significant. Referring to Table

4, the R2 value was about 0.9759. The relatively high value of R2

indicated that the proposed quadratic equation was capable of accu-

rately predicting DNA. Due to the five level independent variables,

the model equation in our case includes additional terms. There-

fore, adjusted R2 parameter (Adj-R2) for the degrees of freedom was

chosen to be examined as well. Adj-R2 is much less sensitive to the

degrees of freedom than R2 and does not affect seriously by adding

Table 3. The experimental design for the four independent variables and response at different factor levels

Run
Factors Response

Voltage (kV) Concentration (wt%) Diameter (cm) Rotational speed  (rpm) Degree of nanofiber alignment (%)

01 11.5(−1)a 15.25(−1)a 50(+1)a 1725(−1)a 25.00

02 22.0(+β) 16.50(0) 40(0) 2650(0) 83.00

03 15.0(0) 16.50(0) 40(0) 2650(0) 68.00

04 15.0(0) 19.00(+β) 40(0) 2650(0) 73.00

05 15.0(0) 16.50(0) 40(0) 4500(+β) 18.56

06 18.5(+1) 15.25(−1) 50(+1) 1725(−1) 63.00

07 15.0(0) 16.50(0) 40(0) 2650(0) 71.00

08 11.5(−1) 15.25(−1) 30(−1) 1725(−1) 39.00

09 11.5(−1) 15.25(−1) 50(+1) 3575(+1) 08.00

10 15.0(0) 16.50(0) 40(0) 2650(0) 70.45

11 18.5(+1) 15.25(−1) 30(−1) 1725(−1) 40.00

12 11.5(−1) 15.25(−1) 30(−1) 3575(+1) 39.00

13 18.5(+1) 15.25(−1) 30(−1) 3575(+1) 40.00

14 11.5(−1) 17.75(+1) 30(−1) 1725(−1) 54.53

15 15.0(0) 16.50(0) 40(0) 2650(0) 75.00

16 11.5(−1) 17.75(+1) 50(+1) 3575(+1) 08.09

17 15.0(0) 16.50(0) 40(0) 0800(−β) 38.00

18 15.0(0) 16.50(0) 60(+β) 2650(0) 17.46

19 15.0(0) 14.00(−β) 40(0) 2650(0) 37.00

20 18.5(+1) 15.25(−1) 50(+1) 3575(+1) 43.58

21 18.5(+1) 17.75(+1) 50(+1) 3575(+1) 69.14

22 15.0(0) 16.50(0) 40(0) 2650(0) 66.91

23 11.5(−1) 17.75(+1) 30(−1) 3575(+1) 57.60

24 08.0(−β) 16.50(0) 40(0) 2650(0) 22.65

25 15.0(0) 16.50(0) 20(−β) 2650(0) 47.00

26 11.5(−1) 17.75(+1) 50(+1) 1725(−1) 13.00

27 18.5(+1) 17.75(+1) 50(+1) 1725(−1) 69.00

28 18.5(+1) 17.75(+1) 30(−1) 3575(+1) 63.45

29 18.5(+1) 17.75(+1) 30(−1) 1725(−1) 56.00

30 15.0(0) 16.50(0) 40(0) 2650(0) 65.79

aLevel code values of the parameters
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further terms to the model. Therefore, it is a better criterion for de-

termination the goodness of fit. According to Table 4, the Adj-R2

value for the response was 0.9535. The Pred R2 of 0.8785 was in

reasonable agreement with the value of Adj R2. The term “Adeq

Precision” in the last row of this table indicates the signal to noise

ratio. For a desirable model, this ratio should be greater than 4. Of

course, the level of significance of the operating parameters was

investigated in this study only for PAN in DMF solution and their

effects may not be reliable for other polymers.

To clarify the goodness of the proposed model, Fig. 4 shows the

scatter plot of experimental data with those obtained from Eq. (2).

The points marked by filled squares are concentrated near the diago-

nal line. This obviously indicates that Eq. (2) predicts the experi-

mental data reasonably well.

3.Characterization of Fabricated Nanofibers by ECS Method

Six optical images of nanofibers obtained by ECS method along

with their corresponding normalized angular power spectrum (APS)s

are depicted in Fig. 5. These images were obtained at the applied

voltages of 8, 15, and 22 kV, rotational speed of 800 and 2,650 rpm,

collector diameters of 20 and 40 cm, and polymer concentrations

of 14, 16.5, and 19%. According to these graphs, random fibers struc-

tures were obtained for the experiments, including any of the fol-

lowing operating conditions: the rotational speed of 800 rmp, polymer

concentration of 14wt%, and applied voltage of 8 kV. The micro-

graphs clearly show that for the operating conditions for the cases

(c) (the collector diameter of 40 cm, rotational speed of 2,650 rpm,

voltage of 15 kv, and polymer concentration of 19%) and (e) (the

collector diameter of 40 cm, rotational speed of 2,650 rpm, voltage

of 22 kV, and polymer concentration of 16.5wt%), there was a high

degree of parallelism among nanofibers. This later result can be also

demonstrated by investigating the APSs graphs. In Fig. 5, the peaks

of APSs for cases (c) and (e) are sharper than the others. Note that

the sharper the peaks of APS, the higher the DNA will be.

Two typical SEM photographs of nanofibers mat, which were

produced using ECS method, together with their corresponding diam-

eter distributions are shown in Fig. 6. These pictures were obtained

by applying two potential differences of 20 and 22kV at the poly-

mer concentration of 16.5wt%, collector diameter of 40 cm, and

rotating rate of 2,650 rpm. Mean, standard deviation, and the range

of fiber diameters were determined in these SEM pictures. As can

be seen, fibers in both pictures were oriented with high degree of

alignment. The other point is that the average fiber diameter for the

case of 20 kV potential differences (763.93 nm with the standard

deviation of 47.66 nm) was lower than that of 22 kV (812.96 nm

with the standard deviation of 39.25 nm). It clearly indicates that

increasing the applied voltage increased the fiber diameters. Although

the effect of potential difference on the fiber diameter is not com-

pletely investigated in this paper, it is well described in literature

with more details. Actually, the influence of applied voltage on fiber

diameter is not very clear. By increasing the voltage, electrostatic

force on the polymer jet increases and it may reduce the fiber diame-

ter. In general, by increasing the voltage, fiber diameter may be in-

creased [39,40], decreased [2], or even unchanged [41]. In addition

to the influence of voltage on the fiber diameter, it can lead to the

production of a mixture of beads and fibers [40,42].

4. Sensitivity Analyses

As the accuracy of Eq. (2) for predicting the values of DNA well

demonstrated, this equation was applied for calculating the DNA

at various values of collector diameter, rotational speed, voltage, and

polymer concentration. The variation trends of DNA with respect

to these four parameters are given in Fig. 7. To clarify the results,

each three-dimensional graph is also shown in two-dimensional view

in the left hand side. In each figure, while two of these four indepen-

dent parameters were kept constant, the influences of the other param-

eters on the DNA were examined. The parameters V, PC, CD, and

SRS in these figures refer to voltage, polymer concentration, col-

Table 4. Analysis of variance for response surface quadratic model

Source
Sum of

squares
df

Mean

square

F

value

p-value

prob>F

Model 13815.97 14 986.85 43.46 <0.0001

A-V 4284.02 1 4284.02 188.66 <0.0001

B-PC 1137.54 1 1137.54 50.10 <0.0001

C-CD 935.63 1 935.63 41.20 <0.0001

D-RPM 201.55 1 201.55 8.88 0.0094

AB 148.78 1 148.78 6.55 0.0218

AC 2054.58 1 2054.58 90.48 <0.0001

AD 3.07 1 3.07 0.14 0.7182

BC 181.78 1 181.78 8.01 0.0127

BD 111.14 1 111.14 4.89 0.0429

CD 167.12 1 167.12 7.36 0.0160

A2 442.84 1 442.84 19.50 0.0005

B2 331.09 1 331.09 14.58 0.0017

C2 2304.86 1 2304.86 101.50 < 0.0001

D2 2828.18 1 2828.18 124.55 < 0.0001

R2 0.9759

Adj R2 0.9535

Pred R2 0.8785

Adeq precision 23.17

Fig. 4. The scatter plot of predicted DNA by equation (2) versus
the corresponding experimental data.
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lector diameter, and spinneret rotational speed, respectively. Accord-

ing to these figures, the influences of the four independent parameters

were investigated item by item in the following subsections.

4-1. The Effect of Voltage on DNA

Fig. 7(a) shows the dependency of DNA by applied voltage and

polymer concentration at a constant rotational speed and collector

diameter of 2,650 rpm and 40 cm, respectively. It is inferred from

this figure that for each arbitrary polymer concentration, the DNA

increased constantly with increasing voltage. In accord with the two-

dimensional graph depicted in Fig. 7(a), the DNA at 11.5 kv and

the polymer concentration of 17.1% was close to 53.8%, while the

corresponding value at 15 kv and the same concentration was ap-

proximately 71.8%. It means that increasing the voltage intensified

the electrostatic field, and it in turn enhanced the DNA. The effect

of voltage on DNA for various collector diameters is shown in Fig.

7(b). Based on this figure, the voltage effect was more significant

at higher collector diameter. To complete the investigation of volt-

age effect on DNA, Fig. 7(c) represents its effect for a specified range

Fig. 5. Optical micrographs of aligned PAN nanofibers with corresponding normalized APSs generated by ECS method, respectively, at
collector diameter, rotational speed, voltage, and polymer concentration of (a) 40 cm, 2,650 rpm, 8 kV, and 16.5wt% (b) 40 cm,
2,650 rpm, 15 kV, and 14wt% (c) 40 cm, 2,650 rpm, 15 kV, and 19wt% (d) 20 cm, 2,650 rpm, 15 kV, and 16.5wt% (e) 40 cm, 2,650
rpm, 22 kV, and 16.5 wt% (f) 40 cm, 800 rpm, 15 kV, and 16.5 wt%.
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of spinning rotational speed. As shown by this figure, the DNA,

for the entire domain of rotational speed, increased with applied

voltage.

4-2. The Effect of Polymer Concentration on DNA

To fabricate uniform thin fibers, the polymer concentration has

an inevitable degree of importance. With low concentration of poly-

mer solution, not only there is always the possibility of bead formation

but also no continuous fiber is produced. On the other side, poly-

mer with higher concentration causes higher solution viscosity that

consequently leads to the difficult ejection of jets and the formation

of large diameter fibers [2,42-47]. In general, the change domain

of polymer concentration should be in order to prevent the forma-

tion of beads or fibers with large diameter.

Similar to applied voltage, the effects of polymer concentration

in combination with other three factors are depicted in Figs. 7(a),

7(d), and 7(e). The trend of these figures reveals that low polymer

concentration caused the formation of disordered fibers in the col-

lector surface. However, by increasing the polymer concentration,

the value of DNA increased gradually. It can be also inferred from

Fig. 7(a) that the effect of polymer concentration on fiber align-

ment was not as significant as voltage.

4-3. The Effect of Spinneret Rotational Speed on DNA

The effects of spinneret rotational speed on DNA are depicted

in Figs. 7(c), 7(e), and 7(f). On the basis of these figures, by increasing

Fig. 5. Continued.
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the spinneret rotational speed, the parallel percentage first increased

and then decreased gradually. This phenomenon may have been

due to the fact that increasing the rotational speed of spinneret to a

certain extent increased the applied centrifugal force to the launched

jet. Therefore, bending instability repulsive force disappeared from

the collecting charges and a jet with greater stability was produced.

At higher rotational speed, the irregular increasing of centrifugal

force may have overcome on the surface tension force of polymer

solution. This consequently ruptured launched polymer jets, and

provided jets with turbulent movement. Therefore, a high speed

rotating spinneret may have impacted the surrounding air and dis-

rupted the air between the tip of the spinneret and collector and created

vortices. This may have lost the stability of launched jet and reduced

the value of DNA.

Determining the contribution of electrostatic and centrifugal forces

on DNA is interesting. This is exactly similar to determining the

contribution of voltage and spinneret rotational speed, respectively.

Referring to Fig. 7(c), although both of these operating parameters

influence the nanofiber orientation, the DNA is obviously more sen-

sitive to voltage than SRS. Thus, the tremendous increasing of DNA

in ECS is mainly due to the increasing of electrostatic forces.

4-4. The Effect of Collector Diameter on DNA

For investigating the effect of collector diameter on DNA, exper-

iments were accomplished with the collector diameter range from

20 to 60 cm. The obtained results by RSM are shown in Figs. 7(b),

7(d), and 7(f). These figures indicated that DNA was an ascending-

descending function of collector diameter. Furthermore, the effect

of this parameter was to some extent similar to the effect of spin-

neret rotational speed. To justify the effect of collector diameter on

the DNA it is worthwhile noting that at small values of collector

diameter, the ejected solution from the nozzle tip was still wet by

the time of reaching the collector. On the other side, at large values

of collector diameter, some parts of polymer jets were unable to

arrive at the collector surface and spread in the ECS chamber [27].

Fig. 6. SEM pictures of well-aligned PAN nanofibers produced by ECS method, respectively, at collector diameter, rotational speed, voltage,
and polymer concentration of (a) 40 cm, 2,650 rpm, 20 kV, and 16.5 wt% (b) 40 cm, 2,650 rpm, 22 kV, and 16.5 wt%.
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Therefore, the small values of DNA in the boundaries of these figures

are completely logical. Accordingly, the collector diameter should

be selected in a suitable range for producing aligned nanofibers.

5. Optimization

As mentioned, Expert Design software can determine the opti-

mum values of independent variables to reach the highest amount

of objective function, namely DNA. The results of optimization by

this software are presented in Table 5. According to this table, the

optimum values of independent variables were the applied voltage

of 20.19 kV, polymer concentration of 17.44wt%, collector diam-

Fig. 7. The DNA dependency of (a) applied voltage and polymer concentration (b) applied voltage and collector diameter (c) applied
voltage and spinneret rotational speed (d) polymer concentration and collector diameter (e) polymer concentration and spinneret
rotational speed (f) collector diameter and spinneret rotational speed (In each graph, two of the parameters were kept constant at
collector diameter of 40 cm, spinneret rotational speed of 2,650 rpm, polymer concentration of 16.5%, and applied voltage of 15kV).
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eter of 40.76 cm, and rotational speed of 2,680.10 rpm. The soft-

ware predicted the value of 87.64% for DNA at this optimum con-

dition. To check the accuracy of the predicted response at the 95%

confidence interval of the optimum conditions, the ECS setup was

operated accordingly. Table 5 presents the results of experiment con-

ducted at the optimum condition and shows that the verification

experiment and the predicted value from fitted correlations were in

close agreement at a 95% confidence interval. These results revealed

that the electrocentrifuge spinning can be efficiently employed to

produce highly aligned nanofibers with several meters in length.

CONCLUSION

The production of aligned nanofibers using ECS method was

investigated. The effect of four important parameters including col-

lector diameter, applied voltage, spinning rotational speed, and poly-

Fig. 7. Continued.
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mer concentration was investigated on the DNA. Expert Design soft-

ware suggested a total of 30 unique experiments for a complete evalu-

ation. Then, the required experiments were performed using an ECS

setup. The main conclusions are as follows:

1) In agreement with the previous publications, ESC proved to

be an efficient method for fabrication of highly aligned nanofibers.

2) Comparing the performance of ECS with RD method showed

that the DNA of ECS method was at least three times more than

that of RD method.

3) The experimental data of DNA as functions of the four operat-

ing parameters were well fitted by a second-order polynomial cor-

relation.

4) From the four independent parameters under consideration,

the applied voltage had the highest degree of influence on the DNA.

Polymer solution concentration followed by collector diameter and

spinning rotational speed also had significant effect on the mor-

phology of generating fibers.

5) By applying either higher voltage or higher polymer weight

fraction, the nanofibers were collected in more uniaxial lines.

6) The influence of collector diameter and spinning rotational

speed was a little complicated. As each of these two factors increased,

the DNA first increased and then decreased gradually.

7) Using RSM results, the maximum DNA was obtained with

the applied voltage of 20.19 kV, polymer concentration of 17.44

wt%, collector diameter of 40.76cm, and rotational speed of 2680.10

rpm. At this optimum condition, the predicted value of DNA by

Expert Design software, 87.64%, was very close to its measuring

value, 85.90%.

NOMENCLATURE

A : coded values of voltage

B : coded values of polymer concentration

C : coded values of collector diameter

CD : collector diameter [cm]

D : coded values of spinneret rotational speed

DNA : degree of nanofibers alignment [%]

PC : polymer concentration [wt%]

k : the number of independent factors

SRS : spinneret rotational speed [rpm]

V : voltage [kV]

β : constant
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