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Abstract
Polylactic acid (PLA) micro/nanofiber fabrics with good biodegradability and biocompatibility have wide applications in 
the medical protective field. However, the poor flexibility, high brittleness, and insufficient mechanical properties of PLA 
micro/nanofiber fabrics remain challenging. Herein, a polylactic acid/polyethylene glycol (PLA/PEG) micro/nanofiber fabric 
with aligned fibers was successfully prepared by an inexpensive and straightforward post-drafting melt blown process. The 
experimental results showed that PEG can reduce the  Tg of PLA, improve the mobility of PLA molecular chains, reduce 
the complex viscosity of PLA/PEG blends, and play a role in plasticization. The PLA/PEG micro/nanofiber fabrics had an 
aligned micro/nanofibrous structure, and the average fiber diameter was easily adjusted from 10.7 to 4.9 μm by tailoring 
the melt blown process parameters, i.e., die temperature and hot air temperature. Moreover, the breaking tensile strength 
increased from 45.06 to 78.73 N in the machine direction (MD), while it increased from 11.87 to 21.89 N in the cross direc-
tion (CD), which means that the breaking tensile strength was enhanced significantly by adjusting the die temperature and 
hot air temperature. Furthermore, the prepared samples showed a high softness score of 82.7, a large synthetic blood contact 
angle of 125.7°, and an excellent bursting strength of 58.5 N. These PLA/PEG micro/nanofiber fabrics with aligned fibers are 
ideal candidates for medical protective applications such as surgical gowns, protection suits, masks, and medical bandages.
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Introduction

The melt blown process, one of the most widespread tech-
nologies for micro/nanofiber fabrics, has a series of attrac-
tive characteristics, such as large scale, no potential solvent 
toxicity, and abundant resources [1, 2]. In addition, melt 
blown fabrics composed of petroleum-based polymers, i.e., 
polypropylene (PP), polyethylene (PE), and polyester (PET) 
[3], have been widely used in personal hygiene, medical pro-
tection, packaging, filtration, separation, and other industries 
due to the cooperative advantages between the properties of 
micro/nanofibers and polymers [4–6]. However, there are 
problems in recycling and non-degradation, which has intro-
duced severe pollution to the environment in recent years 
[7–9]. For example, the COVID-19 pandemic has driven 
explosive growth in the use of personal protective equip-
ment (masks and protective clothing) made of PP micro/
nanofiber fabrics, which has been improperly disposed of in 
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the ocean, soil, and sky, further aggravating risks to ecologi-
cal systems [10].

Recently, polylactic acid (PLA) micro/nanofiber fabrics 
have become a trending research topic due to their good 
biodegradability and safety properties [11, 12]. Continued 
efforts have been made to develop commercial applications 
and large-scale preparations of PLA micro/nanofiber fab-
rics [13]. For instance, Feng [14] prepared PLA melt blown 
fabrics with biodegradable properties and researched the 
influence of the die-to-collector distance (DCD) on PLA 
fiber diameter, porosity, and stress. Hammonds et al. [15] 
investigated the effects of airflow and DCD on the physical 
and thermal properties of PLA melt blown fabrics with the 
aim of meeting specific requirements for tissue scaffolds. 
Łatwińska et al. [16] used biodegradable polymer PLA and 
nonbiodegradable polymer PP as raw materials to prepare 
melt blown fabrics and added CuO·SiO2 to induce antibacte-
rial properties to apply filter materials. It is clear from the 
above research that PLA micro/nanofiber fabrics provide 
a viable option that replaces traditional PP fabrics. How-
ever, in the actual application process, PLA micro/nanofiber 
fabrics have the disadvantages of poor flexibility, high brit-
tleness, and low mechanical properties during long-term 
storage [17, 18]. Therefore, it is important to improve the 
mechanical properties of PLA micro/nanofiber fabrics for 
their popularization and application.

To that end, blending is a convenient, efficient, and scal-
able technology for the melt blending process [19]. Scholars 
have begun to melt PLA and other polymers for melt blend-
ing molding to improve the mechanical properties of PLA 
melt blown nonwoven fabrics [20–22]. Polyethylene glycol 
(PEG) is an environmentally friendly material with the char-
acteristics of commercialization, degradability, harmlessness 
to the human body, and good thermal stability [23]. As a 
suitable plasticizer, PEG can be melt-blended with PLA to 
improve the degradation rate, crystallization kinetics and 
mechanical properties of PLA [24–26]. Jiang et al. [27] used 
melt blending to add PEG to enhance the toughness and gas 
barrier properties of PLA for use in disposable packaging 
and agricultural films. Their results showed that adding 10 
wt% PEG can greatly improve the toughness and gas barrier 
ability of PLA film without losing its film-blowing stability. 
Huang et al. [28] used a solid plasticizer (PEG) and a liquid 
plasticizer (epoxidized soybean oil, ESO) to modify PLA and 
successfully prepared different types of plasticizer-modified 
polylactic acid blends through melt blending. Therefore, it 
is strongly believed that blending PEG and PLA during the 
melt blown process would be an aggressive strategy for the 
large-scale preparation of polylactic acid/polyethylene glycol 
micro/nanofiber fabrics. However, to the best of our knowl-
edge, the effect of the melt blown process on the structural 
and mechanical properties of PLA/PEG micro/nanofiber fab-
rics has rarely been reported.

Herein, PLA/PEG micro/nanofiber fabrics were pre-
pared with aligned fibers via a post-drafting melt blown 
process, and the thermodynamic and rheological proper-
ties of the PLA/PEG blended polymer were investigated. 
Moreover, the influence of the melt blown process (die 
temperature and hot air temperature) on the structure and 
properties of the prepared samples was analyzed for vari-
ous potential applications, such as surgical gowns, protec-
tion suits, masks, and medical bandages.

Materials and methods

Materials

PLA chips (6252D, Nature Works, USA) with a melt-
ing flow index of 85 g/10 min at 210 °C were purchased 
from Henan Tuoren Medical Device Co., Ltd. (Henan, 
China). The PEG chips (molecular weight = 6000, melting 
point = 54 ℃) were purchased from Jiangsu Haian Petro-
leum Chemical Factory (Jiangsu, China). The PLA chips 
were dried in a drying chamber at 80 °C for 8 h, and then 
blended with the PEG chips heated and melted by a water 
bath at 80 °C, so that the PEG was evenly wrapped on the 
surface of the PLA chips. The mass ratio of the PLA/PEG 
blended chips was 97:3.

Preparation

PLA/PEG micro/nanofiber fabrics were fabricated by a 
melt blown testing system (200A, Suzhou Doro New Mate-
rials Technology Co. LTD, China). A schematic diagram 
of the melt blown process is shown in Fig. 1. During the 
melt blown process, PLA/PEG blended chips were fed into 
a screw extruder, where the blended chips were melted into 
a blended melt and then extruded into a spinneret. The PLA/
PEG blended melt passed through the spinneret orifice to 
form melt jets. Meanwhile, the melt jets were drawn by a 
high-speed hot air stream, resulting in the formation of PLA/
PEG micro/nanofibers. Subsequently, the PLA/PEG micro/
nanofibers were collected on the receiving webs to form 
PLA/PEG micro/nanofiber webs. Finally, a certain post-
drafting force is applied to the PLA/PEG micro/nanofiber 
web through the difference between the speed of the collec-
tor (V1) and the speed of the drafting roller (V2) to realize 
the post-drafting of the PLA/PEG micro/nanofiber webs, 
thereby forming PLA/PEG micro/nanofiber fabrics with 
aligned fibers. For the melt blown testing system, the orifice 
diameter was 0.25 mm, and the post-drafting ratio was 2:1. 
The die temperature was set at 200–230 °C, while the hot-air 
temperature was set at 210–240 °C.
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Characterizations

Blended polymer properties

The melting behavior, thermal stability, and rheological 
behavior of the pure PLA and PLA/PEG blended chip sam-
ples were characterized by a differential scanning calorime-
ter (DSC, DSC25, TA Instrument, USA), thermogravimetric 
analysis (TG, 209 F1  Libra®, NETZSCH, Germany), and a 
rheometer (ARES-RFS III, TA Instrument, USA), respec-
tively. During the DSC testing, the melting rate was 10 ℃/
min. For the TG testing, the scanning temperature was set 
at 30–600 °C at a heating rate under a nitrogen atmosphere. 
Moreover, rheological behavior was observed at shear rates 
ranging from 500 to 3000  s−1, and the testing temperature 
was 190–230 ℃.

Morphology

The surface morphology of the prepared sample of PLA/
PEG micro/nanofiber fabrics was analyzed by scanning 
electron microscopy (SEM, EVO18, ZEISS, Germany). In 
addition, fiber diameters and diameter distributions were 
analyzed by Nano Measurer software. Fifty fibers were 
measured for the fiber diameter measurement.

Mechanical performance

Stress–displacement curves of the samples clamped 
50 *200  mm were tested using a fabric tensile tester 
(HD026S-100, Nantong Hongda experimental Instrument 

Co., Ltd, China) according to GB/T 24,218.3–2014(Tex-
tiles Test methods for nonwovens—Part 3: Determina-
tion of breaking strength and elongation at break (strip 
method)).

The bursting curve of the samples was tested using 
a testing machine (YG026MD, Wenzhou Fangy-
uan Instrument Co., Ltd, China) based on the GB/T 
19,976–2005(Textiles Determination of bursting strength 
Steel ball method).

Softness and air permeability

Softness scores were determined using a softness tester 
(Phabr Ometer, Nu CyberTek, Inc., USA) according to 
AATCC TM 202–2014(Test Method for Relative Hand 
Value of Textiles: Instrumental).

Air permeability was tested using an air permeabil-
ity tester (YG461E; Wenzhou Darong Textile Instrument, 
China) according to GB/T 5453–1997(Textiles Determina-
tion of the air permeability of fabrics).

Liquid contact angles (LCAs) and absorbability

LCA measurements were achieved by a contact angle sys-
tem (SDC-350, Dongguan Shengding Precision Instruments 
Co., Ltd, China). The testing liquid was synthetic blood, 
and the composition was sodium carboxymethyl cellulose 
2 g, amaranth 1 g, sodium chloride 4.5 g, and water (final 
volume) 1 L.

Fig. 1  Schematic of the 
preparation process of PLA/
PEG micro/nanofiber fabrics 
via a post-drafting melt blown 
process
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Results and discussions

Thermal properties

The DSC heating and cooling curves of PLA/PEG (100/0) 
and PLA/PEG (97/3) blends are shown in Fig. 2a. In the 
trace of the pure PLA heating curve, the glass transition 
temperature  (Tg) was 61.6 ℃, and a cold crystallization tem-
perature  (Tcc) at 108.3 ℃ was observed due to the mobility 
and rearrangement of PLA macromolecules. Pure PLA dis-
played two prominent separated melting peaks  (Tm) at 151.4 
℃ and 159.9 ℃, which could be explained by the mecha-
nisms of melt recrystallization, multiple lamellae, or crystal 
structures [29, 30]. In the cooling process of pure PLA, no 
obvious crystallization peak  (Tc) was found because of its 
slow crystallization rate [31]. With the addition of PEG, the 
 Tg of PLA/PEG (97/3) decreased to 57.3 °C, which indicated 
that under the plasticizing action of PEG, the free volume of 
PLA molecular chains increased, and the movement ability 
of PLA molecular chains increased [26]. In addition, the 
addition of PEG reduced the  Tcc from 108.3 °C to 103.2 °C. 
The decrease in  Tcc proved that PEG had an excellent accel-
eration effect on the amorphous phase of PLA. The PLA 
molecules in the PLA/PEG chain can undergo cold crys-
tallization at a lower temperature during the heating pro-
cess, indicating that the PLA molecular chain has increased 
mobility and crystallization ability [23, 32]. However, dur-
ing the cooling process, the addition of PEG still has no 
apparent cold crystallization peak.

Biodegradable polymers generally display poor thermal 
stability, which affects the processing and properties of the 
end product [33]. Figure 2b shows the weight as a function 
of temperature for pure PLA and PLA/PEG (97/3) blends. 
A single thermal degradation stage was observed in pure 
PLA and PLA/PEG (97/3). The initial thermal decompo-
sition temperature (Initial) of pure PLA was approximately 

291.6 °C, the thermal decomposition interval of PLA was 
312.6–367.1 °C, and the practical melt blown processing 
temperature was generally between 210–240  °C. After 
adding PEG, the initial and thermal decomposition inter-
vals of PLA/PEG changed slightly, but the change was not 
noticeable. Related studies have shown that as the molecular 
weight of PEG is added, the thermal stability of PLA/PEG 
improves [34].

Rheological properties

All thermoplastic polymers could theoretically be applied to 
produce melt blown nonwoven materials, but the properties 
of the polymers, especially the melt viscosity, significantly 
affected the processing of melt blown technology [35]. The 
process dynamics and web structure of melt blown nonwo-
ven materials were also influenced by the rheological prop-
erties of the melt [36]. The effect of shearing rates on the 
complex viscosity of the pure PLA and PLA/PEG (97/3) 
blends at 190–230 °C is shown in Fig. 3. It was obvious 
that the pure PLA and PLA/PEG (97/3) blends exhibited 
non-Newtonian “shear-thinning” behaviors, and the complex 
viscosity of the pure PLA and PLA/PEG blends decreased 
significantly with increasing shearing rates [37]. Figure 3 
shows that as the temperature increases, the complex vis-
cosity of the pure PLA and PLA/PEG blends decreases. As 
the temperature increases, the thermal motion of molecules 
intensifies, and the distance between molecules increases. 
More energy makes the molecules form more free bodies, 
the chain segments are easier to move, and the interaction 
between molecules is reduced. Therefore, the complex vis-
cosity of the material decreases [38]. In comparing Fig. 3a 
and b, it can be seen that the complex viscosity of pure PLA 
is higher. With the addition of PEG, the complex viscosity 
of the composite material decreases, indicating that PEG has 
a better plasticizing effect on PLA [39, 40].

Fig. 2  DSC a and TG b curves 
of PLA/PEG (100/0) and PLA/
PEG (97/3)
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Morphology and fiber diameter distribution

Figures 4 and 5 show the morphologies and fiber diameter 
distribution of PLA/PEG (97/3) micro/nanofiber fabrics with 
different die temperatures and hot air temperatures. It can 
be seen in the figure that the fabrics are formed by stack-
ing micro/nanofibers of varying diameters in the thickness 
direction. Under the action of the post-drafting process, the 
fiber web will be subjected to a certain external force. At 
this time, the friction force between the fibers is less than the 
external force, and a large number of fibers are aligned along 
the drafting direction (longitudinal direction). Meanwhile, 
the fibers diameters are mainly distributed between 0.4 μm 
and 10.5 μm. With increasing die temperature and hot air 
temperature, the fiber gradually becomes thinner, and the 
peak value of the fiber diameter distribution moves forward. 
Figure 6 shows the maximum and average fiber diameters 
under different die temperatures and hot air temperatures. 
As shown in Fig. 6, as the die temperature increases to 
230 °C, the average fiber diameter decreases from 10.7 μm 

to 5.3 μm. The hot air temperature increased to 240 °C, and 
the average fiber diameter decreased from 7.8 μm to 4.9 μm. 
The main reason for this phenomenon is that the increase in 
temperature can improve the fluidity of the PLA/PEG melt. 
After the melt is sprayed through the spinneret, the drawing 
will be more adequate under high-speed hot air drawing, so 
the fiber diameter decreases.

Mechanical properties

It is well known that melt blown nonwovens are made of 
ultrafine fibers bonded to each other, and have porous and 
fluffy structural characteristics. Both structures provide 
tensile strength to the melt blown nonwovens. When melt 
blown nonwovens undergo stretching, the tensile force first 
makes the fabric narrower, and fibers compress against each 
other. Subsequently, the tensile force is transmitted to the 
bonding points, and when the bearing capacity of the bond-
ing points reachthe limit, the bonding points are forced to 
separate. An equilibrium phase usually occurs when tensile 

Fig. 3  Rheological property 
curves of PLA/PEG (100/0) a 
and PLA/PEG (97/3) b at differ-
ent temperatures

(a) (b)

Fig. 4  a-d SEM images and e–h fiber diameter distributions of the sample surfaces at different die temperatures at a hot air temperature of 
230 °C: a, e = 200 °C, b, f = 210 °C, c, g = 220 °C, d, h = 230 °C.
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fracture of fibers and disintegration of bond points are bal-
anced with contributions from new fibers and bond points. 
Finally, the melt blown web is destroyed, and the strength 
decreases [33]. In this experiment, the tensile strengths 
of PLA/PEG micro/nanofiber fabrics under different die 
temperatures and hot air temperature were explored under 
the condition that the areal density of PLA/PEG micro/
nanofiber fabrics remained unchanged. As clearly shown 
in Figs. 7 and 8, the maximum stresses of the samples 
in the machine direction (MD) and cross direction (CD) 
gradually increased from 52.93 N to 67.58 N and increased 
from 11.92 N to 15.99 N with increasing die temperature, 
respectively. The maximum stresses of the samples gradu-
ally increased from 45.06 N to 78.98 N and increased from 
12.01 N to 21.89 N with increasing hot air temperature, 
respectively. This phenomenon occurs because the rise in 
the die temperature and hot air temperature can improve the 
fluidity of the melt. Thus, the fiber is fully drawn, the fiber 
diameter is reduced, and the number of cross, entanglement, 

and bonding points between the fibers increases. Therefore, 
the overall fiber web strength increases. At the same time, 
the cross, entanglement, and bonding points between the 
fibers increase, making it difficult to break during the tensile 
fracture process, so the elongation at the break of the fabrics 
also gradually increases.

Figure 9 shows the bursting strength curves of PLA/PEG 
micro/nanofiber fabrics under different die temperatures and 
hot air temperatures. It can be seen in the figure that with 
the increase in the die temperature and hot air temperature, 
the bursting strength of the material gradually increases, and 
the maximum can reach 58.6 N. The reason is that as the 
temperature increases, the fiber diameter becomes thinner, 
and the cross, entanglement, and bonding points between 
the fibers increase, so the bursting strength increases. At the 
same time, the temperature rise makes the fiber draw more 
fully, promotes the crystallization of the fiber, and increases 
the strength of a single fiber, thereby improving the overall 
impact resistance of the fabrics.

Fig. 5  a-d  SEM images and e-h fiber diameter distributions of the sample surfaces at different hot air temperatures at a die temperature of 
220 °C: a, e = 210 °C, b, f = 220 °C, c, g = 230 °C, d, h = 240 °C.

Fig. 6  Average fiber diameter 
and maximum fiber diameter 
of different process samples: 
a samples of different die 
temperatures and b samples of 
different hot air temperatures
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Comfort performance

The Phabr Ometer is a testing system that evaluates the sen-
sory performance of fabrics in contact with human skin, and 
the softness scores are used to assess the softness properties 
of fabrics [41]. Figure 10a demonstrates the softness scores 
of the PLA/PEG micro/nanofiber fabrics with different die 
temperatures and hot air temperatures. Figure 10a summa-
rizes the changes in softness scores of the fabrics prepared 
at different die temperatures and hot air temperatures. The 
softness scores increased from 69.82 to 78.62 as the die tem-
perature increased from 200 ℃ to 230 ℃, and the softness 
scores increased from 76.34 to 82.70 as the hot air tempera-
ture increased from 210 ℃ to 240 ℃, showing excellent soft-
ness properties. The superior softness properties of the PLA/
PEG micro/nanofiber fabrics were mainly attributed to small-
fiber diameters on the micro/nanoscale and the fluffy struc-
ture from the interconnected "curved" fibers. Overall, based 
on these experimental results, high die temperatures and hot 
air temperatures improved the softness of the samples.

We also explored the effect of different die temperatures 
and hot air temperatures on the air permeability of PLA/
PEG micro/nanofiber fabrics while ensuring the same areal 

density of the fabrics (Fig. 10b). It can be seen from the 
figure that the air permeability of samples with different die 
temperatures and hot air temperatures gradually decreased. 
As the die temperature increased from 200 to 230 °C, the 
air permeability of the sample decreased from 623.8 to 
173.8 mm/s−1. As the temperature of the hot air increased 
from 210 °C to 240 °C, the air permeability of the sample 
decreased from 351.4 mm/s−1 to 170.1 mm/s−1. This may 
be because the number of fine fibers increased with increas-
ing temperature, thus increasing the flow resistance.

Synthetic blood contact angles

Synthetic blood was dripped on the sample surface of the 
PLA/PEG micro/nanofiber fabrics to evaluate liquid wet-
tability. Optical images (Fig. 11b) showed that the synthetic 
blood droplets on the surface of the samples always exhib-
ited a nearly spherical shape, which indicates that the fabrics 
are hydrophobic, i.e., they are not wetted by blood and water. 
Figure 11a shows the change rule of the synthetic blood 
contact angle of the PLA/PEG micro/nanofiber fabrics with 
different melt blown processes. It can be seen in the figure 

Fig. 7  Stress–displacement 
curves of the samples in a 
CD and b MD at different die 
temperatures

Fig. 8  Stress–displacement 
curves of the samples in a CD 
and b MD at different hot air 
temperatures
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Fig. 9  Bursting strength of 
samples with different die 
temperatures a and hot air 
temperatures b 

Fig. 10  Softness scores a and 
air permeability b of samples 
at different die and hot air 
temperatures

Fig. 11  Synthetic blood contact 
angles with different melt blown 
processes a Synthetic blood 
contact angles of samples with 
different die temperatures and 
hot air temperatures b Photo-
graphic images of the synthetic 
blood droplets on the surface of 
the PLA/PEG micro/nanofiber 
fabrics
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that the synthetic blood contact angle of the sample is dis-
tributed between 115.0–125.7°. As the die temperature and 
hot air temperature increase, the sample's synthetic blood 
contact angle gradually decreases. The reason may be that 
the increase in the die temperature and hot air temperature 
fully stretches the fiber. The fiber diameter is reduced while 
reducing the roughness of the fiber surface, so the synthetic 
blood contact angle is reduced.

Conclusions

In this work, PLA/PEG micro/nanofiber fabrics were pre-
pared with aligned fibers by a post-drafting melt blown 
process, and the effects of the melt blown process (die 
temperature and hot air temperature) on the structure 
and properties of PLA/PEG micro/nanofiber fabrics were 
analyzed. Thermodynamic analysis showed that the addi-
tion of PEG could improve the crystallization properties 
of PLA, thereby enhancing the mechanical properties 
of PLA. A dynamic rheological property test also veri-
fied that the PLA/PEG blend melt exhibited typical shear 
thinning. The composite viscosity of PLA/PEG melts 
decreased with increasing melt temperature, ranging from 
190 to 230 ℃. With increasing die temperature and hot air 
temperature, the average diameter of the fibers decreased 
to 5.3 μm and 4.9 μm, respectively. The mechanical prop-
erties of the fabric gradually improved, and the softness 
scores were distributed between 69.82 and 82.7. Overall, 
the results of this study served as a valuable reference for 
the commercial application and large-scale preparation of 
PLA/PEG micro/nanofiber fabrics developed for various 
potential applications, especially for medical protectives 
such as surgical gowns, protection suits, masks, and medi-
cal bandages.
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