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Abstract 
Polyethylene terephthalate (PET) micro/nanofibers are pivotal for advanced 
textiles and filtration materials, yet their industrial production is currently 
constrained by the environmental toxicity of solution electrospinning and the 
coarse fiber diameters typical of conventional melt spinning. Air-Assisted 
Melt Centrifugal Electrospinning (A-MCES) has emerged as a transformative, 
solvent-free technique that overcomes these limitations by integrating centrif-
ugal inertia, electrostatic forces, and high-velocity aerodynamic shear. This re-
view provides a comprehensive analysis of the state-of-the-art in A-MCES of 
PET, specifically focusing on process control, structural evolution, and mate-
rial performance. We systematically elucidate the critical role of airflow in reg-
ulating the thermal history of the melt jet to achieve sub-micron attenuation. 
Key processing parameters—ranging from intrinsic viscosity to nozzle geom-
etry—are discussed in the context of process optimization. Furthermore, the 
structure-property relationships are critically examined, revealing how the 
unique interplay between rapid aerodynamic cooling and high-strain elonga-
tion promotes stress-induced crystallization (SIC), which is decisive for me-
chanical strength. Finally, the review highlights the applications of A-MCES 
fibers in high-efficiency filtration and biomedical scaffolds, concluding with a 
perspective on overcoming current challenges related to energy efficiency and 
uniformity.  
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1. Introduction 

Polyethylene terephthalate (PET) microfibers and nanofibers have garnered sig-
nificant attention in recent decades due to their superior mechanical properties, 
thermal stability, and recyclability. These materials are critical for high-perfor-
mance applications ranging from industrial filtration and protective textiles to bi-
omedical scaffolds. Traditionally, solution electrospinning has been the dominant 
method for fabricating continuous ultrafine fibers [1]. However, the reliance on 
toxic organic solvents (e.g., TFA, DCM) poses severe environmental risks, incurs 
high recovery costs, and limits the yield, thereby hindering industrial-scale pro-
duction [2]. 

To address these limitations, melt electrospinning has emerged as a “green” and 
solvent-free alternative. Despite its eco-friendliness, conventional melt electro-
spinning faces inherent challenges: the high viscosity of polymer melts and the 
rapid solidification of the jet typically result in fibers with large diameters (often > 
10 μm) and low production efficiency compared to solution-based processes [3]. 
Consequently, enhancing the drag force on the melt jet to achieve finer diameters 
while maintaining high throughput has become a focal point of research. The hy-
brid technique of Air-Assisted Melt Centrifugal Electrospinning (A-MCES) rep-
resents a synergistic approach that combines the thinning capability of the electric 
field, the high throughput of centrifugal force, and the strong shear stretching of 
airflow. In this multi-force field coupling, the centrifugal force provides a “pump-
ing effect” to boost productivity, effectively overcoming the feed rate limitations 
of traditional methods [4]. Meanwhile, the high-velocity auxiliary airflow exerts a 
powerful drag force that exceeds the electric stress, driving the rapid attenuation 
of the fiber into the sub-micron scale [5]. 

While individual aspects of melt electrospinning and centrifugal spinning 
have been reviewed separately, a comprehensive understanding of the process 
optimization and structure-property relationships in the specific context of A-
MCES of PET is still developing. This review aims to systematically summarize 
recent advances in A-MCES. We focus on elucidating the influence of key pro-
cessing parameters on fiber morphology and establishing the critical link be-
tween the rapid cooling dynamics and the resulting microstructure, particularly 
stress-induced crystallization (SIC), which dictates the final mechanical perfor-
mance [6]. 

2. Principles of A-MCES 
2.1. Synergistic Mechanism of Multi-Physical Fields 

The fundamental principle of A-MCES relies on the superposition of three dis-
tinct external forces acting on the polymer melt, each serving a specific function 
in the fiber formation process (Figure 1): 

Centrifugal Force (Mass Ejection): High-speed rotation generates inertial forces 
that push the viscous PET melt through the spinneret orifices. Unlike traditional 
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electrospinning, where throughput is limited by the capillary feed rate, the cen-
trifugal force provides a “pumping effect” that significantly enhances the mass 
flow rate. Sarkar, K. et al. demonstrated that the centrifugal inertia dominates the 
initial jet ejection, enabling the processing of high-viscosity melts that are typically 
difficult to spin using electric fields alone [7]. Aerodynamic Shear Force (Attenu-
ation & Thermal Control): This is the critical component for refining fiber diam-
eter in melt processes. A coaxial high-velocity airflow exerts a powerful drag force 
on the jet surface. Jin, M. et al. revealed that when using supersonic airflow (via 
Laval nozzles), the aerodynamic drag stress can exceed the electric stress by an 
order of magnitude, driving the rapid attenuation of the fiber from hundreds of 
micrometers to the sub-micron scale [8]. Furthermore, the hot airflow creates a 
localized thermal envelope, delaying the crystallization of PET and allowing for 
extended elongation time. Electrostatic Force (Dispersion): While the electric field 
contributes to stretching, its primary role in A-MCES is ensuring fiber separation. 
The Coulombic repulsion between the charged fibers prevents them from merging 
or agglomerating during flight. Li, Y. et al. emphasized that this electrostatic effect 
is also crucial for imparting electret properties to the fibers, which significantly 
enhances filtration efficiency by capturing fine particles via electrostatic attraction 
[9]. 

 

 
Figure 1. Schematic diagram of the A-MCES process illustrating the synergistic coupling 
of centrifugal force, electrostatic field, and aerodynamic shear. (Adapted from Jin, M. et al. 
[8]). 

 
At the nozzle tip, the formation and attenuation of the polymer jet depend on 

a critical force balance. For the jet to be successfully ejected and stretched, the 
sum of the driving forces—namely, the aerodynamic drag (Fair), centrifugal 
force (Fc), and electrostatic force (Fe)—must overcome the resistive forces, 
which primarily consist of the melt’s viscoelastic force (Fve) and surface tension 
(F): 

Fair + Fc + Fe > Fve + Fγ 

In the A-MCES process, the high-velocity aerodynamic drag (Fair) plays the 
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decisive role in overcoming the high viscoelastic resistance (Fve) of the PET melt, 
which is typically the main bottleneck in conventional melt spinning. 

2.2. Equipment Configuration 

A typical A-MCES apparatus is engineered to handle high temperatures (>260˚C), 
high voltage, and high rotation speeds simultaneously (Figure 2). 

 

 
Figure 2. Configuration of the spinneret and Laval nozzle design for supersonic airflow 
acceleration. (Adapted from Jin, M. et al. [8]). 

 
Spinneret and Nozzle Design: The core component is a conductive, rotating 

spinneret. Recent advancements have moved from simple annular gaps to Laval 
nozzles (convergent-divergent design). Research indicates that Laval nozzles can 
accelerate the airflow to supersonic speeds (Mach > 1), maximizing the kinetic 
energy transfer from the air to the polymer jet [10]. 

Heating and Collection: To maintain the PET melt at a precise temperature, 
high-frequency induction heating is often employed due to its rapid response and 
efficiency. For collection, a grounded drum or conveyor belt is placed at a specific 
working distance. Zander N. E. et al. highlighted that precise control of the col-
lector temperature is critical to prevent secondary crystallization shrinkage of the 
deposited fibers, which ensures the dimensional stability of the final nonwoven 
mat [11]. 

3. Key Processing Parameters 

The morphology and performance of A-MCES PET fibers are governed by a com-
plex interplay of material properties and processing conditions. Optimizing these 
parameters is essential to achieve defect-free nanofibers with the desired diameter 
and crystallinity. 
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3.1. Intrinsic Viscosity (IV) and Molecular Weight 

The intrinsic viscosity (IV) of the PET melt serves as a primary indicator of its 
molecular entanglement capability, which directly dictates spinnability. 

High IV (>0.8 dL/g): Provides sufficient melt strength to sustain a continuous 
jet under high centrifugal and aerodynamic forces, preventing capillary breakup. 
However, excessive viscosity requires higher processing temperatures, which risks 
thermal degradation. Low IV (<0.6 dL/g): Often associated with recycled PET (r-
PET). Due to chain scission during previous thermal histories, low-IV melts tend 
to form unstable jets, leading to “beads-on-string” defects. Awaja, F. and Pavel, D. 
demonstrated that while processing recycled PET requires careful viscosity man-
agement, it is feasible to produce uniform nanofibers from waste streams by opti-
mizing the shear rate to compensate for lower molecular weights (Figure 3) [12]. 

 

 
Figure 3. Scanning Electron Micrographs (SEM) showing the effect of melt viscosity on fiber 
morphology: (a) Low viscosity/r-PET leading to “beads-on-string” defects; (b) Optimal viscos-
ity resulting in uniform and continuous nanofibers. (Based on Awaja, F. and Pavel, D. [12]). 

 
Degradation Control: Dalton, P. D. et al. emphasized that thermal degradation 

during the melt process exponentially reduces IV, thereby compromising the me-
chanical integrity of the final fibers. Thus, residence time in the extruder must be 
strictly minimized [13]. 

3.2. Processing Temperature 

Temperature control in A-MCES is twofold: the melt temperature and the ambi-
ent environmental temperature (air temperature). Melt Temperature: Must be 
maintained 20˚C - 40˚C above the melting point (Tm ≈ 255˚C) to ensure flowa-
bility. Greiner, A. and Wendorff, J. H. noted in their review that insufficient heat-
ing leads to nozzle clogging, while overheating causes polymer dripping and re-
duced molecular orientation [14]. 

Air Temperature: The temperature of the assisting airflow is a critical variable 
unique to this technique. Liu, C. et al. reported that using high-temperature air-
flow not only facilitates jet attenuation but can also induce a rough, porous surface 
structure on the fibers. This thermally induced phase separation (TIPS) effect sig-

https://doi.org/10.4236/msce.2026.143008


H. Ding, Y. Y. Wang 
 

 

DOI: 10.4236/msce.2026.143008 112 Journal of Materials Science and Chemical Engineering 
 

nificantly enhances the specific surface area, making the fibers ideal for oil ab-
sorption applications [15]. 

Compared to conventional melt spinning, which has relatively slow cooling 
rates that allow polymer chains to relax, A-MCES utilizes the rapid expansion of 
high-velocity airflow to achieve ultra-fast cooling rates, often exceeding 1000˚C/s. 

3.3. Airflow Pressure and Rotational Speed 

The “Air-Centrifugal” coupling requires a delicate balance between aerodynamic 
pressure and rotational inertia. Airflow Pressure: Increasing the air pressure en-
hances the drag force, leading to finer fiber diameters. However, turbulence at 
supersonic speeds can cause fiber whipping and breakage if not controlled. Rota-
tional Speed: Higher speeds increase the mass ejection rate (throughput). Reneker, 
D. H. and Yarin, A. L. investigated the optimization of these parameters for air 
filtration. They found that a synchronized increase in rotational speed and air 
pressure is necessary to maintain a hierarchical structure that efficiently captures 
PM2.5 particles while maintaining low air resistance (Figure 4) [16]. 

 

 
Figure 4. Effect of airflow pressure on average fiber diameter, showing a decreasing trend 
with increasing drag force. (Data trend adapted from Reneker, D. H. and Yarin, A. L. [16]). 

4. Structure and Performance 

The unique combination of high-temperature melting, rapid aerodynamic cool-
ing, and supersonic stretching in A-MCES imparts distinct hierarchical structures 
to PET fibers. Understanding these structure-property relationships is crucial for 
tailoring fibers for specific applications. 

4.1. Stress-Induced Crystallization (SIC) 

Unlike solution electrospinning, where crystallization is largely solvent-driven, 
structure formation in A-MCES is dominated by the thermal history and stress 
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field [17]. PET is intrinsically a slow-crystallizing polymer; however, the ultra-
high strain rates (>103 s−1) provided by the high-velocity airflow significantly alter 
its crystallization kinetics. Perret, E. and Hufenus, R. investigated the structural 
evolution of PET under high-speed melt spinning conditions using Wide-Angle 
X-ray Diffraction (WAXD). They observed that the intense aerodynamic drag in-
duces a transition from an amorphous state to a highly oriented mesomorphic 
phase, which subsequently acts as a precursor for rapid crystallization (Figure 5). 
This phenomenon, known as Stress-Induced Crystallization (SIC), results in fi-
bers with high molecular orientation and superior mechanical modulus compared 
to those produced by quiescent crystallization [18]. 

 

 
Figure 5. WAXD structural evolution (Simulated). (a) Low speed (Amorphous Halo); (b) 
Medium speed (Mesomorphic Arcs); (c) High speed (Crystalline Spots) showing Stress-
Induced Crystallization (SIC). (Illustrating principles from Perret, E. and Hufenus, R. [18]). 

 
This ultra-fast cooling rate effectively ‘freezes’ the highly oriented mesomor-

phic phase in place before the PET polymer chains have sufficient time to relax 
back into a random coil configuration, thereby locking in the stress-induced crys-
tallization (SIC). 

4.2. Surface Morphology and Wettability 

While traditional melt-spun fibers typically exhibit smooth surfaces, A-MCES al-
lows for the engineering of surface topography through environmental control. 
The rapid evaporation of moisture or the interplay between cooling rates and 
phase separation can induce nanoscale roughness on the fiber surface. Xue, J. et 
al. utilized this effect to fabricate PET nanofibrous membranes with a hierarchical 
rough structure. Their study demonstrated that these A-MCES fibers exhibited 
superhydrophobicity (water contact angle > 150˚) and superoleophilicity, making 
them highly effective for oil/water separation applications (Figure 6). The rough 
surface structure significantly increases the specific surface area, enhancing the 
adsorption capacity for oils and organic solvents [19]. 

4.3. Dimensional Stability in Scaffolds 

For biomedical applications, the structural integrity of the fiber mat is as critical 
as individual fiber strength. A-MCES, particularly when adapted for Melt Electro-
spinning Writing (MEW), offers precise control over fiber placement and bond-
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ing. Puguan, J. M. et al. explored the use of PCL/PET blends in tissue engineering. 
They found that the incorporation of PET segments via melt electrospinning im-
proved the mechanical stiffness and dimensional stability of the scaffolds, pre-
venting the shrinkage often observed in pure PCL scaffolds during cell culture. 
This structural reinforcement is attributed to the high melting point and stable 
crystalline domains of the PET microfibers formed during the process [20]. 

 

 
Figure 6. Scanning Electron Micrographs (SEM) of surface morphology comparison. (a) 
Conventional melt-spun fibers with smooth surfaces; (b) A-MCES nanofibers exhibiting 
hierarchical rough/porous surfaces for superhydrophobicity. (Based on Xue, J. et al. [19]). 

5. Applications 

Beyond the well-established applications in air filtration and biomedical scaffolds, 
the unique structural characteristics of A-MCES PET fibers—specifically their 
high specific surface area, porosity, and tortuous pore channels—have opened 
new avenues in acoustics, functional textiles, and energy storage. 

5.1. Acoustic Absorption and Insulation 

The superior acoustic absorption in the low-to-medium frequency range (1000 -
4000 Hz) is driven by a synergistic effect of two distinct mechanisms. While the 
increased specific surface area and tortuosity enhance visco-thermal dissipation 
(friction between sound waves and fibers), the primary mechanism at these fre-
quencies is typically membrane resonance. Under acoustic excitation, the entire 
hierarchical nanofiber web vibrates, efficiently converting acoustic energy into ki-
netic and thermal energy. The intricate pore structure of PET nanofiber mats ef-
fectively dissipates sound waves, particularly in the low-to-medium frequency 
range (1000 - 4000 Hz), where conventional materials often fail (Figure 7) [21]. 

5.2. Antibacterial and Functional Textiles 

The solvent-free nature of A-MCES makes it an ideal platform for fabricating 
functionalized textiles without the risk of solvent toxicity or leaching. Antibacte-
rial agents, such as metal oxide nanoparticles, can be directly compounded into 
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the polymer melt prior to spinning. Tsang, A. C. H. et al. successfully fabricated 
recycled PET (r-PET) fibers functionalized with Zinc Oxide (ZnO) nanoparticles. 
Their study demonstrated that these melt-processed composite fibers exhibited 
significant inhibition zones against E. coli and S. aureus (Figure 8). This approach 
not only valorizes recycled plastic but also produces durable, hygiene-grade tex-
tiles suitable for medical gowns and hospital bedding [22]. 

 

 
Figure 7. Acoustic absorption coefficient vs. Frequency. A-MCES nanofibers (red line) 
show superior absorption in the medium-frequency range compared to conventional mi-
crofibers (blue line). (Based on Gao, Y. et al. [21]). 

 

 
Figure 8. Antibacterial activity (Inhibition Zone Test). The A-MCES/ZnO composite sam-
ple (bottom right) shows a distinct inhibition zone, whereas the control r-PET sample (top 
left) does not. (Based on Tsang, A. C. H. et al. [22]). 
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5.3. Energy Storage: Battery Separators 

In the field of Lithium-Ion Batteries (LIBs), the separator is a critical component 
for safety and efficiency. Commercial polyolefin separators (PP/PE) suffer from 
poor thermal stability, leading to shrinkage at high temperatures and potential 
short circuits. PET, with its high melting point (~255˚C), offers superior thermal 
safety. Zander, N. E. et al. explored the production of recycled PET fibers via cen-
trifugal melt spinning. They found that the resulting nonwoven mats possessed 
the necessary porosity and electrolyte uptake capability to function as high-per-
formance separators. The A-MCES process, combining centrifugal force with elec-
trostatic stretching, further refines the fiber diameter, potentially enhancing the 
ionic conductivity and charge-discharge performance of the batteries [23]. 

6. Conclusions and Future Perspectives 
6.1. Conclusions 

Air-Assisted Melt Centrifugal Electrospinning (A-MCES) has emerged as a trans-
formative technology in the field of polymer processing, effectively bridging the 
critical gap between the high production efficiency of traditional melt spinning and 
the ultra-fine fiber capabilities of solution electrospinning. This review has system-
atically highlighted that the synergistic coupling of centrifugal inertia, electrostatic 
dispersion, and high-velocity aerodynamic shear offers a robust, solvent-free path-
way for the mass production of PET micro/nanofibers, fundamentally addressing 
the environmental toxicity issues associated with solvent-based methods. 

From a structural perspective, the transition from single-force to multi-force 
processing has revolutionized the morphological control of PET. By precisely reg-
ulating the airflow temperature and velocity, A-MCES successfully decouples the 
cooling rate from the strain rate. This unique ability promotes Stress-Induced 
Crystallization (SIC) within sub-micron fibers, yielding nonwovens that combine 
the superior mechanical strength of oriented engineering plastics with the high 
specific surface area of nanofiber mats. These attributes make A-MCES PET fibers 
exceptionally suitable for demanding applications in high-temperature filtration, 
environmental remediation, and biomedical scaffolds. 

6.2. Future Perspectives 

Despite the significant progress detailed in this review, several challenges must be 
addressed to facilitate the full-scale industrial adoption of A-MCES: 

Energy Efficiency Optimization: The generation and maintenance of high-ve-
locity hot airflow currently consume substantial energy, affecting the cost-effec-
tiveness of the process. Future equipment design should focus on optimizing noz-
zle geometries (e.g., advanced Laval nozzles) to maximize drag force efficiency 
while minimizing compressed air and heat consumption. 

Uniformity and Process Control: While throughput is high, the chaotic nature 
of whipping instability in a turbulent airflow field often leads to broader fiber di-
ameter distributions compared to solution electrospinning. The integration of 
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real-time monitoring systems and closed-loop control algorithms will be essential 
to enhance batch-to-batch consistency and reduce structural defects. Pushing the 
Nanoscale Limit: Consistently producing PET fibers below the 100 nm scale via 
melt processing remains a physical hurdle due to high melt viscosity. Future re-
search directions may involve the development of benign plasticizers or eutectic 
solvent additives that can temporarily lower viscosity during spinning without 
compromising the biocompatibility or mechanical integrity of the final product. 
While A-MCES requires substantial thermodynamic energy input to generate 
compressed supersonic airflow and maintain high melt temperatures, this must 
be weighed qualitatively against the massive energy sinks and environmental costs 
associated with solvent distillation, recovery, and remediation inherent to tradi-
tional solution electrospinning. 

In summary, A-MCES represents a cornerstone of “Green Manufacturing” in 
the fiber industry. With continued advancements in thermodynamic control and 
equipment engineering, it is poised to become the dominant technology for the 
sustainable production of high-performance functional nonwovens. 
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