
Fibers and Polymers 2009, Vol.10, No.2, 177-184 DOI 10.1007/s12221-009-0177-7

177

The Effect of Salt on the Roller Electrospinning of Polyurethane Nanofibers

F. Cengiz* and O. Jirsak
1

Textile Engineering Department, Engineering & Architecture Faculty, Süleyman Demirel University,

 32260, Cunur, Isparta, Turkey
1
Nonwoven Department, Textile Engineering Faculty, Technical University of Liberec, Halkova 6, 46117, Czech Republic

(Received November 16, 2008; Revised February 4, 2009; Accepted February 26, 2009)

Abstract: In this study, we investigated the effect of tetraethylammoniumbromide (TEAB) salt on the spinnability of poly-
urethane nanofibers via roller electrospinning method. At first, solution properties, spinnability and fiber properties were
determined and then all the results were analyzed. According to the results, TEAB salt concentration has an important effect
on the conductivity, viscosity, spinning performance, fiber diameter and morphology. It was found that all these parameters
increased with salt concentration. Also it was indicated that viscosity decreased with shear rate. Polyurethane including
1.82 wt % TEAB gives the best spinning performance although 0.87 wt % TEAB is the optimum value related to fiber prop-
erties such as diameter, uniformity and morphology given the ideal polyurethane nano web structure. 
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 Introduction

Inventions in fiber science during the last part of 20th

century are inclined to polymer fiber development. Particularly

nanofiber technology has become the latest trend leading to

many discoveries in available application areas of textile. In

literature generally nanofibers term is called that the fibers

have the diameter under one micron. These special fibers in

nanometer size diameter have specific improved properties

(very large ratio of surface area to volume, small and

controllable pore size, superior mechanical performance)

due to their nano size. These remarkable properties make

nanofibers indispensable for many application’s raw material

such as medical areas [1-3], protective clothing [4-6],

filtration [7,8], nanocomposites [9,10], membranes [11,12]

nanosensors [13], electrical and optical [14,15] use.

The most outstanding method is the electrospinning

process with needle to produce nanofibers has been known

until 1600’ years. The investigation of physical phenomena

connected with electrospinning starts with William Gilbert

[16]. Much more serious work has been done by Rayleigh in

19th century, who described the critical charge values

needed for the disintegration of charged liquid droplets [17].

After Rayleigh’s studies, Zeleny, Wilson and Taylor, Nolan,

and Macky investigated about interaction between the

liquids and electrostatic field [18-21]. With respect to these

kinds of scientific work, Taylor contributed a theoretical

description of liquid surface equilibrium shapes under the

action of external electrostatic fields. This shape is a cone

with semivertical angle called now as the Taylor cone [22].

Since this method is basically the drawing of a polymer

fluids, there are many different types of polymers such as

natural (collagen, DNA, silk), synthetic (acrylic, polyurethane,

polyamid etc.), biodegradable polymers (poly(caprolactone),

chitosan etc.) and polymer mixture have been used to obtain

nanofibers [23-33].

Electrospinning process was patented first by Formhals in

1934 [34]. After Formhal’s patent, various new methods

have been developed to provide mass production of

nanofibers [35-41]. Among these methods, Nanospider is

the unique method which has been used in industry to

produce nanofibers continuously. This method was invented

by Jirsak in Technical University of Liberec (Czech

Republic), 2003. Also this method is the first for all over the

world, which was commercialized under the name of

Nanospider from Elmarco Company in Liberec. In this

work, we used Nanospider method to obtain polyurethane

nanofibers [42]. 

Polyurethanes are one of the most widely used polymers

in biomedical, filtration, protective clothes, composites,

sensor, actuator and wound healing applications [1,5,6,10,

11,43,44]. Therefore it is very important to investigate the

spinnability and properties of polyurethane nanofibers. There

are several studies about polyurethane nanofiber production

with needle electrospinning while there is very few work

with roller electrospinning. Vlad and Oprea investigated the

rheological behaviour of thermoplastic polyurethane solutions.

They found that viscosity of polyurethane decreases with the

increasing shear rate [45]. Demir et al. studied about the

electrospinning of polyurethane fibers and determined viscosity,

concentration and temperature are the dominant factors on

the fiber morphology [27]. Khil et al. claimed that nanofibrous

polyurethane membrane was prepared by electrospinning

promoted fluid drainage for the healing of wound [1]. Lee et

al. investigated the mechanical behaviour of electrospun

fiber mats of poly(vinyl chloride)/polyurethane polyblends.

They determined that point-bonded structures in the fiber

web rose with polyurethane composition and also mechanical

properties of the web was effected by these point-bonded

structures [46]. Pedicini and Farris were also determined the*Corresponding author: cfunda@mmf.sdu.edu.tr
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mechanical behaviour of electrospun polyurethane. They

compared the stres-strain behaviour of electrospun polyurethane

and bulk material and found that molecular orientation of

electrospun fibers leads to reduction in elongation to failure

of electrospun mat [47]. Adomaviciüte et al. determined that

the time of sulfonation improves the uniformity of the

polyurethane nano webs for the sulfonated polymers [48].

Hong et al. observed that electrospun polyurethane nano

web has improved the young modulus and tensile strength of

composites [10]. Xu et al. studied the dielectric strength of

thermal interface material produced with electrospun nanofiber.

They found the adequate dielectric strength value (5.82 kV/

mm) for microelectronics applications [49]. And recently,

Lee and Obendarf developed a protective textile material

with polyurethane for agricultural workers. They improved

the barrier performance of the material with electrospun

polyurethane nanofibers [6]. 

There has been very few work in the literature about the

spinnability of polyurethane nanofibers with roller electro-

spinning in industrial scale that’s why we focused on this

subject.

Experimental

Materials 

In this study, polyurethane (PUR, Larithane LS 1086,

aliphatic elastomer based on 2000 g/mol, linear polycarbonated

diol, isophorone diisocyanate and extended isophorone

diamine), was used as a polymer and tetraethylammonium-

bromide (TEAB) was used as a salt. 

All the solutions were prepared at 15 wt % concentration

with dimethylformamide (DMF) solvent. The value of 15 wt

% polyurethane concentration was preferred to consider of

the previous roller electrospinning experiments. It was prepared

five different polyurethane solutions include different percent

of TEAB salt such as, 0-0.1-0.3-0.87 and 1.82 wt %

respectively. The concentration of the salt was performed

electrospinning up to 1.82 wt %, because of the saturated

value in dimethylformamide solvent. Polyurethane was

obtained from Larithane Company, dimethylformamide and

tetraethylamoniumbromide were purchased from Fluka and

Sigma Aldrich Company.

Methods

A series of solutions was prepared containing;

15 wt % polyurethane

x wt % TEAB (x = 0, 0.1, 0.3, 0.87, and 1.82)

(100 – 15 – x) wt % DMF

Solution properties such as conductivity, surface tension

and viscosity were determined, then solutions were electrospun

into nanofibers and fiber properties were analyzed. Conductivity

and surface tension properties were determined by a

conductivity meter (Radelkis, OK-102/1) and Du Nouy Ring

method (Krüss) using a platinium ring and a highly precise

electronic balance respectively. Rheological properties of

polyurethane solutions were measured using Rheometer

HAAKE Roto Visco 1 at 25 oC. 

Roller electrospinning method (Nanospider) with high

voltage power supply was used to spin nanofibers (Figure 1).

Nanospider consists of rotating cylinder to spin fibers directly

from the polymer solution [42]. The polyurethane polymer

solution was filled into a polypropylene dish and the bottom

of aluminium rotating cylinder body is partially immersed

into the polymer solution. High voltage is connected to the

rotating roller. The collector electrode is usually grounded to

create potential difference (Figure 1(a)). Many Taylor cones [22]

are created as the cylinder rotates along the top part of the

cylinder (Figure 1(b)). As the solvent evaporates, the jets of

polymer solutions are transformed and the solid nanofibers

are obtained before reaching to the collector electrode. 

In this work, optimum process parameters of the roller

electrospinning which were determined previous experimental

works were applied during the spinning experiments (Table 1).

From the preliminary experiments, optimum values of

relative humidity and temperature are 27 % and 23 o

C

respectively, inside the chamber to spin polyurethane nanofibers

via roller electrospinning. The nanofibers were collected on

the polypropylene (PP) spunbond nonwoven antistatic material.

The fiber morphology and diameter of the polyurethane

nanofibers were determined using a scanning electron

Figure 1. (a) Schematic diagram of nanospider method and (b) the

rotating cylinder [50].

Table 1. Process parameters of the roller electrospinning

Roller length 

(cm)

Roller diameter 

(cm)

Roller speed

 (rpm)

Take-up cylinder speed 

(m/min)

Distance between the 

electrodes (cm)

Voltage 

(kV)

14 2 3.2 0.12 11 81.2
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microscopy (SEM). TESCAN Digital Microscopy Imaging

SEM using an accelerating voltage of 30 kV was employed

to take the SEM photographs. Then, the average fiber

diameter was calculated from the SEM photos with the aid

of Lucia 32G computer soft ware. 

And recently, fiber uniformity was determined using the

number and weight average calculations. Number average

has been known as an arithmetic mean in mathematics

science. And the method which was used to calculate

uniformity coefficient has the same principle with molar

mass distribution in chemistry science. We calculated both

of these values using the formulas 1 and 2 were given below.

An = (number average) (1)

Aw =  (weight average) (2)

di: fiber diameter

ni: fiber number

The fiber uniformity coefficient was determined by ratio

An/Aw and optimum value should be very close to 1 for

uniform fibers. 

Results and Discussion 

Determination of Polymer Solution Properties

In this study, at first we determined the changing of

conductivity and surface tension values with various TEAB

salt concentration (Table 2). As it is seen from Table 2,

solution conductivity increases with TEAB salt concentration.

On the other hand there is not any noticable change in

surface tension values with TEAB salt concentration. As it

has been known from the literature, it is important to

understand the role of surface tension in a fluid [51]. 

Time-dependence of viscosity at 10 1/s shear rate was

shown in Figure 2. During viscosity experiments we used

low shear rate because of less noticeable time-dependence of

the solution at high shear rate [52]. It can be explained that

polymer chains are oriented immediately at high shear rates. 

The viscosity has been measured for 10 minutes and each

curve consists of 600 different values. It can be seen from

Figure 2, viscosity values of polyurethane increase with

TEAB salt while the time does not effect the viscosity

noticably. It can be explained that salt seems to increase the

solubility of polyurethane in DMF. This leads to more

entanglements in the polymer network and makes the

network stronger.

There is a variation of viscosity with shear rate in Figure 3.

This experiment was achieved for 5 minutes and 300

different values were measured for each sample. It is very

clear to see that viscosity decreases with increasing shear

rate for all samples of polyurethane. Similar results were

reported in previous works [41]. 

Spinning and Analysis of Fiber Properties

After measurements of solution properties, the solutions

were electrospun and the spinning performance (throughput)

was determined. 

As it can be seen from Figure 4, it was not possible to spin

any nanofibers with the solutions containing 0 and 0.1 wt %

TEAB salt. The solution of polyurethane having 1.82 wt %

TEAB gives the highest spinning performance approximately

1.6 gram nano web per minute per one meter roller length (g/

min/m). It is very clear to see that spinning performance

increases with TEAB salt for polyurethane solution.

Average fiber diameter was calculated with Lucia 32G

computer soft ware and 200 different diameter values were

used for each sample. Then we determined the effect of

TEAB salt on the fiber diameter of polyurethane (Figure 5).

It can be seen that fiber diameter increases with TEAB salt

and also it was observed high linear regression between the
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Table 2. The changing of conductivity and surface tension values

with TEAB salt concentration

Solution 

properties

TEAB wt % concentration

0 0.1 0.3 0.87 1.82

Conductivity

(mS/cm)
0.0915 0.46 1.145 2.97 5.3

Surface tension

(mN/m)
37.04 36.89 36.92 37.16 37.54

Figure 2. The variation of viscosity with time for polyurethane at

25 oC, shear rate=10 1/s.

Figure 3. The variation of viscosity with shear rate for

polyurethane at 25 oC.
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fiber diameter and TEAB salt concentration.

In Figure 6, there are SEM images of various polyurethane

nanofibers having 0.3, 0.87 and 1.82 wt % TEAB, respectively.

From these images, it can be seen that fiber diameter

increases with TEAB salt concentration.

Also we analyzed fiber diameter histograms as it is shown

in Figure 7, 8, and 9.

We found that the finest fibers with average diameter 144 nm

were obtained by using polyurethane solution of concentration

of 0.3 wt % TEAB salt while from polyurethane solution of

Figure 4. The effect of TEAB salt on the spinning performance of

polyurethane.

Figure 5. The effect of TEAB salt on the diameter of polyurethane

nanofiber.

Figure 6. SEM images of nanofiber samples of polyurethane includes various percent of TEAB salt, 27 % RH (15.000×).

Figure 7. The fiber diameter distribution of polyurethane (0.3 %

TEAB). 

Figure 8. The fiber diameter distribution of polyurethane (0.87 %

TEAB). 
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concentration 1.82 wt % of TEAB were generated nanofibers

with average diameter 193 nm.

Then fiber uniformity was determined using the number

and weight average calculations. According to the results,

number average and weight average of fiber diameter

increase with TEAB salt. When we analyzed standard deviation

and uniformity coefficient of polyurethane nanofibers, the

value of 0.87 wt % TEAB is the best. It was also determined

about there has been a significant difference between the

uniformity coefficient results statistically. 

According to the all results, we obtained very fine and

uniform polyurethane nanofibers (Table 3).

There have been SEM images of nanofibers with 1.000×

magnification from various polyurethane solutions having

0.3, 0.87 and 1.82 wt % TEAB respectively in Figure 10. 

Fiber morphology is getting worse with the TEAB salt

concentration increases (Figure 10). As the TEAB salt

concentration increases, more non-fibrous bodies appear in

the nanofiber layer. 

All of the results about solution, fiber and nano structure

properties obtained from our study were given in Table 4

below.

The TEAB does not influence surface tension of

Figure 9. The fiber diameter distribution of polyurethane (1.82 %

TEAB). 

Table 3. The results of parameters about polyurethane nanofiber

uniformity

PU solutions

Fiber uniformity properties

Number 

average

 (A1) (nm)

Standard 

deviation 

Weight

 average

 (A2) (nm)

Fiber uniformity 

coefficient 

(A2/A1)

0.3 % TEAB 144 40.95 156 1.08

0.87 % TEAB 171 32.87 177.6 1.04

1.82 % TEAB 193 59.25 211.2 1.09

Figure 10. SEM images of nanofiber samples of polyurethane includes various percent of TEAB salt, 27 % RH (1.000×).

Table 4. All the results of solution and fiber properties of polyurethane samples 

PU solutions

Properties

Conductivity

(mS/cm)

Surface tension

(mN/m)

Viscosity

(Pas)

Spinning

 performance

(g/min/m)

Fiber diameter

(nm)

Fiber diameter 

uniformity 

coefficient

Fiber 

morphology

0 % TEAB 0.09 37.04 0.76 0 No fiber No fiber No fiber

0.1 % TEAB 0.46 36.89 0.82 0 No fiber No fiber No fiber

0.3 % TEAB 1.14 36.92 0.83 0.11 144 1.08 Smoothest

0.87 % TEAB 2.97 37.16 0.89 0.49 171 1.04 Smooth

1.82 % TEAB 5.3 37.54 0.99 1.61 193 1.09 With beads 
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polyurethane solutions considerably. On the other hand, it

brings increase in electric conductivity, changes rheologic

behaviour and considerably influences spinnability.

The question arises whether electric conductivity or rheologic

behaviour are primary variables influencing spinnability.

Shenoy et al. found that increasing solution conductivity can

significantly aid fiber formation. The authors see the reason

in stabilizing effect of increased electrical energy [53]. In

another work there are several examples showing that

increased solution conductivity by the addition of a salt leads

to smaller fiber diameters [54]. Chaoi et al. and You et al.

also determined the addition of salt caused a significant

increase in conductivity and decrease in fiber diameter [55,

56]. Hovewer, the result of addition salt leads to smaller fiber

diameter was not supported in our experiments. Zong et al.

found salt addition have larger effects on the fiber diameter

than the other parameters [57]. According to the another

work’s results; it is possible to determine productivity and

morphological properties can be predicted without a knowledge

of viscosity, surface tension and conductivity [58]. On the

other hand, number of polymer solutions showing low

values of conductivity were successfully electrospun.

Certain value of electric conductivity of polymer solution

is needed so that the surface is supplied with sufficient

amount of charge. The charge is transported from surface

towards the collector electrode in two ways: together with

transported polymer and through ionized air. The measurement

has shown that electric current corresponding to one jet is

around 1 microAmpere [54]. Current moving through air

can reach values even hundred times greater (per area

corresponding to one Taylor cone). 

Let us consider a 2 mm thick layer of polymer solution on

the surface of a metal roller which is linked with the source

of high voltage 20 kV. One Taylor cone may typically

occupy the area of 0.2 cm2
. It is easy to calculate from these

data that minimum required electric conductivity of polymer

solution allowing electrospinning is approximately 10
-8

Siemens · cm
-1

. All the used solution in this work showed

considerably greater values of electric conductivity. Therefore,

the conductivity itself cannot be considered as ruling value

in electrospinning provided it exceeds the above value.

Many polymer solutions have been electrospun in previous

experiments and electric conductivity was usually measured

in the experiments. Significant influence of conductivity on

electrospinning was never observed. Usually, the conductivity as

well as surface tension are the secondary effect of additives

but do not effect the process in particular.

According to the rheometric data shows, TEAB increases

viscosity of polyurethane solutions. This can be caused by

better solubility of polyurethane in the presence of TEAB

which leads to more extensive entanglement of macromolecules.

Polymer network is then more solid.

To explain strong dependence of polymer throughput on

the concentration of salt, it is necessary to consider roller

(surface) electrospinning mechanism.

There is a significant difference between the needle and

roller (surface) electrospinning process. In the hollow

needle, the polymer solution is moved ahead by mechanical

forces. When leaving the needle, the solution is formed by

electric field into the droplets or fibers, depending on

polymer solution properties. In the roller electrospinning,

Taylor cones are created on the surface of polymer solution

as described by Lukas et al. [59]. If the Taylor cone is stable,

it moves together with the surface of rotating roller and

produces a jet.

Generally, there are two conditions for maintaining a

stable Taylor cone. First, the jet must be strong enough to

stabilize Taylor cone by mechanical forces as it is pulled

towards the collector electrode. The life of Taylor cones is

influenced by the stability of jets. As soon as the jet breaks,

Taylor cone disappears. A droplet or non-fibrous particle

may be created in this moment. Nevertheless, the spinning

process does not continue. Thus, non-stable formation of

solution which is typical for low molecular weight polymers

and for electrospraying in the needle process does not start

any process on the roller. 

The second condition for a stable Taylor cone is the ability

of the solution to feed it with fresh material from

surroundings. This requires limited solution viscosity and

suitable rheological behaviour. A stable Taylor cone is able

to yield a jet during several seconds to tens of seconds. The

number of Taylor cones per area of spinning roller is

increase with concentration on the surface of the roller and

throughput of the process. 

Taylor cones appear by the mechanism described by

Lukas et al. [59]. Their life time is very short unless they are

stabilized by the polymer jet. Polymer jet is pulled towards

collector electrode in the electric field. If the jet breaks or if

it is easily deformable, the lifetime of Taylor cone is short.

Salt makes the jet stronger.

Conclusion

This study was carried out to investigate the effect of

TEAB salt on the spinnability of polyurethane nanofibers

with roller electrospinning. At first solution properties and

then spinnability, fiber and nano web structure properties

were determined. According to the results, TEAB salt

concentration has an important effect on the conductivity,

viscosity, spinning performance, fiber diameter and fiber

morphology. We found that polyurethane having 1.82 wt %

TEAB gives the best result about spinning performance.

However when we considered the other fiber properties such

as diameter, uniformity and morphology, the optimum value

is the 0.87 wt % TEAB to obtain ideal polyurethane nano

structure. We also investigated the effect of shear rate on the

viscosity and found viscosity decreases with shear rate. 

Consequently, TEAB salt has an important role on the
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spinnability of polyurethane nanofibers with roller electro-

spinning. It was not fully cleared up in this work whether the

salt influences electrospinning through increased electric

conductivity or entanglement. Nevertheless, the authors prefer

the latter explanation.

Acknowledgement

The authors would like to thank Nonwoven Department of

Textile Engineering Faculty, Technical University of Liberec

in Czech Republic for providing work conditions such as

laboratory, device etc. This work was supported by the grant

of Czech Ministry of Industry and Commerce 1H-PK2/46.

References

1. M. S. Khil, D. I. Cha, H. Y. Kim, I. S. Kim, and N.

Bhattarai, J. Biomed. Mater. Res., 67B, 675 (2003).

2. D. J. Smith, D. H. Reneker, A. T. McManus, H. L.

Schreuder-Gibson, C. Mello, and M. S. Sennett, U.S.

Patent, 6753454 (2004).

3. I. Krucinska, A. Blasinska, A. Komisarczyk, P. Kiekens,

M. Chrzanowski, L. Szosland, and G. Shoukens,

“Proceedings of the International Technical Textiles

Congress-II”, Istanbul, Turkey, pp.1-9, 2005.

4. J. Kleinmeyer, J. Deitzel, and J. Hirvonen, U.S. Patent,

20020089094 (2002).

5. H. Schreuder-Gibson, P. Gibson, K. Senecal, M. Sennett,

J. Walker, W. Yeomans, D. Ziegler, and P. P. Tsai, Adv.

Mater., 34(3), 44 (2002).

6. S. Lee and S. K. Obendarf, Text. Res. J., 77, 696 (2007).

7. T. Grafe, M. Gogins, M. Barris, J. Schaefer, and R.

Canepa, “Proceedings of the Filtration 2001 International

Conference and Exposition of the INDA”, Chiago, Illinois,

2001.

8. V. Kalayc, M. Ouyang, and K. Graham, Filtration, 6, 286

(2006).

9. Z. M. Huang, Y. Z. Zhang, M. Kotaki, and S. Ramakrishna,

Compos. Sci. Technol., 63, 2223 (2003).

10. J. H. Hong, E. H. Jeong, H. S. Lee, D. H. Baik, S. W. Seo,

and J. H. Youk, J. Polym. Sci. Part B, Polym. Phys., 43,

3171 (2005).

11. R. Sen, B. Zhao, D. Perea, M. E. Itkis, H. Hu, J. Love, E.

Bekyarova, and R. C. Haddon, Nano Lett., 4, 459 (2004).

12. K. Yoon, K. Kim, X. Wang, D. Fang, B. S. Hsiao, and B.

Chu, Polymer, 47, 2434 (2006).

13. M. M. Demir, M. Naseer, T. F. Bechteler, Y. Gurbuz, and

Y. Z. Menceloglu, “Proceedings of the  Microelectro-

mechanical Systems (MEMS) MRS 2003 Fall Meeting”,

Boston, USA, 2003.

14. S. W. Choi, S. M. Jo, W. S. Lee, and Y. R. Kim, Adv.

Mater., 15, 2027 (2003).

15. X. Wang, C. Drew, S. H. Lee, K. J. Senecal, J. Kumar, and

L. A. Samuelson, Nano Lett., 21, 1273 (2002).

16. W. Gilbert, “De Magnete (1600)”, Transl. P. F. Mottelay,

Dover, UK, 1958. 

17. F. R. S. Rayleigh, Philos Magazine, 44, 184 (1882).

18. J. Zeleny, Phys. Rew., 3, 69 (1914).

19. C. T. R. Wilson and I. G. Taylor, Proc. Cambridge Phil

Soc., 22, 728 (1925). 

20. J. J. Nolan, Proc. Roy Irish Acad, A, 28 (1926).

21. W. A. Macky, Proc Roy Soc. London A, 133, 565 (1931).

22. G. Taylor, Proc. Roy Soc. London, A, 280, 383 (1964).

23. J. A. Matthews, G. E. Wnek, D. G. Simpson, and G. L.

Bowlin, Biomacromolecules, 3, 232 (2002).

24. T. Takahashi, M. Taniguchi, and T. Kawai, J. Appl. Phys.,

44, 860 (2005).

25. N. Amiralian, “Proceedings of the 7th World Textile

Conference AUTEX”, Tampere, Finland, 2007.

26. P. K. Baumgarten, J. Colloid Interface Sci., 36, 71 (1971).

27. M. M. Demir, I. Yilgor, E. Yilgor, and B. Erman, Polymer,

43, 3303 (2002).

28. C. Mit-uppatham, M. Nithitanakul, and P. Supaphol,

Macromol Chem Phys, 205, 2327 (2004).

29. C. Pattamaprom, W. Hongrojjanawiwat, P. Koombhongse,

P. Supaphol, T. Jarusuwannapoo, and R. Rangkupan,

Macromol. Mater. Eng., 291, 840 (2006).

30. C. M. Hsu and S. Shivkumar, Macromol. Mater. Eng., 289,

334 (2004).

31. K. Okhawa, D. Cha, H. Kim, A. Nishida, and H.

Yamamoto, Macromol Rapid Commun., 25, 1600 (2004).

32. K. H. Lee, H. Y. Kim, Y. M. La, D. R. Lee, and N. H.

Sung, J. Polym. Sci., 40, 2259 (2002).

33. J. Shawon and C. Sung, J. Mater. Sci., 39, 4605 (2004).

34. A. Formhals, U.S. Patent, 1975504 (1934).

35. B. Ding, E. Kimura, T. Sato, S. Fujita, and S. Shiratori,

Polymer, 45, 1895 (2004).

36. J. He, Y. Wan, and J. Yu, Int. J. Non Linear Sci. and

Numer. Simu., 5, 253  (2004).

37. D. Lukas, S. Torres, and X. Qin, “Proceedings of the 11th

International Conference”, pp.169-174, TU Liberec, 2004.

38. A. L. Yarin and E. Zussman, Polymer, 45, 2977 (2004).

39. W. Tomaszewski and M. Szadkowski, Fibres & Textiles in

Eastern Europe, 13, 22 (2005).

40. S. Warner, S. Ugbolue, M. Jaffe, and P. Patra, National

Textile Center Report, 2005.

41. O. O. Dosunmu, G. G. Chase, W. Kataphinan, and D. H.

Reneker, Nanotechnology, 17, 1123 (2006).

42. O. Jirsak, F. Sanetrnik, D. Lukas, V. Kotek, L. Martinova,

and J. Chaloupek, C.R. Patent, WO2005024101 (2003).

43. S. Grad, L. Kupcsik, S. Gogolewski, and M. Alini,

Biomaterials, 24, 5163 (2003).

44. S. Thandavamoorthy, N. Gopinath, and S. S. Ramkumar,

J. Appl. Polym. Sci., 101, 3121 (2006).

45. S. Vlad and S. Oprea, Eur. Polym. J., 37, 2461 (2001).

46. K. H. Lee, H. Y. Kim, Y. J. Ryu, K. W. Kim, and S. W.

Choi, J. Polym. Sci. Polym. Phys., 41, 1256  (2003).

47. A. Pedicini and R. J. Farris, Polymer, 44, 6857 (2003).



184 Fibers and Polymers 2009, Vol.10, No.2 F. Cengiz and O. Jirsak

48. E. Adomaviciüte, V. Soukupova, and O. Jirsak, “Proceedings

of the 7th World Textile Conference AUTEX”, Tampere-

Finland, 2007.

49. W. Xu, W. Wenxuan, L. Xin, C. Bjorn, L. Xiuzhen, C.

Zhaonian, L. Johan, and S. Dongkai, “High Density

Packaging and Microsystem Integration”, International

Symposium, pp.1-6, 2007.

50. http://www.nanospider.cz/2007

51. S. Ramakrishna, K. Fujihara, W.-E. Teo, T.-C. Lim, and Z.

Ma, “An Introduction to Electrospinning and Nanofibers”,

Chapter 3, pp.96-98, World Scientific, 2005.

52. E. J. Lee, K. S. Dan, and B. C. Kim, J. Appl. Polym. Sci.,

101, 465 (2006).

53. S. L. Shenoy, W. D. Bates, H. L. Frisch, and G. E. Wnek,

Polymer, 46, 3372 (2005).

54. A. Truhanova, Diploma Thesis, TU Liberec, 2008.

55. L. Wannatong, A. Sirivat, and P. Supaphol, Polym. Int., 53,

1851 (2004).

56. Y. You, S. J. Seung, B.-M. Min, and W. H. Park, J. Appl.

Polym. Sci., 93, 1214 (2006).

57. X. Zong, K. Kim, D. Fang, S. Ran, B. S. Hsiao, and B.

Chu, Polymer, 43, 4403 (2002).

58. J. S. Choi, S. W. Lee, L. Jeong, S.-H. Bae, B. C. Min, J. H.

Youk, and W. H. Park, Int. J. of Biol. Macromol., 34, 249

(2004).

59. D. Lukas, A. Sarkar, and P. Pokorny, J. Appl. Phys.,

103(8), 1 (2008).



<<
  /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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo 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
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.01500
  /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
  >>
  /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


