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ABSTRACT: The aim of research was to elaborate the non-biodegradable (made of polypropylene (PP)) and resorbable (made of poly-

lactide (PLA)) tubular fibrous structures for the reconstruction of the vascular vessels. For the mentioned structures design, noncon-

ventional manufacturing techniques such as melt blown, melt electrospinning, and melt electroblowing were used. Three techniques

were chosen as methods allowing on the fibrous structures manufacture containing fibers in nano- or submicro-size diameter. Other

advantages of free-solvent technique use is the reduction in the clinical adverse events associated with solvent resided in the fibrous

structure during the fabrication. The tubular fibrous structures of PP and PLA using above-mentioned techniques were designed. In

first stage, the analysis of the processing parameters influence on the nonbiodegradable and biodegradable tubular structures fiber

diameter was performed. Subsequently, the validation step was the analysis of the influence of processing parameters on PP and PLA

structural properties for each manufacturing techniques was investigated. The research results confirmed the ability of the tubular

structures manufacture with various fiber diameter depending on the applied technique and processing parameters. VC 2013 Wiley Peri-

odicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40147.
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INTRODUCTION

The cardiovascular therapies used to treat occluded vessels are

supported by invasive procedures such as surgical bypass and

autologous grafting or minimally invasive surgery using endo-

prosthesis techniques such as intravascular stents. Bypass sur-

gery is the most common surgical intervention for coronary

and peripheral atherosclerotic disease, with at least 500,000

bypasses performed annually.1

Vascular prostheses made of porous fabrics such as expanded

polytetrafluoroethylene (Teflon
VR

) and woven or knitted polyeth-

ylene terephthalate (Dacron
VR

) are clinically available for recon-

structions of high diameter arteries (within an internal diameter

of more than 10 mm).2 In addition, it has been demonstrated

that small diameter grafts of Dacron
VR

failed rapidly because of a

high occlusion rate, making only large diameter grafts suitable

for use. Expandable Teflon
VR

(ePTFE) grafts are more suitable for

reconstructions of small diameter blood vessels; however, their

structure does not promote tissue in-growth and integration

with the host tissue.2–4

Therefore, new approaches for the manufacture of small diame-

ter vascular prostheses are still warranted. There is an active

challenge for the design of a tubular structure with an inertial

diameter less than 6 mm and clinical success in terms of low

blood flow rate configurations, reducing anastomotic hyperpla-

sia and promoting a thin, stable, mature neointima formation

onto the luminal surface of artificial grafts.5

Gulbins et al. and Moreno et al. examined the application of

melt blowing techniques for the design of vascular prosthe-

ses.6–8 Gulbins manufactured the vascular grafts by blowing

melted polyurethane.7 The study yielded elaborate structures

consisting of 10 to 50 lm thick polymer fibers that were suit-

able for cell attachment, especially for fibroblasts and smooth

muscle cells. However, Moreno et al. 8 investigated nonwoven

fibrous scaffolds originated from melt-blown polyethylene ter-

ephthalate fibers, with the diameter of the smallest fiber rang-

ing from 1 to 5 lm, and the pore size distributed from 1 to

20 lm. The biomechanical and biocompatible properties of

the scaffolds were analyzed. Above-mentioned research presents

the preliminary potentiality of melt blown tubular structures

with micro fiber diameter design for the application as the

vascular scaffolds.

Widely investigated techniques for the biomaterials fabrication

are solution or melt electrospinning.9–11 The increasing interest
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of solvent-free electrospinning application for the production of

biomimetic structures for possible medical applications, i.e., tis-

sue engineering is noticeable. Several researchers have used a

combination of the solution electrospinning with melt electro-

spinning or melt spinning/electrospinning with a direct writing

mode to produce biomedical devices.11–14

The applied hybrid electrospinning process for the nano-/micro-

fibrous 3-D scaffolds design of poly(D,L-lactide-co-glycolide) –

(PLGA) were presented by Kim et al.12 The hybrid electrospin-

ning process was developed by combining melt electrospinning

with solution electrospinning. The designed structures have

been used as a potential material for skin regeneration.

Chung et al.11 made porous and biodegradable multilayered

tubular structures using the elastomeric poly-(L-lactide–co–cap-

rolactone) with the combination of melt spinning and solution

electrospinning to form the separate scaffold layers.

The other method of tubular structures manufacturing was pre-

sented by Brown et al.13 They developed a polycaprolactone

melt electrospinning involving a direct writing mode.13 The

resulting tubes were designed using 20 lm diameter fibers with

controllable micro-patterns and mechanical properties.

The aim of the research is construction of multilayered vascular

prostheses consisting in the inert and external layer being made

of resorbable polymer - polylactide (PLA) and middle layer of

nonbiodegradable polymer - polypropylene (PP). The concept

of multilayered vascular prostheses design has been presented in

previous publication.15

The current stage of research is to develop the small diameter

tubular fibrous structures using melt blowing and melt electro-

spinning and using a combination of both techniques. The non-

solvent techniques use is advantageous for the vascular prosthesis

formation due to reduction of solvent residue induced toxicity

negatively influencing tissue in-growth. Each of the techniques

was based on the melting and feeding of a thermoplastic polymer

through a spinning extruder head. The melt blowing process ena-

bles the production of nonwovens directly from thermoplastic

polymers using compressed air. In the melt blowing process,

compressed, hot air blows a molten resin from the extruder die

tip onto a collector mandrel to form thin fibers.16 However, elec-

trostatic forces affect the molten polymer in the melt electrospin-

ning process as the spinning extruder head forms a cone shaped

polymer from which small polymer jets eject.17 The third

method, melt electroblowing, is a melt electrospinning process

assisted with blowing air. In this process, two applied forces con-

nected with an electrical input and blowing air interact through

shear forces to fabricate thin fibers from the polymeric fluid.17

The influence of processing parameters for each melt technique

on the resulting fiber diameter and physicochemical parameters

of the tubular fibrous structures was analyzed. The obtained

results will provide a basis for analyzing the mechanical and

physical properties of melt blown, melt electrospun, or melt elec-

troblown originated tubular structures. In addition, the investi-

gation allow for the selection of the most appropriate technology

and processing parameters for multilayered tubular structure

design. Moreover, this study is beneficial for the potential appli-

cation in the cardiovascular implants area, including small diam-

eter (less than 6 mm) blood vessel replacements.

Polymers for the resorbable and nonbiodegradable tubular

structure design were selected based on preliminary research on

flat structures. The selection of suitable polymers were based on

analysis of the effect of the rheological parameters and the proc-

essing parameters of melt electrospinning on the fiber diameter,

and on the physical and structural properties of resulting flat

structures. The conduct of this stage of the research was pre-

sented at previous publications.15,18–21 Polymers used for the

fabrication of the nonbiodegradable and biodegradable tubular

structures were chosen based on:

� biocompatibility and biodegradation aspects (clinical compli-

ance aspect)

� appropriate properties for the melt technique (technological

aspect)

� thin fiber formation with high repeatability (quality and

quantity aspect)

Three PP granulates of different melt flow rates (3.4 g/10 min, 25

g/10 min, or 450 g/10 min) were selected for the study of flat non-

biodegradable fibrous structures.22 Amorphous and semicrystal-

line PLAs were also selected for the biodegradable flat structure

design. Moreover, the melt electrospinning of the flat fibrous

structures was performed for each polymer – PP and PLA.

The flat fibrous structures originated from PP granulate (MFR

of 25 g/10 min), and flat structures of amorphous PLA were

characterized by the lowest fiber diameter and with the highest

repeatability of all studied polymers. These two polymers were

selected for tubular structures manufacturing.

The preliminary stage of the research based on flat structures

fabrication from three types of PP or two types of PLA granu-

lates allowed screening the most optimal polymer for the elabo-

ration of biodegradable or nondegradable structure and

performing the preliminary optimization of melt electrospin-

ning process. The results of the screening and optimization pro-

cess were presented in the previous publications.15,20,21

The optimum structure will enable cells to proliferate and will

also facilitate the delivery of oxygen and nutrient diffusion.23

A key design consideration of artificial prostheses is the integra-

tion of interconnected pores that generate high porosity to pro-

mote cell–cell and cell–matrix communication and

simultaneously possess sufficient mechanical properties to coun-

teract blood pressure effects.24

MATERIALS AND METHODS

Materials

Materials Used for Designing the Nonbiodegradable Fibrous

Structures. Moplen HP 462R PP was obtained from Basell

Orlen Polyolefins, Poland.

The polymer manufacturer provides MFR values of Moplen HP

462R PP (25 g/10 min) determined according to the ISO

1133:2011 Standard. The melt temperature was 162�C (determined

by DSC according to the PN-EN ISO 1135: 2009 Standard).
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Materials Used for Fabricating Biodegradable Fibrous

Structures. PLA (PLA 4060D) was purchased from Nature

Works LLC, USA. The number average molecular weight for

PLA 4060D was 87 kDa.25 According to the specification sheet

provided by the polymer manufacturer, the amorphous PLA

contains 88.0% L-lactide and 12.0% D-lactide.26 The seal initial

temperature was 80�C (determined by Vicat method according

to the PN – EN ISO 306: 2006 Standard).

Methods

The melt blowing, melt electrospinning, and melt electroblow-

ing of the tubular structures were performed using an EX-16H

(Zamak/Poland) and MiniLab (Haake/Germany) twin-screw

extruder and a rotating collector with a mandrel measuring 5

mm in diameter.

A spinning extruder head with a compressed air adapter, which

allows the manufacture of melt blown and melt electrospinning

nonwovens, was specially designed for and used on the MiniLab

extruder.

The heating zone of the MiniLab extruder reduced the time the

polymer had to reside in the extruder working space and per-

mitted the processing of polymers with higher melting tempera-

tures (PLA 4060D). Figure 1 shows the processing system used

for the tubular structure fabrication.

The processing parameters of each technique used for both

polymers, PP or PLA, are shown in Table I.

Figure 1. The tubular structure processing system: (a) MiniLab, (b) spin-

ning head, (c) collector mandrel.

Table I. Processing Parameters of Each Used Technique for PLA or PP

Melt blown

Extruder processing parameters
Collector processing

parameters

Type of polymer
Head
temperature (�C)

Twist of
screws (rpm)

Distance between
collector and
spinneret (cm)

Air flow
rate (Nm3/h)

Speed of
spindle
(rpm)

Speed of
oscillation
(mm/s)

Moplen HP 462R PP 290 0.1 or 0.5 15 5, 10, 20,
30, or 40

11 30 or 15

PLA 4060D 190, 210 or 220 1.0 15 20, 30, or 40 11 or 6 30

Melt electrospinning

Extruder processing parameters
Collector processing

parameters

Head
temperature (�C)

Twist of
screws (rpm)

Distance between
collector and
spinneret (cm)

Spinning
voltage (kV)

Speed of
spindle
(rpm)

Speed of
oscillation
(mm/s)

Moplen HP 462R PP 270, 290, or 300 0.1, 0.5, or 1 4 or 15 35–40 11 30
PLA 4060D 170, 180, 190,

200, or 220
0.1 6 or 10 30–37 11 30

Melt electroblowing

Extruder processing parameters
Collector processing

parameters

Head
temperature (�C)

Twist of
screws (rpm)

Distance between
collector and
spinneret (cm)

Spinning
voltage (kV)

Air flow
rate (Nm3/h)

Speed of
spindle
(rpm)

Speed of
oscillation
(mm/s)

Moplen HP 462R PP 300 0.1 20, 25, 30, or 35 30 6 11 30
PLA 4060D 170 0.1 20, 25, or 30 30 10 11 30
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ANALYTICAL METHODS

Fiber Diameter Determination

Scanning Electron Microscopy. A Nova NanoSEM 230 scan-

ning electron microscope (FEI Company/Netherlands) was used

to study the morphology of the obtained fibrous structures.

More than 15 SEM microphotographs were collected for each

tubular structure, and 400–700 fiber diameter measurements

were made to obtain a relative error of less than 7% for the

average fiber diameter value. The average fiber diameter of the

tubular fibrous structures was obtained by analyzing the SEM

micrographs using Lucia G image-analysis software.

Structural Properties of Tubular Fibrous Structures

Differential Scanning Calorimetry. Differential scanning calo-

rimetry (DSC) measurements were performed to determine the

polymer thermal characteristics, such as the glass transition

temperature (Tg), the cold crystallization temperature (Tc), and

the melting temperature (Tm) using a Q2000 device (TA Instru-

ments, USA) calibrated with indium. All measurements were

obtained at a heating rate of 10�C/min and within the tempera-

ture range of 0–200�C in a dry nitrogen environment according

to the PN-EN ISO 11357:2009 Standard.

The enthalpies of crystallization (DHc) and melting (DHm)

were measured. The crystallinity index (CI) of the samples was

calculated using the following equation:

Crystallinity index5
DHm2DHc

DHf

� �
� 100; ½%� (1)

where, DHf is the theoretical heat of fusion for 100% crystalline

PP (207 J/g).27

Figure 2. Examples of PLA and PP tubular structures prepared by melt blowing, melt electrospinning, or melt electroblowing technique.
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The CI values of the fabricated samples were compared with the

values obtained for the native polymers.

FTIR. The spectroscopic measurements of the fabricated fibrous

structures were collected using a Nicolet FTIR Spectrometer

(Thermo Scientific, USA) with a coupled ATR adapter using

“The Thermo Scientific” control unit. The FTIR absorption

spectra were collected using an ACD/SpecManager (Thermo Sci-

entific, USA) within a wavelength range of 4000–600 cm21.

Statistical Data Analysis

Statistical analysis standard deviation (SD), coefficient of var-

iance (CV), and relative error (RE) for the tubular structure

fiber diameter were conducted.

RESULTS AND DISCUSSION

Tubular Structure Fabrication

The tubular structures of PLA and PP were produced using

melt blowing, melt electrospinning, and melt electroblowing.

The processing parameters for tubular fibrous structure fabrica-

tion were selected based on the fiber diameter and physiochemi-

cal parameter of flat fibrous structures made in previous

studies.15,18–21 The extruder could not operate at a rate higher

than 1 rpm of screws’ twist if the resulting structure was to

have as small a diameter as possible. The voltage used for fiber

spinning ranged from 30 to 40 kV and was chosen to produce

the smallest possible fiber diameter for flat fibrous struc-

tures.15,20 Figure 2 shows selected examples of the PLA or PP

tubular structures prepared by the three melting techniques.

The melt electrospun tubular structures were constructed from a

single fiber crisscrossed winding; a nonwoven structure was also

prepared from PP. The difference in structures depended on the

melt electrospinning processing parameters, such as extruder

temperature and applied voltage. Using a lower extruder temper-

ature (approx. 210�C) and a low spinning voltage (approx. 20

kV) resulted in the cross winding of fibers, whereas the applica-

tion of a higher temperature (approx. 240�C) and voltage

(approx. 30 kV) resulted in the nonwoven structure.

Effect of Processing Parameters on the Fiber Diameter

The influence of processing parameters on the obtained tubular

structure fiber diameter for each presented technique was exten-

sively examined.

Melt Blown. The effect of the air flow rate for the melt blown

tubular structures was examined. Figure 3(a,b) shows the

dependence of air flow rate and the resulting changes in the

fiber diameter for samples prepared using constant processing

parameters (extruder head temperature: PLA – 190�C, PP –

290�C; working distance:15 cm). The increase in the air flow

rate caused the fiber diameter of the tubular structures to

decrease for all polymers. The decrease in fiber diameter was

attributed to an increase in the stretching of the formed fibers

with an increasing air flow rate.

Figure 3. Effect of melt blown processing parameters such as: air flow rate for (a) PLA and (b) PP, extruder head temperature for (c) PLA and (d) PP

on the average fiber diameter (The error bars represent standard deviation).
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The influence of the extruder head temperature on the fiber

diameter of the melt-blown tubular structures was also studied.

A reduction in fiber diameter with increasing applied extruder

head temperature was observed for each studied polymer. The

polymer melt flow rate increased with processing temperature

and led to a reduction in the fiber diameter. The highest tem-

perature used in this investigation was 220�C for PLA and

300�C for PP.

Figure 3(c,d) shows the relationship between the extruder head

temperature and the melt-blown tubular structure fiber diame-

ter at a constant air flow rate (30 Nm3/h) and working distance

(15 cm). The tendency for forming the smallest fiber diameter

was observed for PLA and PP if the processing temperature was

220 and 300�C, respectively.

Melt Electrospinning. It was determined that the spinning volt-

age, the distance from the collector to the spinneret, and the

processing temperature had the greatest influence on the average

fiber diameter of the melt electrospun structures.28–30

A decrease in fiber diameter was observed when the spinning

voltage for PLA and PP was approximately 35 kV. The increase

Figure 4. Effect of melt electrospinning processing parameters such as: spinning voltage for (a) PLA and (b) PP, extruder head temperature (c) PLA and

(d) PP, working distance (e) PLA, and (f) PP on the average fiber diameter (The error bars represent standard deviation).
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in spinning voltage caused some fluctuation of the electrospin-

ning process. The formed cone of the polymer originated at the

spinning head was not stable. Above phenomenon is resulted

from too fast pull out of the stream. Taking into account the

above phenomenon, the application of 35 kV was not influ-

enced on the reduction of the fiber diameter. Figure 4(a,b)

show the dependence of fiber diameter on the spinning voltage

samples prepared at constant processing parameters (extruder

head temperature: PLA – 220�C, PP – 290�C; working distance:

PLA – 8 cm, PP – 15 cm).

The melt electrospinning temperature for each polymer used

had the least influence on fiber diameter for the resulting tubu-

lar structures. The increase in the temperature of the extruder

affected the increase in the MFR of the polymer resulting in the

reduction of the fiber diameter. Moreover, above phenomenon

is able to effect the loss of electrospinning process stability. Fig-

ure 4(c,d) shows the influence of the processing temperature on

the melt electrospun tubular structures made of PLA and PP

and fabricated at spinning voltages of 37 kV and working dis-

tances of 8 and 10 cm, respectively.

The smallest fiber diameters were obtained when the working dis-

tance was decreased to 4 cm for each polymer. A shortened distance

between collector and spinneret promoted smaller fiber diameters

because of the higher electric field strength. Figure 4(e,f) shows the

influence of working distance during the melt electrospinning pro-

cess on fiber diameter for samples prepared at the aforementioned

head temperatures and a spinning voltage of 37 kV.

The smallest fiber diameter was obtained when the tubular

structures of both polymers were fabricated at a spinning volt-

age of 35 kV paired with the highest processing temperature

and the shortest working distance.

Combination of Melt Blowing and Electrospinning. A combi-

nation of the melt electrospinning and melt blowing techniques

was used. The optimal processing parameters for melt electro-

spinning include low air flow (10 Nm3/h for PLA and 6 Nm3/h

for PP) and spinning voltage (30 kV), whereas for the fibers

derived from the melt electroblowing process are most influ-

enced by the working distance. The influence of air blowing

and electrostatic forces and their effect on the fiber diameter of

the resulting structures was studied in this case. Figure 5 shows

the influence of working distance during melt electroblowing on

the fiber diameter, where an increase in working distance

reduced the fiber diameter of the tubular structures. The

decrease in the fiber diameter is attributed to the simultaneous

increase in the electrostatic force and working distance.

It should be noted that inherently high variability in the fiber

diameter distribution depicted by overlapping error bars was

observed (Figures 3–5).

The effects of the processing parameters on the PLA and PP fiber

diameters of the tubular structures obtained by melt blowing, melt

electrospinning, and melt electroblowing are presented in Figure 6.

Minimum and Maximum Fiber Diameter Results

The SEM micrographs reveal distinct examples of tubular struc-

tures prepared by melt blowing, melt electrospinning, and melt

electroblowing; the smallest and largest average fiber diameters

are shown in Figure 7 (PLA tubular structures) and Figure 8

(PP tubular structures).

The PLA tubular structures with the smallest average fiber

diameter had the largest CV (the coefficient of variation). This

relationship was observed for all the used manufacturing techni-

ques and reveals that an increase in the electric field or air flow

rate leads to a larger fiber distribution for the PLA tubular

structures.

The PLA melt electrospun tubular structures with an average

fiber diameter of 8.12 6 2.45 lm had the smallest CV (30%).

Correspondingly, the PLA melt electroblown tubular structures

with an average fiber diameter of 0.86 6 0.67 lm had the larg-

est CV (78%).

The PP tubular structures with an average fiber diameter of

0.58 6 0.49 lm obtained by melt electroblowing had the largest

CV (84%). Conversely, PP tubular structures with an average

fiber diameter of 5.96 6 2.83 lm obtained by melt electrospin-

ning had the smallest CV (47%).

The same phenomenon was observed for the PP structures

except the PP structures made using the meld-blown technique,

Figure 5. Effect of working distance in the melt electroblowing technique

on the fiber diameter tubular structures made of: (a) PLA and (b) PP

(The error bars represent standard deviation).
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Figure 6. Effect of processing parameters on the average fiber diameter of PLA tubular structures produced using (a) melt blowing, (c) melt electrospin-

ning, (e) melt electroblowing; and the PP tubular structures produced using (b) melt blowing, (d) melt electrospinning, (f) melt electroblowing.
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where the lowest CV for the structures having smaller fiber

diameter was found.

The application of the melt techniques, and in particular, the

suitable selection of the processing parameters yielded in the

variation of the fibrous structure behavior, mostly in the fibers

diameter and porosity of resulted tubular structures. The appro-

priate selection of the processing parameters give a possibility

for the fabrication of the tabular prosthesis having structures

facility for the relatively quick natural tissue in-growth (tissue

integration of the vascular graft).

Structural Properties of Fabricated Tubular Structures

Differential Scanning Calorimetry. The DSC thermographs of

the corresponding native polymers and the tubular structures

were collected to analyze their thermal characteristics and to

Figure 7. SEM micrographs of the PLA tubular structures with ultimate fiber diameters (the smallest or the largest) made from various techniques.
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determine the changes in structural properties during polymer

processing.

Two samples made from melt blown, melt electrospun or melt

electroblown tubular structures were used for the DSC analysis.

The DSC study was performed for melt blown structures manu-

factured at high (40 Nm3/h for both polymers) and low (10

Nm3/h for PLA and 5 Nm3/h for PP) air flow rate, whereas the

melt electrospun samples manufactured at high (5 kV/cm for

Figure 8. SEM micrographs of the PP tubular structures with ultimate fiber diameters (the smallest or the largest) made from various techniques.
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PLA and 6.7 kV/cm for PP) and low (3 kV/cm for PLA and 2.3

kV/cm for PP) electric field were selected. Moreover, the melt

electroblown structures prepared at constant air flow rate (10

Nm3/h for PLA and 6 Nm3/h for PP) and variable electric field

were also selected.

The thermographs of the amorphous PLA show only the glass

transition temperature (Tg). For the native amorphous PLA, the

glass transition temperature was detected at 59�C. The Tg of the

native PLA and its tubular structures are presented in Figure 9,

whereas the comparison of the glass transition temperature for

the native polymer and tubular fibrous structures is shown in

Table II. The melt blown, melt electrospun, and melt electro-

blown processes did not form crystalline PLA structures as

shown in Figure 9. The differences in the DSC thermographs

for the PLA tubular structures obtained by the melt blowing

and electrospinning process are most likely the result of a high

electrical charge used on the polymer melt at the solidification

phase in the melt electrospinning process [Figure 9(a,b)]. The

magnitude of the Tg relaxation peak increased for the melt elec-

trospun PLA tubular structures. The larger area under the Tg

peak for these structures is a consequence of the molecules

exhibiting a longer overall relaxation time.31 The same effect is

detected in DSC thermographs for PLA melt electroblown tubu-

lar structures. The application of a higher electric field for PLA

processing caused similar changes in the Tg peak area.

The thermal analysis of the native PP presents only the melt

temperature (Tm) detected at 163�C. All examined samples for

each manufacturing technique show an endothermic peak at

approximately 160�C. The thermal behavior of native PP and its

tubular structures is presented in Figure 10.

Table III presents a comparison of Tm and CI for each processed

PP sample and native PP. There is no change in the melting

temperature of the native PP and its tubular structure. The

changes in the enthalpy of fusion and the crystallinity index of

PP were studied. The crystallinity index for PP tubular struc-

tures prepared by melt blowing, melt electrospinning, and melt

electroblowing showed similar values. However, the fabrication

process yielded an increase in the CI of approximately 44%

compared with 29% CI for the native polymer.

FTIR. The FTIR spectra were collected for the melt-blown, melt

electrospun, and melt electroblown tubular structures made of

PLA and PP. For each tubular structure manufacturing method,

two variants of the obtained structures were analyzed. The

tubular structures prepared at high (40 Nm3/h for both poly-

mers) and low (10 Nm3/h for PLA and 5 Nm3/h for PP) air

flow rates for the melt blowing process were collected for analy-

sis; for melt electrospinning, the specimens were collected at

high (5 kV/cm for PLA, 6.7 kV/cm for PP) and low (3 kV/cm

for PLA, 2.3 kV/cm for PP) electric field, whereas the melt elec-

troblowing specimens were collected at constant (10 Nm3/h for

PLA and 6 Nm3/h for PP) air flow rate and a varying electric

field.

Sample selection was performed based on the influence of

selected processing parameters for each manufacturing tech-

nique based on the structural properties of the tubular

structure.

There were no changes in FTIR spectra between the raw materi-

als and the processed polymers. Then, only some examples of

the FTIR spectra will be described. Figure 11(a,c,e) shows the

FTIR spectra of the PLA tubular structures prepared by the

Figure 9. Comparison of the DSC thermographs for the native PLA and

resulting tubular fibrous structures made using (a) melt blowing; (b) melt

electrospinning; (c) melt electroblowing.

Table II. Comparison of the Glass Transition Temperature for the Native

PLA and Resulting Tubular Fibrous Structures Made Using Melt

Electrospinning, Melt Blowing, and Melt Electroblowing

Processing method; parameters Tg (�C)

Native 59

Melt electrospinning; 5 kV/cm 53

Melt electrospinning; 3 kV/cm 55

Melt blown; 40 Nm3/h 51

Melt blown; 10 Nm3/h 51

Melt electroblowing; 3.5 kV/cm, 10 Nm3/h 63

Melt electroblowing; 2 kV/cm, 10 Nm3/h 58
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melt blowing, melt electrospinning, and melt electroblowing

techniques. The specific absorption bands of PLA are also

indexed in the displayed FTIR spectrum. The FTIR spectra did

not show any differences in the absorption bands between the

structures prepared at high or low air flow rate or for high or

low electric field. These results indicate that the changes in air

flow rate or electric field did not influence the chemical struc-

ture of PLA.

Figure 11(b,d,f) shows the examples of FTIR spectra of PP

tubular structures prepared by the three investigated methods.

The selection of the tubular structures was similar as for PLA.

The specific absorption bands of PP are displayed in the pre-

sented FTIR spectra. Similar to that of PLA, the FTIR spectra of

the PP tubular structures did not show changes between struc-

tures obtained under different processing parameters.

Moreover, the FTIR spectra of the tubular structures prepared

by melt blowing, melt electrospinning, or melt electroblowing

indicated similar absorption bands, confirming that the process-

ing method has no effect on the structural properties of

designed tubular textile structures. No oxidation was observed,

suggesting that the nonconventional textile techniques are non-

destructive for the processing of PLA and PP. The above-

mentioned phenomenon can be similarly explained by the poly-

mer processing—melting, which was used in all the applied

techniques; the air flow rate and electric field rate did not influ-

ence the chemical structures of the produced tubular structures.

CONCLUSION

During the presented research, the influence of processing

parameters on the average fiber diameter for each manufactur-

ing technique was extensively investigated. The increase in the

air flow rate and extruder head temperature effected on the

reduction of the melt blown structures fiber diameter. In melt

electrospinning process, the strongest effect of the working dis-

tance and applying the spinning voltage about 35 kV on

decrease of the fiber diameter have been noticed. However, the

reduction of fiber diameter with the increase in the working

distance for the melt electroblowing process was observed.

The smallest fiber diameter for the PLA and PP tubular struc-

tures was obtained for the melt blown structures (PLA – average

fiber diameter: approximately 0.60 6 0.40 lm; PP – average

fiber diameter: approximately 0.38 6 0.19 lm).

It was possible to obtain the small fiber diameter for the tubular

structures by applying only a high voltage. The smallest average

fiber diameter for melt electrospun PLA tubular structures, which

was obtained under high voltage and without compressed air

application, was approximately 0.85 6 0.6 lm. Under the same

conditions, the smallest fiber diameter for the melt electrospun

PP tubular structures was approximately 1.22 6 1.00 lm.

The parameters of the fabrication processes had an influence on

the received fiber diameters and then the final physical proper-

ties of the tubular structures. The increase in the spinning volt-

age above 35 kV caused the fluctuation of the cone stream and

the lack of the subsequent reduction in the fiber diameter. The

DSC and FTIR analyses confirmed that processing parameters,

such as air flow rate and/or electric field, did not have influence

on the structural properties of the produced tubular forms,

both for PLA and PP polymers.

Table III. Comparison of the Melt Temperature and CI for the Native PP

and Tubular Fibrous Structures Made Using Melt Electrospinning, Melt

Blowing, or Melt Electroblowing

Processing method; parameters Tm (�C)
Crystallinity
index (CI) %

Native 163 29

Melt electrospinning; 6.7 kV/cm 161 44

Melt electrospinning; 2.3 kV/cm 160 43

Melt blown; 40 Nm3/h 163 44

Melt blown; 5 Nm3/h 161 46

Melt electroblowing;
1.5 kV/cm, 6 Nm3/h

161 43

Melt electroblowing;
0.5 kV/cm, 6 Nm3/h

160 42

Figure 10. Comparison of the DSC thermographs for the native PP and

resulting tubular fibrous structures made of using (a) melt blowing; (b)

melt electrospinning; (c) melt electroblowing.
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The proposed selection of the processing parameters of melt

techniques used in the study allows for the designing process

for the fabrication of the tabular structures being the models of

the vascular prosthesis. The changes in the structural properties

during the main fabrication process allow to the select the most

optimal processing parameters resulting in the structures having

the relatively high crystallinity, the main parameters affecting

the high biological resistance of the nonbiodegradable polymers.

The structural properties of the resulted structures are the main

inputs for the biocompatibility studies, mostly biodegradation

tests, allowing to explain the effect of the biological degradation

of the final multilayered semidegradable prosthesis.

The next stage of research will be the analysis of the effect of

fabrication technique used on the mechanical and physical

properties of resulted tubular structures, and then the selection

of appropriate technology for multilayered tubular structures

design.
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