
 

 

 

 

 

 

BUDAPEST UNIVERSITY OF TECHNOLOGY AND ECONOMICS 

FACULTY OF MECHANICAL ENGINEERING 

DEPARTMENT OF POLYMER ENGINEERING 

 

 

 

 

 

DEVELOPMENT OF ELECTROSPINNING METHODS BASED 

ON THE RHEOLOGY OF POLYMER SOLUTION, AND RELATED 

APPLICATIONS OF NANOFIBERS 

 

PH.D. THESIS 

 
WRITTEN BY:  

 HAIJUN HE 

MSc. 

 

Supervisor: 

Dr. Kolos Molnár 

Associate professor 

 

 

 

BUDAPEST, 2021 



 

 

 

 

Declaration   

Independent Work and Indicating References 

 

 

 

 

I, the undersigned,        Haijun He        declare, that the current PhD 

dissertation is my own work, and only the sources referred have been used in the 

document. Each part used literally, or taken over paraphrased from other sources 

have been obviously indicated by the identification of its source. 

 

 

 

Budapest, 2021. 09. 03 

 

 

 
Haijun HE 

(Signature) 

 

  



Haijun He  Ph.D. Thesis 

I 

Acknowledgments 

I would first like to say thanks to my supervisor Dr. Kolos Molnár for his guidance 

and support in my whole Ph.D. research period, from title selection to manuscript 

correction. His motivation and patience always gave me the power and confidence to 

overcome obstacles in my research. Besides, he is also like a family to help me settle 

down at the beginning of my arrival in this foreign country and help me get adapted 

to live in Budapest. Then I would never forget to express my gratitude to Prof. Tibor 

Czvikovszky and Prof. László Mihály Vas for teaching me the knowledge on polymer 

science, giving me insightful suggestions for my research. I am pleased to thank 

Prof. Tibor Czigány, Dr. Tamás Bárány, Dr. József Gábor Kovács, Dr. Péter Bakonyi, 

Dr. Gergely Czél, Dr. Dániel Török, and Dr. Norbert Krisztián Kovács for the help in 

my daily life. I would also like to express my thanks to Mr. Balázs Gábor Pinke for 

guiding me to use various research instruments. I also want to thank Mr. Attila Balaskó 

for helping me improve my English and research writing skills. I also greatly 

appreciate all the help from the technicians of the Department of Polymer Engineering. 

It would not be easy to live in a foreign country and conduct my Ph.D. research 

without their precious help. I will never forget their support throughout my life.  

I would always remember my roommates (Mr. Viktor Hliva, Mr. Tamás Temesi, 

Mr. Ákos Pomázi); we spent lots of fun-time together, they helped me a lot in fitting 

in Hungarian culture. I also want to especially thank my best colleague and friend, Mr. 

Yahya Kara, for his help in my research and life. I would also like to thank all my other 

colleagues and friends from the Budapest University of Technology and Economics, 

who helped and supported me throughout my entire Ph.D. work. 

In the end, I am grateful to my lovely wife, her immense support and encouragement 

always guide me to accomplish my personal goals and pursue my dreams. I also want 

to express my deepest gratitude to my family. They have always supported me 

financially so that I only pay attention to the studies and achieving my objective 

without any obstacles on the way. 

The work reported in this thesis was supported by the Stipendium Hungaricum 

Scholarship of Tempus Public Foundation (SHE-15651-001/2017) and China 

Scholarship Council (201700500073). 

 



Haijun He  Ph.D. Thesis 

II 

  



Haijun He  Ph.D. Thesis 

III 

 

TABLE OF CONTENTS 

1. Introduction .................................................................................................................... 1 

2. Literature overview ....................................................................................................... 3 

2.1. Background and history of electrospinning ..................................................... 3 

2.2. Electrospinning theory and principle ................................................................ 4 

 Jet formation ................................................................................................... 4 

 Jet motion ........................................................................................................ 5 

 Jet solidification .............................................................................................. 6 

 Electrospinning models .................................................................................. 6 

2.3. Parameters controlling nanofiber formation .................................................... 8 

 Solution properties ......................................................................................... 8 

 Processing parameters .................................................................................. 11 

 Environmental conditions ............................................................................ 12 

2.4. Technical setups of high throughput electrospinning .................................. 12 

 Multi-jet electrospinning methods ............................................................... 13 

 Needleless electrospinning methods ............................................................. 17 

2.5. Basics of polymer rheology ............................................................................... 26 

 Shear-thinning behavior ............................................................................... 26 

 Weissenberg effect ......................................................................................... 27 

2.6. Applications of electrospun nanofibers ........................................................... 28 

 Electrospun nanofiber in fiber-reinforced polymer composites .................... 28 

 Electrospun nanofibers in air filtration ........................................................ 32 

 Electrospun nanofibers in nanogenerators ................................................... 33 

2.7. Conclusions and research aim based on the literature review .................... 35 

3. Materials and methods ................................................................................................ 37 

3.1. Materials ............................................................................................................... 37 

 Polyethylene oxide ........................................................................................ 37 

 Polyacrylonitrile ........................................................................................... 37 

 Polylactic acid ............................................................................................... 38 

 Polyvinylidene fluoride ................................................................................ 38 



Haijun He  Ph.D. Thesis 

IV 

3.2. Electrospinning methods .................................................................................. 38 

 Single-needle electrospinning ...................................................................... 38 

 Shear-aided corona electrospinning ............................................................. 40 

 Rod-climbing needleless electrospinning ..................................................... 42 

3.3. Filament preparation for 3D printing .............................................................. 44 

3.4. 3D printing .......................................................................................................... 44 

 Fabrication of self-reinforced nanocomposites ............................................. 45 

 Fabrication of the nanoporous mask filter .................................................... 46 

3.5. Characterization methods ................................................................................. 47 

3.6. Other equipment ................................................................................................ 51 

4. Results and discussion ................................................................................................ 52 

4.1. Single-needle electrospinning .......................................................................... 52 

 Pipe flow in a needle..................................................................................... 52 

 Shear-thinning behavior of PEO solution ................................................... 54 

 Effect of needle diameter on fiber morphology ............................................. 56 

4.2. Needleless electrospinning ............................................................................... 58 

 Shear-aided corona needleless electrospinning method ............................... 58 

 Rod-climbing needleless electrospinning method ........................................ 68 

4.3. Applications of electrospun nanofibrous mats .............................................. 78 

 Self-reinforced nanocomposites fabricated by 3D printing .......................... 78 

 Nanoporous mask filter ................................................................................ 89 

 Smart mask filter for respiration sensing .................................................... 93 

5. Summary ..................................................................................................................... 107 

5.1. Summary of the results .................................................................................... 107 

5.2. Theses ................................................................................................................. 109 

5.3. Future suggestions ........................................................................................... 111 

6. Publications and patent ............................................................................................ 112 

7. References ................................................................................................................... 114 

8. Appendices ................................................................................................................. 127 

  



Haijun He  Ph.D. Thesis 

V 

 

List of notations 

Symbol Parameter Unit 

C Solution concentration  wt% 

Cin Cumulative mass concentration of particles at the inlet µg/m3 

Co Cumulative mass concentration of particles at the outlet  µg/m3 

I Electric current A 

KV Volume ratio - 

Mn Number average molecular weight g/mol 

Mw Molecular mass (weight average) g/mol 

nc Filtration efficiency based on the concentrations of the fine particles wt% 

Nin Number of particles with a specific diameter at the inlet - 

nN Removal efficiency of the specific particle size n% 

No Number of particles with a specific diameter at the outlet - 

p Pressure bar 

Q Flow rate ml/h 

rf Fiber radius nm 

RH Relative humidity % 

T Temperature °C 

Tcc Cold crystallization temperature °C 

tcycle Breathing cycle time s 

tex Exhalation time s 

Tg Glass transition temperature °C 

tin Inhalation time s 

Tm Melting temperature °C 

umax Maximum velocity m/s 

V Volume m3 

Vc Critical voltage kV 

wf Nanofiber content of nanocomposites wt% 

β Climbing constant g/cm 

γ Surface tension dyn/cm 

γ̇ Shear rate 1/s 

η Viscosity Pas 

θT The half-angle of the Taylor-cone, ° 

ϕT 
The ratio of the half-angle of the Taylor-cone to the vertex angle of the 

rod tip 
- 



Haijun He  Ph.D. Thesis 

VI 

ϕTS The ratio of the transition angle to the vertex angle of the rod tip - 

χ Degree of crystallinity % 

χf The crystallinity of nanofibers % 

χp The crystallinity of the printed matrix % 

Ω Rotation speed  rpm 

∆Hc The cold crystallization enthalpy J/g 

∆Hm The tested melting enthalpy J/g 

∆Hm0 The melting enthalpy for 100% crystalline PLA J/g 

ΔH The distance between the meniscus tip and the rod tip mm 

   

   

   

   

   

   

   

   

   

   
 

  



Haijun He  Ph.D. Thesis 

VII 

Abbreviations 

Abbreviation Denomination 

AFM Atomic force microscopes 

CA Cellulose acetate 

CNT Carbon nanotube 

DIC Digital image correlation 

DMA Dynamic mechanical analysis 

DSC Differential scanning calorimetry 

ES 

NFES 

Electrospinning 

Near-field electrospinning 

FA Formic acid 

FE Filtration efficiency 

FFF Fused filament fabrication 

FRPC Fiber-reinforced polymer composite 

HDPE High-density polyethylene 

IER The ratio of inhalation and exhalation  

MF Melamine-formaldehyde 

MMAD Mass median aerodynamic diameter 

MWE Micro Weissenberg effect 

N-ES Needle electrospinning 

PA-6.6 Polyamide 6.6 

PAA Polyacrylic acid 

PAN Polyacrylonitrile 

PBI Polybenzimidazole 

PCB Printed circuit board 

PD Pressure drop 

PDMS Polydimethylsiloxane 

PE Polyethylene 

PENG Piezo nanogenerator 

PEO Polyethylene oxide 

PLA Polylactic acid  

PMMA Polymethyl methacrylate 

PP Polypropylene 

Pressure drops PD 

PS Polystyrene 

PTFE Polytetrafluoroethylene 



Haijun He  Ph.D. Thesis 

VIII 

PU Polyurethane 

PVA Polyvinyl acetate 

PVC Polyvinyl chloride 

PVDF Polyvinylidene fluoride 

PZT Lead zirconate titanate 

QF Quality factor 

RC-ES Rod-climbing needleless electrospinning 

RM-TENG Respiration monitoring triboelectric nanogenerator 

RR Respiratory rate 

SAC-ES Shear-aided corona needleless electrospinning  

SEM Scanning electron microscope 

SRPC Self-reinforced polymer composite 

TENG Triboelectric nanogenerator 

TPU Thermoplastic polyurethane 

  



Haijun He  Ph.D. Thesis 

1 

1. INTRODUCTION 

Fibers with diameters in the range of several up to a few hundred nanometers are 

called nanofibers. Since nanofiber structures possess high porosity and high specific 

surface area, they gained continuously growing scientific, technological, and industrial 

interests with possible applications in different fields such as air and water filtration 

[1], drug delivery [2], tissue engineering, and regenerative medicine [3], besides many 

others. They are also used as active materials in sensors or electronic equipment [4] 

and composites [5]. There are different technologies to produce nanofibers, such as 

polymerization against porous templates [6], self-assembly [7], melt-blowing [8], etc. 

Among them, electrospinning seems the most popular and feasible method for its 

simplicity and relatively low cost and because a wide variety of polymer materials can 

be processed this way. The process is based on the elongation of a jet ejected from the 

surface of an electrically charged polymer liquid droplet on a spinneret. While the jet 

flies in the direction of the collector, the solvent evaporates, and its cross-section 

decreases. Finally, the generated polymer nanofiber is solidified and collected on a 

grounded screen. 

The electrospinning technique is quite simple, and nanofibers are used more and 

more widely. For example, they can be used as reinforcements in the composite 

industry because of their unique properties. In the process of electrospinning, polymer 

jets are elongated up to 100,000 times in less than one-tenth of a second [9]. The 

polymer chains can be stretched extremely by the large draw ratio, which is beneficial 

for forming polymer crystalline structures and the intrinsic orientation of the polymer 

molecules. Therefore, electrospun polymer nanofibers can be used as reinforcements 

thanks to their excellent mechanical performance. Meanwhile, their large specific 

surface area can promote good bonding to the matrix, which results in excellent 

interfacial adhesion in composites and reduces delamination [10]. If the fiber diameter 

decreases below 300 nm, tensile strength increases notably [11] when the so-called 

nano-effect takes place. Besides, nanofiber-based filtration media is a promising 

technology to remove particulate matter pollution from the air. Small fiber diameter is 

greatly beneficial because of its small pore size and high porosity. The high filtration 

efficiency with a thinner nanofiber filter is suitable as a mask filter due to its good 

breathability and low pressure drop. Moreover, various wearables made of nanofibers 

have been successfully produced as energy-harvesting systems in recent research 

projects. Many piezoelectric and triboelectric polymers can be electrospun into 

nanofibers. During the electrospinning process, the crystallinity within nanofibers 
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increases with the stretch of electrical force, leading to high conversion efficiency from 

mechanical to electrical energy. 

However, the low production rate of the technique prevents its industrialization 

[12]. For instance, traditional single-needle electrospinning, which is widely used to 

produce nanofibers in laboratories, only has a productivity of 0.01-0.1 g/h [13]. Besides, 

in most of the existing solution electrospinning methods, solution concentration is the 

most feasible parameter to control solution viscosity and material spinnability. 

However, these methods have significant limitations for highly viscous polymer 

solutions. Therefore, it is important to find more efficient production methods, which 

can generate multiple jets and are also suitable for electrospinning the highly viscous 

polymer solutions.  

Therefore, in my dissertation, I conducted experiments with electrospinning to 

understand the relationships between fiber morphologies and solution properties, and 

particularly, rheological properties. Besides, I proposed two novel electrospinning 

methods based on the analysis of rheology in electrospinning, which can generate 

multiple jets with a highly viscous polymer solution during electrospinning. Finally, I 

explored the applications of nanofibers in filtration, composites, and wearable 

electronics.  
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2. LITERATURE OVERVIEW 

When the fiber diameter is reduced to the sub-micron or nanometers scale, several 

excellent characteristics appear, e.g., large surface to volume ratio, superior strength, 

and high porosity, making nanofibers an attractive candidate in many application 

fields. There have been many nanofiber manufacturing techniques published, e.g., 

self- assembly [7], drawing [14], template synthesis [15], phase separation [16], 

electrospinning [17], etc. Among these techniques, the electrospinning process seems 

to be the only method to achieve mass production from various polymers [18].  

2.1. Background and history of electrospinning 

The term “electrospinning” was derived from “electrostatic spinning” and used 

relatively recently from around 1994 [18]. In 1899, the potential application of electric-

field force induced to generate separate drops from fluids was recognized by Cooley 

[19] and Morton [20], who submitted the first related patent. In 1914, the method was 

studied with a metallic tube by Zeleny [21].  

From 1934 to 1944, Formhals [22-24] patented several experimental setups to 

produce polymer filaments. The polymer filaments were formed from a cellulose 

acetate solution placed between two electrodes with opposite electrical charges. In 

1952, Vonnegut and Neubauer [25] invented a method to produce uniform droplets 

with a diameter of around 0.1 mm using electrostatic force, namely by electrical 

atomization. In 1955, Drozin [26] investigated a similar method to disperse liquid into 

aerosols under electric potentials. He found different stages of dispersion.  

In 1966, Simons [27] produced non-woven fabrics with ultra-thin fibers using 

electrostatic spinning. He found that different solution viscosities could influence the 

diameter and length of the fiber, i.e., low viscosity resulted in shorter and finer fibers. 

In 1971, Baumgarten [28] used a stainless steel capillary tube connected to high-voltage 

to generate acrylic fibers with a diameter from 0.05 to 1.1 μm that were collected on a 

grounded metal screen. Ten years later, Larrondo and Manley [29] explored utilizing 

polymer melts to produce polyethylene (PE) and polypropylene (PP) nanofibers by 

electrospinning. 

From the 2000s, electrospinning attracted lots of attention from many researchers. 

The number of annual publications related to electrospinning went through a dramatic 

increase. Doshi and Reneker [30] from the University of Akron (USA) studied the effect 

of solution concentration and applied voltage on the characteristics of nanofibers 

gained by the electrospinning of polyethylene oxide (PEO). They obtained a significant 
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result that the optimum solution viscosity was 800-4000 cP of PEO by electrospinning. 

Reneker made tremendous contributions to the development of the electrospinning 

field.  

2.2. Electrospinning theory and principle  

Compared with other fiber-forming techniques, the electrospinning method utilizes 

the electrostatic force to draw a polymer solution instead of a mechanical one. To 

control the property of the nanofibers, geometry, and mass production, it is necessary 

to understand the principle of how the electrospinning process transforms the polymer 

solution through a millimeter diameter capillary tube into solid fibers that are four to 

five orders of magnitude smaller in diameter. In the “classical” electrospinning process, 

the electrostatic forces applied on a charged solution overcome the surface tension; a 

jet is formed and ejected from the capillary tip towards a grounded collector, as shown 

in Figure 2-1. The process includes three stages [31]: jet formation; jet motion; jet 

solidification.  

 

Figure 2-1 Schematic diagram of capillary electrospinning with different capillary diameters. 

 Jet formation 

The basic principles for transforming liquid droplets into jets in an electrical field 

were studied by Taylor [32]. He found that when the voltage rises, the meniscal liquid 

droplet on the tip of the tube is drawn into a conical shape, then jets are ejected from 

the vertices. In his experiments, the droplet reached an equilibrium state as it kept a 

cone with a semi-vertical angle (α=49.3°), which is called the Taylor-cone these days. 
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The schematic of the process is shown in Figure 2-2. The critical voltage (Vc) to initiate 

jets was also calculated by Taylor as follows (2-1):  

𝑽𝒄
𝟐 = 𝟒

𝑯𝟐

𝑳𝟐 (𝒍𝒏
𝟐𝑳

𝑹
− 𝟏. 𝟓)(𝟎. 𝟏𝟏𝟕𝝅𝑹𝜸)   (2-1) 

where H is the distance between the electrodes (the capillary tip and collector), L is the 

length of the capillary tube, R is the radius of the tube, and γ is the surface tension of 

the fluid (units: H, L, and R in cm, γ in dyn/cm). Hendricks et al. [33] also calculated the 

minimum spraying potential of a suspended, hemispherical, conducting drop in the 

air as Eq. (2-2): 

𝑉 = 300√20𝜋𝑟𝛾                    (2-2) 

Where r is the jet radius, and γ is the surface tension of the fluid (units: R in cm, γ in dyn/cm).  

 

Figure 2-2 Schematic illustration of the Taylor-cone formation: (A) Surface charges are induced in the 

polymer solution due to the electric field. (B) Elongation of the pendant drop. (C) Deformation of the 

pendant drop to form the Taylor-cone due to Coulombic repulsion. A fine jet initiates from the 

cone [34]. 

 Jet motion 

Jet motion is a crucial stage to thin the polymer jet. This process is mainly dominated 

by three types of physical instabilities which play critical roles in reducing the jet 

diameter to a nanometer scale. These instabilities were observed by Shin and 

coworkers [35]. The first one is the Rayleigh instability, which is axisymmetric to the 

jet centerline. The Rayleigh instability occurs when the electrical field is low, whereas 

the other two types of instabilities (bending and whipping instability) correspond to 

the high field [36]. The jet motion trajectory is simulated and shown in Figure 2-3. The 
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initial straight path of the jet is controlled by Rayleigh instability [34]. In the following 

part, the jet dominantly undergoes bending instability (axisymmetric), forming an 

“inverse cone” path [37]. In the highest electrical field, whipping instabilities 

(nonsymmetric) play a crucial role in stretching the polymer jet [38]. 

 

Figure 2-3 Motion trajectory of a jet in a conventional electrospinning process [39]. 

 Jet solidification 

While the jet flies towards the collector, the solvent evaporates, and the resultant 

fiber deposits on the grounded collector. Yarin et al. [40] constructed a model of the 

process and obtained that the dry fiber's cross-section radius was 1.31×10-3 times 

smaller than that of the initial jet. Jet solidification is a complicated process because the 

solidification rate is not only influenced by the polymer concentration but also related 

to the applied voltage, the collecting distance (between the capillary tip and the 

collector), the environmental conditions (pressure, temperature, and humidity), the 

boiling point of the solvent, etc. 

 Electrospinning models 

It is a technological bottleneck to control the fiber diameter because lots of 

processing parameters and solution properties are involved in the fiber formation. 

Therefore, it is time-consuming to control the fiber diameter in a laboratory without a 

quantitative predictive model, and conclusions mostly are summarized relying on 
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empirical data. The models describing the formation of jets and predicting the 

diameter of the fiber in the literature are listed in Table 2-1.  

Table 2-1 A brief list of several models of electrified and electrospinning jets and some of their key 

features [41] 

Reference Features 

[40] Calculate the jet flying paths by equations related to the jet whipping 

stage; 

[42] Straight electrified jet, viscous Newtonian or shear-thinning power-

law liquid; 

[35] Linear stability analysis of small capillary and bending perturbations 

of electrified viscous Newtonian jet; 

[43] Analysis of terminal diameter of a thinning electrified jet at the last 

stage of bending. The model does not account for viscoelasticity, 

solvent evaporation, and polymer solidification. As a result, a 

disproportionately large role is attributed to surface tension; 

[44] A straight electrified jet of viscoelastic liquid; 

[45] Linear and nonlinear model (small and large perturbations) of the 

dynamics of single and multiple bending jets in electrospinning of 

polymer solutions. The model accounts for solution viscoelasticity, 

electric forces, solvent evaporation and solidification, surface tension, 

and jet-jet interactions. It explains the physical mechanism of 

electrospinning and describes all the stages of the process. 

Yarin et al. [40] proposed equations related to the jet whipping stage where solvent 

evaporation and polymer solidification happened to calculate the jet paths. However, 

they did not make a simple analytical relationship for the resultant fiber diameters.  

Fridrikh et al. [43] presented an analytical model for the forces that determine jet 

diameter during electrospinning as a function of surface tension, flow rate, and electric 

current in the jet. They assumed that the stability of the jet and whipping could be 

viewed as a competition between surface tension and surface charge repulsion: when 

surface tension dominates, the jet is straight; when charge repulsion dominates, the 

perturbation on the jet grows, and the jet becomes bent. The prediction for the terminal 

jet radius rf was obtained as follows (2-3):   

𝑟𝑓 ≈ (𝛾
𝑄2

𝐼2
)1 3⁄                      (2-3) 

Where Q is the flow rate, I is the electric current, γ is the surface tension. The 

equation predicts that the fiber's terminal diameter is controlled by the flow rate, 
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electric current, and the surface tension of the fluid; however, the equation neglects 

viscoelastic effects and solvent evaporation. 

2.3. Parameters controlling nanofiber formation 

Electrospinning is a highly versatile technique in which lots of parameters largely 

dictate the fiber morphology and mechanical properties. The parameters controlling 

nanofiber formation are classified into three groups, i.e., solution properties, 

processing parameters, and environmental conditions, as listed in Table 2-2. In this 

section, the relationship between these parameters and the properties of resultant 

fibers, as found in the literature are summarized.  

Table 2-2 Parameters for electrospinning 

Solution properties Processing parameters Environmental conditions 

Concentration Electrostatic potential Temperature 

Viscosity Electric field strength Humidity 

Surface tension Electrostatic field shape Local airflow 

Conductivity Working distance Atmospheric composition 

Dielectric constant Feed rate Pressure 

Solvent volatility Orifice diameter  

 Solution properties 

It is well known that the rheological properties (such as viscosity, surface tension, 

conductivity, etc.) of polymer solutions are key parameters in the fiber formation 

process. Fong et al. [46] investigated the relationship between the formation of 

electrospun beaded nanofibers and solution viscosity depending on the solution 

concentration, charge density affected by the applied electrostatic field, and surface 

tension controlled by the different ratios of ethanol to water. The results showed that 

higher viscosity favors the formation of fiber without beads. Higher charge density is 

good for the formation of thin fibers without beads; higher surface tension is beneficial 

to the beaded fiber formation. They also found that the capillary breakup of the 

electrospinning jets was dominated by surface tension and electrical forces. In jet flying, 

the surface tension and viscoelastic properties of the polymer solution are the key 

parameters. 
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The experimental data showed a strong dependence on viscosity for fiber 

morphology [47]. It was found that with very low viscosity, almost no continuous 

fibers are formed; while, it is difficult to form polymer jets from a polymer solution 

with very high viscosity [48]. Viscosity is determined by the solution concentration 

and molecular mass of the polymer [49]. Therefore, in the case of solution 

electrospinning, the viscosity of the polymer solution is mainly controlled by the 

solution concentration and the molecular weight of the dissolved polymer. As such, 

the dry fiber diameter mainly varies with the solution concentration and molecular 

weight [50].  

The relationship between molecular weight and viscosity has been revealed by 

combining a rheological measurement shown in Figure 2-4: the data can be described 

by a simple scaling η ∝Mn
3.5, where η is the viscosity of the polymer solution Mn is the 

number average molecular weight [45].  

 

Figure 2-4 Viscosity vs. molar mass for Polyamide-6 in formic acid (FA) solutions, at 20 ℃ and 35℃. 

The lines have a slope of 3.5 [45]. 

The ηC called Berry number is regarded as a variate to determine the fiber formation. 

At a specific value of Mw, there is a minimum concentration for fiber formation and a 

maximum concentration where the solution cannot be electrospun; meanwhile, at a 

constant concentration, the structure changes from beads to beaded fibers, to flawless 

fibers, and flat ribbons as the molecular weight is increased [51]. It was found that fiber 

formation generally occurs when ηC is between 5 to 12. A power-law relationship was 

observed between the fiber diameter (D) and ηC as follows (2-4) [51]:  
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 𝐷 = 18.6(𝜂𝐶)1.11  (2-4) 

Besides, the scaling of viscosity (η) with concentration (Wp) for polyamide 6 (PA6)  

solution also was described by a power law (2-5) with an exponent α=3.8 by Tsou et al. 

[52]:  

𝜂 = 𝑊𝑝
𝛼                     (2-5) 

Surface tension is defined as the force exerted in the surface's plane per unit length 

[53]. Nanofibers can be produced by electrospinning when the surface tension of 

polymer solution is overcome by an electrical force. Generally, surface tension inhibits 

fiber formation because of the jet instability and generation of solution droplets [35]. 

Solvents could affect the surface tension to some extent (see Figure 2-5). Yang [54] 

exploited the effect of different solvents on surface tension. They reported that when 

the surface tension was reduced at a constant concentration, nanofiber's morphology 

was converted from beaded to smooth.  

 

Figure 2-5 Surface tension and viscosity function as the mass ratio of ethanol/ 

dimethyl formamide (DMF) [54] 

The conductivity of the polymer solution is also an important, influential factor in 

jet formation. The solution conductivity is mainly determined by the polymer type, 

solvent, also can be modified by applying different types of salts. Zong et al. [55] 

demonstrated that the size of ions has an important impact on solution conductivity 

that can influence fiber diameter (see Figure 2-6) because ions with smaller atomic 

radius have a higher charge density.  
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Figure 2-6 PDLA fiber diameter distributions with 1 wt% of NaH2PO4 and NaCl [55]. 

 Processing parameters 

The fiber diameter changes with the different applied voltages. In most cases, higher 

voltage generates greater Coulomb forces and causes greater stretching of the jet, these 

leading to thinner fibers. However, there are some disputes about the effect of the 

applied voltage. Some research groups supposed that higher voltage might contribute 

to larger diameter fibers because more polymer can be stretched out [56]. The collector 

distance is also a parameter used to control the fiber diameters and morphology. It 

could affect the electric field strength and provide more drying time for fibers when 

the jet is flying to the collector. It was reported that smaller collector distance results 

in flatter fibers, while with an increase of distance, rounder fibers were observed [57]. 

It is also an aspect to obtain dry fiber with the proper evaporation of solvent from 

fibers. Therefore, the chosen distance must give fibers sufficient time to solidify. Flow 

rate ensures continuous spinning but may cause solution dripping on the fiber web. 

Empirical observation indicates that the smallest diameter occurs at the lowest flow 

rate, where production rates are the lowest [43]. A lower flow rate is more desirable as 

the solvent gets enough time to evaporate [58]. It was also revealed that fiber diameter 

increases with the increase of flow rate [59]. Nanofiber diameter reduces with 

decreasing of needle diameter [57]. Macossay et al. [60] evaluated the effect of needle 

diameter on the average diameter of the electrospun polymethyl methacrylate (PMMA) 

fibers. However, the result indicated no correlation between the capillary diameter and 
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the average fiber diameter, while a broader range of fiber diameters was obtained with 

a smaller capillary diameter.  

 Environmental conditions 

Apart from the solution properties and processing parameters, environmental 

conditions mainly include temperature and humidity to influence the electrospinning 

process. Temperature and humidity are inter-related parameters involved in the fiber-

forming process. An increase in temperature can decrease relative humidity and make 

the solvent evaporate faster. High humidity can lead to thick fibers [61]. Mit-

Uppatham et al. [62] investigated the effect of temperature ranging from 25 to 60 ℃ on 

polyamide-6 fibers. As the results showed, with an increase in temperature, fiber 

diameter tends to decrease. They attributed this decline in diameter to the decrease in 

polymer solution viscosity at increased temperature. There is an inverse relationship 

between viscosity and temperature [48]. Recent work reported that due to the 

reduction of drop surface tension and viscosity at a higher temperature, nanofibers 

with a smoother surface and smaller diameter could be produced [63]. Meanwhile, the 

elevation of temperature can accelerate the evaporation of the solvents, which 

solidifies the nanofibers and terminates the electrical stretching of fluid jets 

prematurely [64]. 

Moreover, researchers also demonstrated that relative humidity (RH) is a crucial 

parameter for fiber formation. The increase in RH while spinning polystyrene solution 

generates small circular pores on the surface of the fibers, further increasing leads to 

the pores coalescing [65]. It was found that low RH is helpful in solvent evaporation 

and could generate thinner fibers with less sticky structure [66]. However, at very low 

humidity, the evaporation rate is too high, leading to the clogging of the capillary [28]. 

2.4. Technical setups of high throughput electrospinning 

Traditional single-capillary electrospinning is widely used to produce nanofibers in 

laboratories, but its productivity only ranges typically from 0.01 g/h to 0.1 g/h [13], 

which significantly limits its industrial applications. A large body of various routes 

have been reported to overcome the low productivity, which is mainly grouped into 

multi-jet electrospinning and needleless electrospinning. Multi-jet electrospinning 

primarily relies on capillaries or holes to produce jets, while needleless electrospinning 

provokes numerous jets from the liquid surface.  
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 Multi-jet electrospinning methods 

In the early time, multi-jet electrospinning was an essential choice for nanofiber 

production by increasing the number of jets. Moreover, it is also a straightforward way 

to increase the throughput of electrospinning. To date, modified electric field methods, 

multi-spinneret methods, auxiliary electrode methods, multi-hole methods, and blow-

assisted methods have been introduced to enhance the throughput of electrospinning.  

2.4.1.1. Modified electrical field methods 

One possible method of forming multiple jets from a droplet could be achieved by 

controlling the electrical field distribution. Vaseashta [67] designed a curved collector 

with three protrusions. An uneven electric field was formed, leading to the splitting of 

the polymer drop and more than one jet, as shown in Figure 2-7a. Fuh and Hsu [68] 

developed near-field electrospinning (NFES) to control the formation of multiple jets, 

as seen in Figure 2-7b. Reneker et al. [39] found that multiple jets could be produced 

when one and more electrodes were placed asymmetrically in a radial electric field. 

Liu et al. [69] also used an uncharged auxiliary electrode to increase the number of jets 

(in Figure 2-7c). It was proved that the nanofiber output of this process was 7-10 times 

greater than that of the traditional approaches. 

 

Figure 2-7 Modified electric field methods: (a) mechanism for the formation of multiple Taylor-cones 

with particular collector [67]; (b) multiple jet formation in the NFES process [68]; (c) Scheme of the 

modified electrospinning process using an auxiliary electrode [69]. 

2.4.1.2. Multi-capillary methods 

Some approaches emphasize the number of orifices, i.e., nanofiber productivity can 

be improved by increasing the number of capillaries in different layouts, namely, 

linear arrays and square (Figure 2-8a and b) [70], circle and elliptic (Figure 2-8c) [71], 

hexagonal (Figure 2-8d) [72] and triangular [73]. When the multi-capillary was arrayed 

in a linear layout, nanofibers were unevenly deposited on a collector because of the 

interference between charged jets [74]. Most investigations on the multi-capillary 
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method adopted two-dimensional arrays to address the issue, which can decrease the 

interference. Theron et al. [70] described and modeled the effect of different capillary 

configurations on the path of charged jets and fiber morphology. The results suggested 

that the introduction of more jets could reduce the repulsion of the jets. In large 2-

dimensional matrices of jets, the inner jets were in the same way as jets in single jet 

electrospinning processes, which resulted in a uniform fiber mat. The multi-spinneret 

with elliptic and circular arrangements also demonstrated that two-dimensional 

arrays were beneficial for the process stability and the production rate [71]. When 

seven capillaries were arranged as a regular hexagon, and one of them was placed in 

the center, the center jet would not be interfered any more by the peripheral jets [72]. 

 

Figure 2-8 Multi-spinneret methods: (a) 9 needles arranged in a row [70]; (b) 9 needles arranged in a 

3*3 matrix [70]; (c) needles arranged in an ellipse [71]; (d) 7 needles in hexagonal array [72]. 

2.4.1.3. Auxiliary electrode methods 

In the multi-capillary electrospinning system, although regular two-dimensional 

arrangements could generate a more stable process than linear arrays, the non-uniform 

electric field is still a big barrier, which could contribute to interference among jets and 

spinneret clogging. The interference leads to significant collecting difficulty and a non-

uniform fiber mat. An auxiliary electrode was considered to modify the electric field 

distribution to create a more uniform electric field in the electrospinning process and 

obtain fibers with good quality. Vareasano [75] employed a secondary electrode to 

reduce the divergence angles of the jets and obtained good quality nanofibers (Figure 

2-9a). Kim [76] used an extra-cylindrical electrode connected with multiple nozzles to 

make electrospun jets stable (Figure 2-9b). Yang et al. [77] used a coaxial shield ring to 

create an approximately uniform electric field near needle tips and restrict the 
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collection area (Figure 2-9c). An auxiliary plate was used to achieve a more uniform 

electric field in a three-capillary system (Figure 2-9d) [78]. Note that in these 

electrospinning systems, initial streamlines and jets of nanofibers could have stable jet 

motion without interferences from each other. 

 

Figure 2-9 Auxiliary electrode methods: (a) multi-jet electrospinning setups with secondary electrode 

[75]; (b) a cylindrical electrode connected with five-nozzles [76]; (c) 19 needles with a shield ring [77]; 

(d) three-capillary system with an auxiliary plate [78].  

2.4.1.4. Multi-holes methods 

A multi-capillary arrangement electrospinning method is inconvenient due to its 

complexity and clogging problems. Therefore, it is also an alternative approach to 

produce nanofibers from multiple holes at the same time. Dosunmu et al. [79] 

demonstrated a device to generate multi-jets from a cylindrical porous tube (Figure 

2-10a). The porous tube had a significantly greater production rate over the single 

needle, and the fiber diameter distribution was similar to that of the single needle. 

Multi-hole electrospinning, using a flat electrode with holes, was demonstrated 

(Figure 2-10b, e) [80, 81]. The system could also produce nanofibers at a higher mass 

rate than that of the single capillary setup. Varabhas [13] proposed a device for 

launching multiple jets from a hollow porous cylindrical tube (Figure 2-10d). It could 

also produce fiber mats with greater productivity rates than what was obtained by 

single capillary electrospinning. The design is also relatively simple compared to the 

array of multiple needles. Zheng et al. [82] studied three different multi-capillary 

configurations to solve jet repulsion in multi-spinneret electrospinning. The results 

showed that adding a polytetrafluoroethylene (PTFE) cylinder to a traditional multi-

capillary electrospinning setup can reduce jet repulsion, but the diameter of the 
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resultant fibers and irregularity were increased. However, the design of a multi-hole 

plate (Figure 2-10c) replacing the needles can effectively reduce jet repulsion, fiber 

diameter, and irregularity. 

 

Figure 2-10 Multi-hole methods: (b, c, e) a flat electrode with holes [80-82]; (a, d) hollow porous 

cylindrical tube [13, 79]. 

2.4.1.5. Blow-assisted electrospinning methods 

Blow-assisted electrospinning was demonstrated as a good way to improve 

nanofiber production. In this way, gas flow can stabilize polymer jets in the process 

and produce uniform fibers, but also can provide a driving force for stretching. Based 

on the principle of energy conservation, a lower critical voltage is needed for the same 

fiber diameter because of the additional forces. For this method, two different 

approaches have been developed recently. The process presented by Pu et al. [83, 84] 

provided gas flow through the inner part immersed in the polymer solution, as shown 

in Figure 2-11a. Once surface tension is overcome by an electrostatic force, one bubble 

bursts into multiple jets that can be stretched into nanofibers, their results showed that 

nanofibers had small diameters and uniform distributions at a lower voltage. Another 

method related to blow-assisted electrospinning was developed [85, 86], where a 

sheath gas around multi-nozzles was used to provide an excessive stretching force, 

which can increase the velocity of charged jets and make thinner fibers (Figure 2-11b).  
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Figure 2-11 Flow-assisted methods: (a) blow-assisted with an inside gas [84]; (b) blow-assisted with a 

sheath gas [85, 86]. 

 Needleless electrospinning methods  

Although the multi-jet methods can enhance fiber productivity rate compared to 

single-needle electrospinning, their main drawbacks include capillary clogging and 

repulsion among jets, making them non-efficient for industrial scales. Therefore, 

needleless electrospinning is proposed as an alternative method to overcome the issues. 

In this way, nanofibers can be generated from an open liquid surface without the 

inference of capillary or needle-like nozzles because the generation of multiple jets is 

self-organized. A comparison of multi-jet methods and needleless methods is 

summarized in Table 2-3 [87].  

Table 2-3 A comparison of multi-jet methods and needleless methods [87] 

 Multi-jet methods Needleless methods 

Pros • Easy to set up • Easy maintenance 

 • Relatively low voltage • No clogged orifices 

 • Uniform fiber diameter • High volume rate output 

Cons • Low output • Relatively high voltage 

 • Clogging of spinneret 

• Difficult to maintain consistent 

solution concentration and 

viscosity 

 • Electric field disturbance  

 • Heterogeneous feed rate  
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Theoretically, the formation of the Taylor-cone is a kind of competition between 

surface tension and electrostatic force. For capillary electrospinning, a high electrical 

field concentrates on the capillary tip. When the polymer solution comes out from the 

needle, it can be stretched into Taylor-cone(s) because of the accumulation of electrical 

charges. Suppose that the electrical field reaches the critical value that can overcome 

the surface tension. In that case, the polymer droplet existing on the capillary tip can 

be elongated into jets flying towards the collector. In needleless electrospinning, 

however, there is no capillary nozzle to concentrate the electrical field. It is hard to 

generate jets from a free fluid surface with the same voltage. Therefore, the critical 

concern to generate jets from the solution surface is to concentrate the electric field 

where jets are to be generated. In 1979, Simm et al. [88] patented needleless 

electrospinning using a ring as a spinneret. Not until the 2000s, it began to be accepted 

as a possible technic for fiber mass production [89]. So far, more than 20 different 

needleless electrospinning methods have already been proposed for high throughput 

production [87]. The methods are always categorized and identified by the working 

state of the spinneret during electrospinning, e.g., rotating, and stationary spinneret. 

However, it is not a clear hint for exploring efficient needleless electrospinning 

methods. Herein, the methods that have been launched to date are reclassified into 

two major groups, depending on whether external force is applied:  

• The non-external force applied needleless electrospinning (also can be called 

sharp spinneret needleless electrospinning) 

• The external force applied needleless electrospinning.  

The external force applied needleless electrospinning is further divided into two 

categories, i.e., field-force assisted needleless electrospinning and rotation assisted 

needleless electrospinning. 

2.4.2.1. Sharp spinneret needleless electrospinning 

Inspired by the capillary tip, a sharp spinneret can concentrate the electric field. 

These sharp spinnerets include plate edge, bowl edge, rod, slot, etc. Most commonly, 

needleless electrospinning is a kind of upwards electrospinning where the collector is 

right over the spinneret.  

In a study, the edge of a flat plate was used to be an electric concentrator and initiate 

jets [90]. During this edge electrospinning, the polymer solution flows along with the 

plate, and jets formation occurs near the entire edge because of the higher electric field 

strength at the edge (see Figure 2-12a). The observation could be quantified from the 

electric field simulation results that are similar to the electric field distribution of 
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capillary electrospinning. Hence, edge electrospinning could substitute for capillary 

electrospinning but with a higher productivity rate and without clogging. The same 

research group extended edge electrospinning by utilizing the edge of a bowl for 

electrospinning [91]. Unlike the previous method, the curved edge of the bowl was 

instead of the plate edge and itself serves as a solution reservoir. In this process, a 

production rate of high-quality fibers occurs. About 37 stable jets were formed around 

the bowl edge. These jets were approximately symmetrically distributed around the 

bowl's edge with a relatively equal jet-to-jet separation distance of 76.4 mm. Fiber 

produced from the electrospinning method had 40 times increase in productivity 

compared to single capillary electrospinning. However, the edge electrospinning 

method is not a continuous process because the bowl is filled once and does not 

possess a replenishing reservoir.  

Based on edge electrospinning, Jiang et al. [92] designed a stepped pyramid-shaped 

copper spinneret to enhance fiber productivity by increasing the edge number. Here, 

the solution is pumped into the spinneret and flows over spinneret edges arranged in 

a pyramidal shape. In this way, every edge is covered by the polymer solution, and 

excessive solution flows back into the reservoir and could be saved and reused. This 

productivity of the system is about 4 g/h, which is around 100 times higher than that 

of single capillary electrospinning.  

The main drawback of edge electrospinning is that the jet's formation only takes 

place around the circular edge with a large open liquid surface, which cannot keep 

solution concentration constant in a large-scale process and probably causes ignition 

in some extreme cases due to the flammable solvent. Molnár and coworkers [93] 

developed and patented a modified spinneret (Figure 2-12b) to reduce the 

volatilization of solvent from edge electrospinning. The polymer solution is 

continuously supplied through a hollow shaft which is connected with a narrow, 

circular-shaped gutter bounded by a metal electrode ring with a sharp edge. The whole 

spinneret was rotated in the symmetry line to disperse the polymer solution 

homogeneously and prevent the solution's overflow. The productivity rate from this 

method depends on the length of the gutter. The spinneret with a diameter of 42 mm, 

can make a 20-50 times increase in productivity compared to single capillary 

electrospinning. With this small open liquid surface, either a low boiling point or 

flammable solvents can also be applied.  

The design with vertical rods to increase the production of electrospun fibers was 

reported by Chase et al. [94]. Charged vertically oriented threaded rod was used to 

hold multiple drops and launch many simultaneous jets. The threads on the rod's 
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surface provided a surface roughness that caused the liquid surface to undulate. When 

droplets of the liquid film of polymer solution flowed down along the rod's surface, 

numerous jets were ejected from the peaks in the undulations. The rods were arranged 

in linear arrays of two, four, and five to study the effect of rod numbers on fiber 

production and morphology. Results showed that the fiber morphologies and 

diameter were unaffected by the number of rods, but the total production rate was 

significantly greater with vertical rods. The single vertical rod of 500 mm in length had 

a fiber production rate of about 4.5 g/h.   

Holopainen et al. [95] proposed a similar needleless electrospinning method where 

fibers were produced from solution flowing down on a twisted metal wire set to a high 

voltage, as shown in Figure 2-12c. The solution was brought to the top of the vertically 

oriented spinneret wire. It flowed downward on the wire because of gravity while 

simultaneously rotating as guided by the wire twist. Jets are ejected from multiple 

Taylor-cones self-formed on the twisted wire spinneret. In this way, the highest 

production rate obtained was 5.23 g/h for Polyvinyl Pyrrolidone (PVP) fibers. 

However, some thin solution film drying onto the wire always leads to spraying of gel 

lumps and an unstable spinning process. 

A needleless electrospinning setup (Figure 2-12d) for magnetic nanofibers was 

recently developed [96]. In this method, an iron pillar spinneret connected with the 

positive voltage used was embedded in a solidified polydimethylsiloxane (PDMS) 

block. An external magnetic field was provided by a permanent magnet assembled 

under the Polyvinyl Acetate (PVA)/ferrofluid. The PVA/ferrofluid was firstly poured 

on the PDSM block, and then PVA/ferrofluid cones were self-assembled at the top of 

the pillar caused by magnetic force. Once the applied voltage reaches the critical value 

of fiber formation, electrospinning can start, and magnetic nanofibers are fabricated 

and collected. 

Some slit electrospinning methods have been investigated [97, 98] to fabricate 

nanofibers with mass production (Figure 2-12f). Based on the effect of spinneret 

geometry on electric field distribution, Yan and coworkers [99] redesigned the slot 

spinnerets with four different line shapes, e.g., straight, rectangle, triangle, and curved 

(as shown in Figure 2-12e), and examined the effect of linear slot shape on 

electrospinning process, fiber morphology, and productivity. Among them, the curved 

slot can produce nanofibers with high productivity and uniform fiber membranes 

because of its higher electric field with a more uniform distribution of electric field 

intensity along the slot length direction.  
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Figure 2-12 Sharp spinneret needleless electrospinning method: (a) plate edge [90]; (b) edge covered 

with a lid to reduce solvent evaporation [93]; (c) twist metal wire as a spinneret [95]; (d) iron pillar as a 

spinneret in PVA/ferrofluid;(e) slit spinneret [99]; (f) double ring slits spinneret [97]. 

2.4.2.2. The external force applied needleless electrospinning 

From an open liquid surface, jet initiation is difficult compared with capillary 

electrospinning because it is more difficult to stretch the polymer solution. A 

concentrating electric field is a crucial point to launch jets successfully. Applying 

external forces to facilitate electric field force is also a possible approach. These external 

forces can be classified into field forces (such as magnetic force, gravity, ultrasound, 

and gas flow) and mechanical forces. 

Field-force assisted needleless electrospinning 

In 2004, the first implementation of using a magnetic field to perturb a liquid surface 

and initiate jets was proposed by Yarin and Zussman [101]. A bottom layer of 

ferromagnetic fluid and an upper layer of polymer solution (Figure 2-13a) were set up. 

During electrospinning, when the magnetic field and the electrical field were applied 

simultaneously on the polymer solution, vertical spikes were triggered by magnetic 

fluid perturbing the interface and resulting in jet initiation. 

A cone-shaped metal wire coil used as a spinneret was reported by Wang [102]. The 

setup is depicted in Figure 2-13b. It is comprised of a cone-shaped nozzle made of 

copper wire coil with a diameter of 1 mm, the cone angle, and the gap between the 

adjacent wires was about 120° and 1 mm, respectively. When the wire cone was filled 

with PVA solution, the gravity caused the polymer solution to cover the underside 

evenly. When high voltage was applied, the solution surrounding the cone surface was 
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stretched into Taylor-cones, and many jets were generated. The finer fibers with high 

throughput (13 folds as conventional capillary electrospinning) were obtained.  

As shown in Figure 2-13c, Long and co-workers [103] reported an innovative design 

of needleless electrospinning based on a beaded wire spinneret. In this process, the 

polymer solution was transported to the spinneret, forming droplets on the surface 

due to gravity. As the spinneret had been charged, the droplet was stretched into a 

conical shape (Taylor-cone). However, the fiber uniformity and control on the 

diameter should be further improved.  

He et al. [104] patented novel needleless electrospinning using ultrasonic waves to 

perturb solution surface, as shown in Figure 2-13d. When the ultrasound was applied, 

the ultrasonic provided vibrations at a specific frequency, which led to the spike 

formation on the solution surface. With the action of the electrical field, lots of jets were 

generated from these.  

The research on water-air mixtures made by Vanhile and Campose-Pozuele [105] 

inspired bubble electrospinning [106-108]. Here compressed gas is released into the 

polymer solution, generating bubbles on the solution surface (Figure 2-13e). The 

spherical bubbles are stretched into conical shapes by forces of the electrical field. Then 

the bubbles burst and split into numerous jets. Its production rate for just one bubble 

is more than 7 times of traditional single capillary electrospinning. However, it is 

challenging to control bubble formation, which is the drawback of this method. 

Higham et al. [109] developed a new approach of needleless electrospinning 

utilizing a foam with high gas volume fraction (Figure 2-13f). As compressed carbon 

dioxide was injected into a polymer solution through this porous plate, bubbles form 

and rise to the solution's surface. When an electric field is applied, multiple jets are 

ejected towards the collector from the solution foam. The production rate from foam 

electrospinning was improved as much as 300 times compared to single capillary 

electrospinning.  
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Figure 2-13 Field-force assisted needleless electrospinning methods: (a) using a magnetic field to 

perturb liquid surface [101]; (b) A cone-shaped metal wire coils used as spinneret [102]; (c) beaded 

wire spinneret [103]; (d) using ultrasonic to perturb solution surface [104]; (e) bubble electrospinning 

[108]; (f) utilizing a high gas volume fraction foam [109]. 

Rotation assisted needleless electrospinning 

In 2005, Jirsak et al. [110] used a metal cylinder as a fiber generator, and its rotation 

delivered polymer solution continuously. Numerous jets were generated from the 

upper surface of the cylinder when it is right under the collector. The productivity rate 

for PVA fiber can reach 108 g/h that is much higher than that of single capillary 

electrospinning. This setup has been commercialized by the Elmarco company as 

Nanospider™. There are other kinds of rotating spinnerets for needleless 

electrospinning for industrial machines that have been developed later on. However, 

the cylinder type is still amongst the most productive and popular ones [111].  

Mostly, the rotary spinnerets are partially immersed into the polymer solution, and 

they take the solution from the reservoir continuously when rotating. Up to date, a 

rotating cylinder, ball, disc, coil, roller, cone, needle-disk, and sprocket wheel disk 

have been developed as a rotating spinneret. One can identify four distinct and 

identical steps that make up these processes [89]: (1) a thin layer of the polymer 

solution is formed on the spinneret surface; (2) the rotation causes perturbations on 

the solution layer; (3) when a high voltage is applied, the spikes concentrate electrical 

field, generating Taylor-cones; (4) jets are ejected from the Taylor-cones and resulting 

in fibers.  
 

 

 

 

To study how the spinneret shape and dimension affect the needleless 

electrospinning process and fiber fineness, a cylinder with a rounded rim, disc, and 
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ball was used as spinnerets to electrospin PVA solution [112]. The high electric field 

intensity is mainly located at the cylinder end edges using cylinder and disk as fiber 

generators. In this work, the rim radius reduced the effect of the cylinder end. Because 

the disk's electric field is distributed narrowly and evenly, nanofibers produced by a 

disk-type spinneret were finer with a narrower diameter distribution. 

The same research group patented another needleless electrospinning setup using 

a spiral coil as a spinneret [113]. The fibers obtained from this method were thinner 

with a narrower fiber diameter distribution than for capillary electrospinning. The 

productivity rate was higher than that of the cylinder with the same dimension. The 

coil with a diameter of 80 mm and a length of 160 mm had PVA fibers' productivity of 

9.42 g/h. Niu et al. [113] made a comparison from three rotating fiber spinnerets, i.e., 

cylinder, disk, and coil. Compared to capillary and cylinder electrospinning, finer 

fibers with narrow diameter distribution were produced by disk and coil spinnerets. 

All these results indicated that the spinnerets that can concentrate electric fields on a 

small area can facilitate the production of high throughput nanofibers with higher 

quality.  

Besides, other needleless electrospinning methods combine the advantages of 

rotating electrospinning and sharp spinneret electrospinning. Tang et al. [114] 

developed novel needleless electrospinning, named splashing needleless 

electrospinning. Their setup introduced a different design in the solution supplying 

system. During electrospinning, the polyethylene oxide (PEO) polymer solution 

droplets were splashed on a metal roller spinneret surface with small spikes. With an 

appropriate voltage and rotation speed, polymer jets ejected from the droplets on the 

surface of the spinneret. Its production rate was 24-45 times larger than that of the 

single capillary electrospinning.  

Lu et al. [115] reported a needleless electrospinning setup using a charged rotating 

cone as a spinneret. When the PVP solution droplet was transferred onto the rotating 

surface, it flows along the rotating surface with the help of rotation and gravity, as 

shown in Figure 2-14a. When the drop reached the lower edge of the cone, the 

electrospinning process started. In the method, the mechanical action of rotation plays 

an important role in stretching the drop. The production rate of this method was about 

10 g/h. 

Figure 2-14b shows a free surface electrospinning setup using wire electrodes 

innovated by the Massachusetts Institute of Technology [116, 121]. In this setup, the 

metal wire electrode mounted between two spindles was swept through a polymer 

solution charged with high voltage. When exiting from the solution surface, the wire 
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electrode was coated with the polymer solution. With the effect of Plateau-Rayleigh 

instability, the solution film on the wire deformed and separated into droplets. Under 

sufficient voltage and rotation, the charged droplets were elongated into Taylor-cones 

and emitted jets. The electrode wires could be added up to six on the spindles for the 

improvement of the throughput.  

Elmarco Ltd developed a modified commercial setup based on free surface 

electrospinning using wire electrodes. A solution shuttle is applied to coat the 

stationary wire electrode while moving back and forth along the wire [115]. This 

modification eliminates the solvent evaporation in the setup with the rotating spindle.  

Inspired by point discharge's natural phenomena, Liu et al. presented a needle-disk 

electrode with multiple point electrodes (Figure 2-14c) [117]. During electrospinning, 

electric field intensity concentrates on the tip of every point electrode coated with the 

polymer solution, then initiates the jets. In this way, the thinner fibers can be obtained 

at a low applied voltage (20-25 kV) in comparison with needle electrospinning.  

Similarly, there are also some rotating spinneret methods with sharp points at their 

edge, e.g., sprocket wheel (Figure 2-14d) [118], barbed disk, or sliced helix Figure 2-14e) 

[119].   

A spiral electrospinning technique was used for the mass production of gelatin 

nanofibers with a productivity rate of about 100 g/h, as shown in Figure 2-14f [120]. As 

the helix was rotated, every edge of the spinneret was coated by the polymer solution; 

then, with the electric field's aid, multiple jets were ejected from the edge of the helix 

slice.  

 

Figure 2-14 Mechanical force assisted needleless electrospinning methods: (a) electriferous rotating 

cone as the spinneret [115]; (b) using wire electrode as spinneret [116]; (c) needle-disk electrode with 
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multiple point electrodes [117]; (d) sprocket wheel as spinneret [118]; (e) different rotating spinnerets 

with sharp points [119]; (f) helix slice as spinneret [120]. 

In summary, the advantage, disadvantages, productivity of the high throughput 

electrospinning methods reported in the literature are given in Table 8-1 in the 

Appendices.  

2.5. Basics of polymer rheology 

Polymer melts and solutions are complex fluids due to their special molecular 

structures. The section introduces the basics of phenomena with polymers, such as 

shear-thinning and the Weissenberg effect.  

 Shear-thinning behavior 

Shear-thinning is the non-Newtonian behavior of fluids whose viscosity decreases 

under shear. It is supposed that with the increase of shear rate, the polymer chains 

start to change from an “entangled” state to an “unentangled” or “oriented” state due 

to stretching forces. In the “oriented” state, polymers have less flowing resistance (i.e., 

shear deformation). However, shear-thinning can only be observed when the shear 

rate is higher than the inverse of the relaxation time of the polymer [122].  

To illustrate shear thinning behavior, Figure 2-15 shows the changes of molecular 

structure with increasing shear. When the shear rate is low (smaller flow velocity, u0), 

the entangled molecules hardly slid past each other, resulting in relatively high 

viscosity. However, as the shear rate increases, the corresponding shear stress 

increases to gradually disentangle the molecules. Moreover, when the shear rate 

increases until all the entangled molecules are unraveled, the molecules can no longer 

stretch out any further [122].  

 

Figure 2-15 Molecular conformations with increasing shear [122]. 

The relation of polymer fluid viscosity (η) to the molecular structure is depicted in 

Figure 2-16. Polymer fluids maintain a constant high viscosity at a range of small shear 

rates (γ). When the disentangled molecules can slide past their neighbors, it results in 
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lower melt viscosity. At higher shear rates, the viscosity keeps a plateau with the 

lowest possible value.  

 

Figure 2-16 Shear thinning behavior or pseudoplasticity[122]. 

 Weissenberg effect  

The Weissenberg effect is another phenomenon related to polymer molecular 

structure changes. When a rotating rod is inserted into a polymeric solution or melt, 

the polymer starts to move up the rotating shaft, as shown in Figure 2-17.  

 

Figure 2-17 The rod-climbing or Weissenberg effect [122]. 

Figure 2-18 is a schematic explanation of the Weissenberg effect. As the polymer 

molecules are stretched by the shear stresses from Couette devices, normal stresses (τ) 

arise. Because the stretched molecules are aligned along the curvilinear streamline, 

they tend to migrate toward the rotating shaft, leading to the rod-climbing 

phenomenon, i.e., the Weissenberg effect [122]. 
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Figure 2-18 Schematic representation of normal stresses in a Couette flow[122]. 

2.6. Applications of electrospun nanofibers 

Because of the special properties of the nanofibers, i.e., large surface area, high 

porosity, and nano-effect, they can be applied in polymer composites, filtration, 

nanogenerators, etc. In this section, I mainly summarized the applications of 

nanofibers in the abovementioned three fields.  

 Electrospun nanofiber in fiber-reinforced polymer composites  

A polymer composite has synergistic mechanical properties by incorporating a 

reinforcement and a polymer matrix and cannot be replaced by either component [123]. 

Fiber-reinforced polymer composites (FRPCs), using high-strength fibers as 

reinforcements, e.g., carbon, glass, and Kevlar fibers, are the most popular composite 

materials because of their lightweight and high-performance characteristics. They 

could be applied in many fields, e.g., automotive, aerospace, construction, and sports, 

etc. With the widespread interest in electrospun nanofibers, composite materials 

reinforced with nanofibers have drawn lots of attention recently [10, 124, 125]. In the 

electrospinning process, electrostatic forces draw polymer jets more than 10,000 times 

in only 50 ms into nanofibers. The process is beneficial to align macromolecule chains 

along the nanofiber axes [126]. The oriented and ordered macromolecular structure 

renders nanofibers to possess high strength. Besides, it is believed that the mechanical 

strength of the nanofibers tends to increase by decreasing diameter [127], and there is 

a lower degree of defects on and/or inside the fiber with the fiber diameter reduction 

[128]. The large specific surface area of nanofibers provides advantages for the 
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adhesion between the nanofiber and the polymer matrix. Hence, it is significantly 

efficient to transfer the loads from the polymer matrix to the nanofiber. 

Kim and Reneker [129] were the first to make nanofiber reinforced composites. They 

applied polybenzimidazole (PBI) nanofibers (300 nm diameter) to reinforce epoxy and 

rubber matrix in 1999. It was understood that the mechanical properties of the 

composites mainly depend on the mechanical properties of nanofibers, the 

homogeneous distribution of nanofibers in the polymer matrix, and strong adhesion 

between nanofibers and the matrix. Therefore, most researchers are focusing on these 

issues to make superior performance composites.  

2.6.1.1. Mechanical properties of nanofibers 

As underlined in the preceding, nanofibers outperform conventional fibers in 

strength because of the “nano-effect” presented by Kowalczyk et al. [130]. They 

obtained the results by evaluating the storage modulus and yield strength of 

composites reinforced with nanofibers (200-300 nm) from electrospinning and 

conventional fibers (10 μm) from dry-wet spinning, respectively. The yield strength of 

the nanocomposite containing 2.0 wt% of cellulose nanofibers was improved in 

comparison with neat matrix PLA, especially at an elevated temperature of 45 °C, at 

which it was higher by 50%. 

2.6.1.2. Distribution of nanofibers in the polymer matrix 

Theoretically, high aspect ratio nanofibers could generate a better reinforcing effect. 

In practical terms, however, the nanofibers in the form of nonwoven are hard to 

disperse in the polymer matrix due to the robust entanglements, which could 

deteriorate their reinforcing effect. Therefore, using short nanofiber is a good way to 

address the problem. Jiang et al.[131] cut the long and continuous nanofibers into short 

ones (ten to a few hundred micrometers in length) by a rotating blade. Comparing 

with Young’s modulus (27.0 ± 4.5 MPa) of the thermoplastic polyurethane (TPU) 

reinforced by long and continuous electrospun PA6 nanofiber in the nonwoven form 

at the same loading, TPU composites reinforced with 3.5 wt% short electrospun PA-6 

nanofibers had a 285% increase in tensile modulus (77.1 ± 8.0 MPa).  

2.6.1.3. Adhesion between nanofibers and the matrix 

The “nano-effect” renders a higher modulus of nanofibers and better adhesion 

between interfaces [132]. Tang et al. [133] suggested the thinner fiber could result in a 

better interfacial interaction in their experiment where two types of electrospun 

cellulose nanofibers with different diameters (250 nm and 520 nm) were embedded 
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into a PLA matrix via a solution impregnation approach. Their cross-sectional SEM 

images are shown in Figure 2-19.  

 

Figure 2-19 Cross-sectional SEM images of electrospun cellulose nanofiber mats (CNM) reinforced 

PVA composite films with 20 wt.% loading: (a) thick-CNM/PVA and (b) thin-CNM/PVA. a’ and b’ are 

the corresponding images at higher magnification [133]. 

Nanofiber surface structure also has a significant influence on the mechanical 

properties of composites. Liao et al. [134] fabricated three different electrospun 

nanofibrous mats with different surface properties to reinforce epoxy, namely 

cellulose acetate (CA) with rough topography, polyurethane (PU) with a smooth 

surface, and CA/PU. The results showed that a stronger interfacial adhesion existed 

between CA/epoxy and resulted in an increase of 3.4 times in mechanical strength 

compared to that of neat epoxy resin (8.9 ± 1.2 MPa), while the composites reinforced 

with PU (higher breaking strength) had a weaker bonding and a low reinforcing effect 

(120% increase in tensile strength).  

Moreover, self-reinforced polymeric composites (SRPCs) have some great potential 

in adhesion between the nanofibers and the matrix. Because in SRPCs, the matrix and 

reinforcement components are the same polymer or different polymers but from the 

same polymer family, which can provide good adhesion by molecular entanglements 

and even H-bonding, which are stronger than van der Waals forces existing in 

traditional composites. SRPCs are also named single polymer, single-phase, 

homogeneous, mono-material, homogeneity- or homo-composites [135]. In 1975, 

Capiati and Porter proposed the concept of single polymer composites for the first time 

[136], the difference in melting temperature between high-density polyethylene 

(HDPE) and highly oriented HDPE with a higher molecular weight was exploited. On 
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the one hand, SRPCs outperform traditional composites in weight, because traditional 

composites usually use some ceramic, inorganic, or metal materials as the 

reinforcement, which have a higher density than all-polymeric composites. A polymer 

as a group is among the least dense materials with a specific gravity ranging from 

about 0.9 to 2.0 g/cm3, and the density of most polymers is around 1.2 g/cm3. On the 

other hand, SRPCs are also regarded as eco-friendly materials, because they could be 

recycled easily by remelting without the necessary separation of the fibers from the 

matrix. 

2.6.1.4. The manufacturing process of composites 

Processing is a crucial step in combining the nanofibers and the matrix, which can 

also influence the mechanical properties. The composites can usually be obtained by 

solution impregnation and hot pressing. Due to the insufficient impregnation from the 

process, however, there are other methods to be developed.  

Stachewicz et al. [137] proposed a typical solution impregnation process based on 

the Washburn theory, by which the polymer solution with optimized viscosity could 

cover the porous electrospun nanofibrous strips completely. Jiang et al. [138] used two 

different wetting procedures, i.e., dip coating (as shown in Figure 2-20a) and liquid 

pass-through (as shown in Figure 2-20b) to impregnate PA6 electrospun nanofiber 

mats within a melamine-formaldehyde (MF) matrix. It was found that the wetting of 

PA6 nanofibers by Method 2 was more effective than that of Method 1, as nanofibers 

were wetted without voids. The resultant composites from Method 2 had a significant 

improvement in mechanical properties because the wetting process resulted in a core-

shell morphology of PA6 nanofibers.  

 

Figure 2-20 (a) Schematic process for the preparation of the MF/nylon-6 nanocomposites by 

immersing and hot-pressing (Method 1) [138]; (b) schematic process for the preparation of the 
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MF/nylon-6 nanocomposites by passing an MF solution through the nylon-6 nanofiber mat and 

followed by hot-pressing (Method 2) [138] 

Besides these two methods, Jiang et al. [139] developed another novel fabrication 

method that contains solution casting, electrospinning, and film stacking for a layer-

by-layer fabrication of PA6 reinforced TPU. The schematic process is depicted in 

Figure 2-21. The results showed that the optimized amount of nanofibers was 1.7 wt% 

to increase the mechanical properties significantly. 

 

Figure 2-21 Schematic of the preparation of nylon-6 nanofiber reinforced TPU composite films [139]. 

 Electrospun nanofibers in air filtration 

In the atmosphere, there are lots of particulate matter (PM) of different sizes, which 

can lead to various health hazards; especially, the fine particles (diameter <2.5 μm, 

PM2.5), they are so small that they can easily pass through our nasal cavity and enter 

the lungs, leading to various serious health issues [140]. The larger particles 

(diameter >10 μm) can be easily blocked out. Fiber-based filtration media is a major 

technology to remove PM pollution from the air. Usually, melt-blown, spun-bonded 

microfibers and glass fibers are commonly used in filtration applications [141]. 

Nanofiber is considered a promising fiber medium because its diameter ranges from 

50 to 2000 nm to achieve the higher filtration efficiency of fiber filters [142]. The small 

fiber diameter can make lots of structural advantages, like small pore size and high 

porosity, but with thinner filters and lower pressure drops. Nanofibrous air filters 

have been used as high-performance filtration medium by electrospinning from many 

polymers, including polyacrylonitrile (PAN) [143], PVA [144], PA [145], PEO [146], CA 

[147], PU [148], etc. Although these polymeric nanofibers have excellent air filtration 

performances, they always exhibit low tensile strength and elongation at break. 



Haijun He  Ph.D. Thesis 

33 

Composite nanofibers are produced with two or more polymers with different 

characteristics to improve the mechanical properties of the nanofibers. Wang et al. [149] 

produced polyvinyl chloride (PVC)/PU composite fiber with robust mechanical 

properties and filtration efficiency. They found that the mechanical properties of the 

composite nanofibers gradually increased with the addition of PU, as shown in Figure 

2-22.  

 

Figure 2-22 Stress-strain curves of PVC/PU fibrous membranes fabricated from varied weight 

ratios [149]. 

Liu et al. [150] prepared PAN/polyacrylic acid (PAA) composite nanofiber 

membranes and investigated the effects of PAN/PAA ratios on the mechanical and 

filtration properties. Their results showed that with increasing PAA content, the 

resulting nanofiber membranes' tensile strength was improved from 3.8 to 6.6 MPa 

significantly. The composite membranes obtained high removal efficiency (99.994%) 

with less pressure drop (160 Pa) at an air velocity of 5.3 cm/s. The electrospun 

nanofibers can be combined with other supporting materials, such as textile fabric, 

plastic mesh, and metallic mesh, to make air filters [151]. Direct coating, where the 

electrospun nanofiber layer is deposited on the substrate's surface, is the most common 

method to make such a composite structure. 

 Electrospun nanofibers in nanogenerators 

In recent research, various wearables made with nanofibers have been successfully 

assembled as energy-harvesting systems. Many piezoelectric materials, such as lead 

zirconate titanate (a piezoelectric ceramic, known as PZT) [152], PVDF [153], and 
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P(VDF-TrFE) [154], have been electrospun into nanofibers for the fabrication of 

nanogenerators. PVDF is one of the most common piezoelectric materials with 

considerable flexibility. It can be easily electrospun into nanofibers to fabricate PVDF 

nanogenerators [155]. In PVDF, the charge is generated when the aligned polymer 

chains in a crystallite are deformed because it, in turn, deforms aligned dipole 

moments inducing a net electric field in parallel electrodes (Figure 2-23a). Therefore, 

in the electrospinning process, the amount of crystalline phase of PVDF nanofibers can 

be increased with the high electric field, leading to increased conversion efficiency 

from mechanical to electrical [156]. Triboelectric nanogenerator (TENG) is another 

type of nanofiber-based nanogenerator. It mainly includes two different materials as 

tribo-positive and tribo-negative materials, respectively. Based on the conjunction of 

triboelectrification and electrostatic induction between the two materials, charges can 

be generated during the separation-contact process, as shown in Figure 2-23b. Many 

common materials can be utilized to fabricate TENGs, such as PTFE, PDMS, PVC, etc. 

[157, 158] Liu et al. [159] fabricated a wearable TENG with nanofibrous membranes, 

the TENG can power an electronic thermometer, an electronic watch, and 560 LED 

lights.  

 

Figure 2-23 Schematic of the (a) PENG and (b) TENG [160].  

Besides, TENGs have great potentials to be developed into self-powered healthcare 

monitoring systems for respiration behavior recognition, respiration rate, and 

respiratory disease detection [161]. Wang et al.[162] developed a self-powered real-

time respiratory monitoring system with TENG, but the TENG device only can 

distinguish different breathing patterns and record the respiration rate (RR). Zhao 

et al.[163] fabricated textile triboelectric nanogenerators (t-TENGs) as a wearable 

respiratory monitor by loom weaving metallic yarns into a weaving fabric, which can 

record human RR and breathing depth. 
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2.7.  Conclusions and research aim based on the literature review 

In the literature overview, I mainly summarized the information on the mechanism 

of electrospinning, influential parameters, mass-production methods, basics of 

polymer rheology, and the applications of nanofibers. Electrospinning is a cost-

effective technology to produce nanofibers, but it is still challenging to control the 

diameter and morphology of the nanofibers. There are lots of factors that can influence 

the diameter and morphology of nanofibers. These factors can be grouped into 

solution properties, process parameters, and environmental conditions. In the 

literature, the effects of most above-mentioned parameters on nanofibers have been 

investigated. Solution properties are complicated factors to impact the final 

nanofibers. So far, lots of researchers have been focusing on concentration, viscosity, 

surface tension, conductivity, dielectric constant, and solvent volatility. Although 

electrospinning is a fiber-forming technology that can also be regarded as a polymer 

processing technology, the dynamic viscosity of polymers during electrospinning is 

always neglected by researchers of electrospinning. At the same time, in most polymer 

processing technologies, the dynamic viscosity of polymers is one of the most 

important factors affecting the quality of the final products. In my opinion, dynamic 

viscosity in electrospinning should be analyzed.  

Besides, the production rate is still a bottleneck in electrospinning. Researchers 

have proposed numerous electrospinning methods to scale up the production rate. 

They can be categorized into multi-jet electrospinning methods and needleless 

electrospinning methods. The multi-jet method is a straightforward approach with a 

needle spinneret; the number of needles or holes are increased, and extra electrodes or 

airflow are used to generate more jets. However, the methods have weaknesses, 

including needle/hole clogging and interference among the multiple jets. Therefore, 

needleless electrospinning methods are considered the electrospinning methods with 

the most potential to scale up nanofiber productivity. Many different needleless 

electrospinning methods have been presented in the literature. I found that most of the 

methods used a spinneret with a sharp edge to concentrate the electric field for jet 

initiation. They need a supply system to feed the polymer solution on the spinneret. 

Although some methods have reached high productivity of 100 g/h, further studies are 

still needed on the development of new needleless methods, especially from the 

perspective of rheology, because rheology can help investigate the relationship 

between the microstructure of the polymer and the properties of the nanofibers. 

Furthermore, the existing methods of both needle and needleless electrospinning have 

some pumping issues due to the highly viscous polymer during electrospinning. 
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With the development of electrospinning, electrospun nanofibers are extensive 

researched for diverse applications. Although there is a hypothesis that nanofibers can 

be used as reinforcements in fiber-reinforced composites, researchers have only used 

nanofibers to reinforce thermoset resins, which are not necessary to heat up for resin 

penetration. In the literature, there is not too much information about fiber-reinforced 

composites of nanofibers and a thermoplastic matrix. It is because a thermoplastic 

matrix needs to be melted to penetrate the nanofiber mat, but heating can also destroy 

the nanofiber reinforcement. In the air filtration application, although nanofibers have 

been applied in the mask filters based on their high porosity, the researcher did not 

consider other functionalities.  

To address the constraints mentioned above, I set the following goals of the 

dissertation: 

• Understanding the rheological behavior of the polymer solution when it flows 

through a needle in the electrospinning process.  

• Designing and constructing new self-developed electrospinning setups by 

considering the shear thinning and Weissenberg effect of polymer solutions.  

• Developing the appropriate process technology and make thermoplastic 

nanocomposites reinforced with nanofibers through controlling suitable process 

parameters. 

• Developing multifunctional air filters with nanofibers. 
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3. MATERIALS AND METHODS 

This chapter introduces the materials and the equipment, and test methods used for 

the characterization of the nanofiber samples. 

3.1. Materials 

Poly (ethylene oxide) (PEO) was selected as a model material for the investigation 

of the newly developed electrospinning methods. Besides, I examined its rheological 

properties to understand the mechanism of the proposed electrospinning methods. 

Polyacrylonitrile (PAN) was used for the fabrication of the mask filter. Polylactic acid 

(PLA) was the main material for making mask filters because of its easy processability 

and good degradability. Polyvinylidene fluoride (PVDF) is a common polymer to be 

used for piezoelectric nanogenerators (PENG). In addition, it is a good triboelectric 

material for the fabrication of triboelectric nanogenerators (TENG).   

 Polyethylene oxide 

 PEO (Mw = 400,000 g/mol, Sigma-Aldrich, USA) is often used as a model material 

for the electrospinning process because it is a water-soluble, easy-to-electrospin, and 

non-toxic polymer [164]. Therefore, PEO was used to examine the electrospinning 

process and parameter investigations with the newly developed electrospinning 

methods. PEO was dissolved in a mixture of ethanol-water (1:3) with the addition of 

0.01% NaCl (for good conductivity). PEO solutions with different concentrations of 1.0, 

2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 6.0, 7.0, 7.5, 10.0% were stirred for 10 hours at room 

temperature with a magnetic stirrer to obtain homogeneous solutions. 

 Polyacrylonitrile 

PAN (Mw = 90,000 g/mol, Hangzhou Bay Acrylic Fiber Co., Ltd., China) was selected 

for electrospinning to make nanofiber mats because it is a good candidate for the 

triboelectric layer to fabricate triboelectric nanogenerators. PAN solution with a 

concentration of 12 wt% was prepared by dissolving PAN powder into N, N-

dimethylformamide (DMF, 99%) and stirring it on a hot plate at 70 °C for 10 h until the 

solutions became homogenous. DMF was purchased from Azur Chemicals (Hungary).  
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 Polylactic acid 

PLA is a desirable material because it is an agricultural-based plastic [165], and 

mainly composed of vicinal and regularly distributed polar ester groups [166]. It can 

be naturally produced from corn starch and can be biodegraded in soil [166]. 

Furthermore, PLA is one of the most popular materials for 3D printing (fused filament 

fabrication) due to its easy processability and commercial availability [167]. Therefore, 

PLA was used for making self-reinforced nanocomposites by combining 

electrospinning and 3D printing.   

PLA (Mw = 140,000 g/mol) (HP3100, Nature Works LLC, USA) solution in a 10 wt% 

concentration was prepared by dissolving PLA pellets in a 9:1 wt% mixture of 

chloroform (Azure Chemicals, Hungary) and DMF (Azure Chemicals, Hungary). The 

solution was stirred at 50 °C for 10 h at 250 rpm with a magnetic stirrer and then stored 

for 24 h. 

 Polyvinylidene fluoride 

PVDF is a tribo-negative material. It can be used to fabricate triboelectric 

piezoelectric nanogenerators for harvesting energy [168]. In the current work, it was 

used to make a smart mask filter to monitor the respiratory conditions of the user.  

PVDF electrospinning solution was prepared by dissolving 1.5 g PVDF powder 

(MW = 534,000 g/mol Sigma-Aldrich, USA) in a 10 ml solvent mixture of 40 vol% N-N, 

dimethylformamide (DMF), and 60 vol% acetone.  

3.2. Electrospinning methods 

Electrospinning methods used in the current research include single-needle 

electrospinning, shear-aided needleless electrospinning, and rod-climbing needleless 

electrospinning. 

 Single-needle electrospinning  

Single-needle electrospinning was used to investigate the effects of needle 

characteristics on the rheological properties of the polymer solution when it is flowing 

through the needle. In addition, I examined how the rheological properties of the PEO 

solution influence the morphology and diameter of the nanofibers.  



Haijun He  Ph.D. Thesis 

39 

3.2.1.1. Electrospinning setup  

Nanofiber membranes were fabricated with a single needle electrospinning setup, 

as shown in Figure 3-1. A syringe pump (Aitecs SEP-10S plus, Lithuania) supplied the 

polymer solution through a blunt-end stainless steel needle from a 20 ml syringe at a 

certain feeding rate. The high voltage was provided by a DC high voltage generator 

(MA2000 NT 75/P, Hungary). Nanofibers were collected onto a rotating drum 

(diameter: 70 mm) covered with aluminum foil.  

 

Figure 3-1 Single-needle electrospinning process of the nanofiber fabrication. 

3.2.1.2. Electrospinning parameters 

The electrospinning parameters for different materials in the current research are 

given in Table 3-1. The relative humidity and ambient temperature during the 

experiments were 50 ± 2% and 25 ± 2 °C. 

Table 3-1 The electrospinning parameters for different polymers 

Polymer 

Electrospinning parameters 

Voltage 

[kV] 

Concentration 

[wt%] 

Feeding rate 

[ml/h] 

Drum 

rotation speed  

[rpm] 

Collecting 

distance 

[cm] 

Needle inner 

diameter 

[mm] 

PEO 25 
2.5, 3.0, 3.5, 4.0 

4.5, 6.0, 7.5 

0.5, 0.6, 0.8, 

1.0, 1.3, 2.8, 

3.4 

- 20 

0.51, 0.55, 

0.63, 0.73, 

0.82, 1.2, 1.32 

PAN 25 12 0.5 400 20 1.2 

PLA 25 10 0.3 200 20 0.51 

PVDF 25  13    1.4 400 20 1.2 
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 Shear-aided corona electrospinning  

Shear-aided corona needleless electrospinning (SAC-ES) is an advanced method 

developed from corona-electrospinning [93]. In this setup, the parts surrounding the 

narrow orifice are in relative motion and therefore the solution undergoes mechanical 

shearing. It can reduce the dynamic viscosity of the polymer solution in the 

electrospinning process due to its shear-thinning properties, which facilitates the 

fabrication of nanofibers with high throughput and small diameters.  

3.2.2.1. Electrospinning setup  

The central concept of the modified system is to provide shear stress on the polymer 

solution by the relative motion of the parts surrounding an annular orifice. When a 

shear-thinning material is used for electrospinning, the viscosity can be decreased by 

shear. Thereby smaller electrical forces are enough to turn the liquid into Taylor-cones, 

and enhanced jet initiation is expected. Simultaneously, rotating the inner part can 

provide a more homogeneous dispersion of the fluid along with the orifice. Besides, 

the rotating can also help avoid clogging and prevent fiber bead formation and local 

overflow. The setup used (Figure 3-2) consists of a power supply (1) (MA2000 NT 65/P, 

Hungary), a syringe pump (2), a collector plate covered with aluminum foil (3), the 

spinneret (5), and its fixed stand (4), and besides, a high-speed camera (8) was also 

applied. 

 

Figure 3-2 Experimental setup of the novel shear-aided corona needleless electrospinning; 1: power 

supply unit, 2: syringe pump, 3: collector screen, 4: fixed stand, 5: spinneret, 6: high voltage cable, 7: 

grounding cable, 8: high-speed camera.  

Figure 3-3a shows the layout of the novel setup. A circular orifice (3) formed 

between the rotating (2) and the fixed (1) part is filled with a polymer solution, and the 

gap size, that is, the thickness of the orifice (h), is adjusted by changing the upper part 
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of the rotor. The solution is continuously supplied in a radial direction. The 

homogeneous dispersion of the solution along the orifice is facilitated by a distribution 

channel running around the rotor (2), close to the solution inlet (6). The solution path 

then narrows (providing choking), and at the upper part, it becomes constant (h). The 

top, where the solution comes out of the spinneret, meets a sharp metal edge from the 

outside, connected to (5) the high-voltage source. The rotating part (2) is driven by a 

shaft (12) connected to an adjustable speed motor.  

The top view of the prototype spinneret of SAC-ES is depicted in Figure 3-3b. To 

ensure that the spinneret is leveled, I used three screws together with a bubble level. 

The rotating part (2) is composed of two parts (base and cap), as shown in Figure 3-3c. 

Due to the rotating part's design, the gap size (h) can be easily changed by changing 

the cap of the rotating part. Figure 3-3d shows the image of multiple polymer jets 

around the spinneret during the electrospinning process. The setup can be cleaned 

conveniently, as the spinneret can be disassembled into several parts. 

 

Figure 3-3 The shear-aided electrospinning setup with the special spinneret: (a) Schematic of the 

electrospinning setup: 1: housing (stator), 2: rotating part (rotor), 3: circular orifice, 4: base plate, 5: 

high voltage connector, 6: solution inlet, 7: grounded collector screen, 8: electrospinning space, 9: 

distribution channel, 10: lip seal, 11: bearings, 12: drive shaft; (b) spinneret with an inner diameter of 

50 mm; (c) rotating part composed of two parts: base and cap; (d) photograph of the jets formed along 

with the annular orifice. 
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3.2.2.2. Electrospinning parameters  

For the needleless setup, the fixed part's inner diameter (1) (made of aluminum) 

was 50 mm. Different size caps of the rotating part (2) were used (49.6 mm, 49.0 mm, 

48.0 mm, 47.0 mm, 46.0 mm), corresponding to different gap sizes (h) varying from 0.2 

to 2.0 mm. These custom caps were 3D printed with a printer (Objet 30 Pro, Stratasys 

Inc., USA) from an epoxy-based photopolymer resin. The inner part was rotated by a 

lab mixer (Dragonlab OS-20S pro) with adjustable rotation speed. The applied voltage 

was set to 35 kV. For all the experiments, the distance from the spinneret to the 

collector plate was kept at 200 mm. The flow rate of the polymer solution was set to 15 

ml/h. Ambient relative humidity and temperature during the experiments were 50 ± 

2% and 25 ± 2 °C, respectively. 

 Rod-climbing needleless electrospinning  

Rod-climbing needleless electrospinning (RC-ES) is a novel method I invented. It 

can pump the polymer solution using the Weissenberg effect without any pumping 

system. It can electrospin high viscosity polymer solutions into nanofibers and avoid 

pumping difficulties.  

3.2.3.1. Electrospinning setup  

The Weissenberg effect or rod-climbing is one of the unusual flow behaviors of 

polymer melts and solutions, and it is well-known for many non-Newtonian fluids. A 

part of a vertical rod is immersed in a viscous polymer melt or solution in an open 

cylindrical container. The top part protrudes from the liquid, as shown in Figure 3-4a. 

When the rod is rotated, the melt or solution begins to climb to the upper part of the 

rod. The climb is associated with the nonlinearly distributed normal stresses. During 

rotation, a basic laminar flow is formed. Besides the shear stresses due to the rotation, 

normal stresses begin to act in the radial direction due to non-Newtonian behavior. 

These normal stresses tend to push the liquid up the rod. I was inspired by the 

Weissenberg effect and developed a setup of RC-ES, as illustrated in Figure 3-4b 

schematically. The setup includes a 3D printed container, a 3D printed rotating rod, a 

motor, a high voltage power supply, and a grounded collector. I printed 3 rods from a 

non-conductive photopolymer resin, with the same length (45 mm) and different radii: 

2.5 mm, 3.5 mm, and 5 mm (see Figure 3-4c). The upper end of each rod was designed 

to be conical with the same cone height of 5 mm, which is suitable for comparing the 

conical droplet geometry on the rod tip. It is also necessary to keep the rod in a 
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precisely vertical position to capture the droplet geometry during the electrospinning 

process. The liquid container was filled with the polymer solution, and the rod 

protruded 40 mm from the solution. When the rod was rotating, the polymer solution 

was climbing up to the rod tip due to the Weissenberg effect. A high-voltage was then 

applied to charge the solution until the voltage reached a threshold value when a 

polymer jet was ejected from the tip of the liquid meniscus (see Figure 3-4d). Finally, 

the fibers were deposited on the collector plate continuously, which is shown in Figure 

3-4e. The rotational speed of the rod was measured with a contactless digital laser 

tachometer (Xinsi tachometer, China). A small piece of reflective paper was attached 

to the motor drive shaft, and a light beam ejected from the Tachometer was aimed at 

the reflective paper while the driveshaft was rotating. This tachometer can measure 

rotational speed with a precision of ±1 rpm. 

 

Figure 3-4 Illustration of the Weissenberg-effect and the electrospinning setup, the rod geometry, and 

the morphology o the fabricated nanofiber: (a) Schematics of the Weissenberg effect, (b) schematic 

drawing of rod-climbing electrospinning (RC-ES), (c) rods used for electrospinning, (d) optical image 

of the meniscus in electrospinning, (e) SEM image of nanofibers produced by RC-ES. 

3.2.3.2. Electrospinning parameters  

This section mainly investigates the effect of meniscus parameters on the nanofiber 

diameters when only a single jet is formed on the meniscus surface. By default, the 

collecting distance was 250 mm. The rod rotation speed, which generated a stable 
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meniscus shape, was controlled. If the rotation speed of the rod is too high, the solution 

rises high enough, but then collapses due to the high centrifugal forces. This results in 

an unstable meniscus, which prevents continuous fiber formation. But sometimes, I 

observed multiple jets intermittently (see Figure 8-5 in Appendices) in the case of high 

rotation speed. Higher rotation speed disturbed the meniscus, which triggered the jet 

formation from different areas of the meniscus. Inversely, if the rotation is too slow, 

the solution does not climb high enough. I maintained a single jet while using voltages 

between 25 kV and 45 kV. The menisci of 15 samples were examined. The results were 

obtained at three different solution concentrations, three different voltages, and three 

different rod radii. The conditions of the experiment are listed in Table 8-2 in 

Appendices. During the experiments, relative humidity and ambient temperature 

were 50 ± 2% and 25 ± 2 °C, respectively. It is worth emphasizing that even though the 

9.0% concentration PEO solution is too viscous to be used for making fibers with the 

single capillary electrospinning due to the high viscosity, I was able to get sub-micron 

fibers with the same PEO solution via this self-feeding electrospinning method (see 

Figure 8-6 in Appendices). 

3.3. Filament preparation for 3D printing  

Filaments for Fused Filament Fabrication (FFF) were produced by extrusion from 

the same PLA used in electrospinning. Before the extrusion process, the PLA pellets 

were dried at 80 °C for 12 h. After drying, the PLA pellets were fed into a lab-scale co-

rotating twin-screw extruder (LTE 26-44, Labtech Engineering, Thailand), with a screw 

diameter of D=26 mm, and a length/diameter ratio of 44. During the extrusion process, 

the feed temperature (the first zone among the ten zones of the extruder) and the die 

temperature were set to 165 °C and 185 °C, respectively. Screw rotation speed was set 

to 16 rpm to match the traction system to produce filaments with a standard diameter 

of 1.75 mm for 3D printing.  

3.4. 3D printing  

In objects 3D printed by FFF, there are always voids and structural weaknesses 

between the printed struts, limiting their potential in practical applications. In the 

current study, I developed 3D printed PLA composites with PLA nanofiber interleaves 

to improve the mechanical properties of 3D printed products. In addition, 3D printing 

was introduced to easily integrate nanofibers with 3D printed parts to support 

nanofibers, which can be used as mask filters.  
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 Fabrication of self-reinforced nanocomposites  

In the 3D printing process, nozzle temperature, bed temperature, infill density, and 

printing distance are the significant factors that influence the properties of FFF 3D 

printed parts. In the present research, I chose three parameters (i.e., nozzle temperature, 

bed temperature, infill density) to examine their effects on interfacial adhesion. The 

printing distance was not investigated because it is difficult to adjust precisely. 

Therefore, I used a constant nozzle distance (0.2 mm) in all the printing processes. In 

all the cases, the filament was processed with a Craft Bot Plus (Craft Unique, Hungary) 

3D printer with a nozzle diameter of 0.4 mm. The layer height and the printing speed 

were 0.2 mm and 50 mm/s, respectively. The detailed preparation of the 3D printed 

nanocomposite is shown in Figure 3-5a. 

 

Figure 3-5 (a) The preparation process of 3D printed nanocomposite from raw material; (b) the 

detailed procedure to combine the nanofiber mat with the printed matrix. 

To interleave the nanofiber mat between printed layers properly with strong 

bonding, I adopted a three-step process for specimen preparation as shown in Figure 

3-5b: (1) the first layer of the matrix was printed on a nanofiber mat covering onto the 

aluminum foil, which was glued on the printing bed; (2) when the first layer was 

printed entirely, the nanofiber mat was bonded with this first printed layer, then was 
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peeled off from the foil easily; (3) the specimen was turned upside down, and placed 

at the identical position, then the second layer of the matrix was printed and identically 

overlapped onto the other side of nanofiber layer. At last, a 3D printed laminate 

interleaved with nanofibers was fabricated. 

 Fabrication of the nanoporous mask filter  

The fabrication process of the nanofiber filter is illustrated in Figure 3-6. The 

aluminum foil covered with the nanofiber mat was glued on the printing bed. A mesh 

structure with two layers (50 x 50 mm square) was printed directly on the nanofiber 

mat (30 x 30 mm) for optical transparency tests, while for the tensile tests, 30 x 10 mm 

samples were generated. Then the nanofiber mat combined with the printed layers 

was easy to peel off from the foil without damaging the nanofiber structure. The 

technology allows to make filters in any shape (circle, oval, etc.) to fit any type of mask, 

and the filter is flexible. 

 

Figure 3-6 Fabrication process of mask filter with the combination of 3D printing and electrospinning: 

(a) illustrating the fabrication; (b) printing in progress; (c) after printing; (d) peel-off. 
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3.5. Characterization methods  

The characterization techniques include scanning electron microscopy, digital light 

microscopy, atomic force microscopy, rotational rheometry, Fourier-transform 

infrared spectroscopy, differential scanning calorimetry, dynamic mechanical thermal 

analysis, ultraviolet (UV) spectrophotometry, 3D digital image correlation, thermal 

infrared imaging, high-speed imaging, and I used a portable data acquisition device 

to record electric signals. I evaluated the performance of the nanofiber filters by 

measuring the filtration efficiency and pressure drop. I performed tensile and in-plane 

shear tests to evaluate the mechanical properties of 3D printed objects interleaved with 

nanofibers. In addition, I used a medical ventilator and a treadmill to evaluate the 

monitoring accuracy of the breathing sensors.  

(1) SEM analysis 

The morphology of nanofibers and the cross-sections of the composites were 

observed with a scanning electron microscope (SEM, JEOL 6380 LA, Japan). Each 

nanofiber sample was coated with gold (Au) before the examination. For each sample, 

I measured 100 random fibers and obtained the diameter distributions using the 

Image J software. 

(2) Optical light microscope  

I used a digital light microscope (Olympus BX51M, Germany) to observe the surface 

structure of the 3D printed nanofiber filter. 

(3) AFM analysis  

An atomic force microscope (AFM) (FlexAFM 5, Nanosurf, Switzerland) was 

applied in examining the texture of the nanofiber membranes.  

(4) Water contact angle measurement 

Water contact angle measurements were performed with a drop shape analyzer 

(DSA30E, KRÜSS GmbH, Germany). The volume of the water droplet was 

approximately 10 μL. 

(5) Rheological analysis 

I measured the rheological properties of PEO solutions with a rotational rheometer 

(AR2000, TA Instruments, USA). For all samples, a parallel plate configuration was 

used with a rotating upper plate diameter of 40 mm, and a temperature-controlled 

(Peltier) lower plate. Flow sweeps were carried out in a shear rate range of 1–10 000 s−1 

(10 points per decade). The gap between the two plates was 600 µm, and the 

temperature of the samples during the test was set to 25 °C because it was the 

approximate temperature of the electrospinning lab. 
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(6) DSC analysis 

Differential scanning calorimetry (DSC) was carried out with a DSC-Q2000 (TA 

Instruments, USA) device. All the 3D printed nanocomposite samples were around 5 

mg and sealed in an aluminum pan. The samples were subjected to heat/cool/heat 

cycles with a heating rate of 5 °C /min in the temperature range of 25 °C to 200 °C. The 

tested degree of crystallinity of nanocomposites (χc) was calculated by (3-1) 

       𝜒𝑐(%) = (∆𝐻𝑚 − ∆𝐻𝑐)/∆𝐻𝑚0 × 100    (3-1) 

where ∆Hm0 is the theoretical melting enthalpy for 100% crystalline PLA (93 J/g)[169]. 

∆Hm, ∆Hc is the tested melting enthalpy, cold crystallization enthalpy for the printed 

matrix, respectively.  

The theoretical degree of the crystallinity of nanocomposites (χt) was calculated 

with the rule of mixtures. The rule of mixtures for nanofiber reinforced composites is 

the following (3-2): 

𝜒𝑡 = 𝑤𝑓 ∙ 𝜒𝑓 + (1 − 𝑤𝑓) ∙ 𝜒𝑝          (3-2) 

where wf is the nanofiber mass content of nanocomposites, χp is the crystallinity of the 

printed matrix and χf is the crystallinity of the nanofibers.  

(7) DMA analysis 

I performed dynamic mechanical thermal analysis (DMA) with a DMA-Q800 (TA 

Instruments, USA) device in tensile mode with a heating rate of 2 °C/min to examine 

the thermomechanical properties of 3D printed samples. Rectangular specimens with 

the dimensions of 30 mm × 10 mm × 0.4 mm were mounted with a gripping distance 

of 10 mm, and the test temperature was between room temperature and 150 °C.  

(8) Transparency test  

The 3D filter specimens were directly placed into the ultraviolet (UV) 

spectrophotometer (UV-1600, AOE, Shanghai, China) and analyzed at the wavelength 

of 200–1000 nm. Before measuring each specimen, the air of the environment was 

measured as background.  

(9) DIC test 

3D digital image correlation (3D-DIC) (Monet 3D 2500, Sobriety, Czech Republic) 

was used to detect three-dimensional deformation of nanofiber membranes when they 

were deformed by the airflow of breath. The DIC system consisted of two 5 Mpixel 

cameras (MCR150-S, IDS GmbH., Germany) mounted on a tripod, two LED reflectors, 

and a computer with the Mercury RT software (Figure 8-8 in Appendices). Before the 

test, the nanofiber membrane was sprayed with black speckle patterns on its surface 

to produce the images with the highest contrast. The deformation of the surface profile 
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was measured with the stereo-vision system via evaluating the 3D position of the black 

speckles on the undeformed membrane and the deformed membrane.  

(10) Thermal camera measurements 

An infrared camera (A325sc, FLIR Systems Inc., Wilsonville, OR) was mounted over 

the 3D printer to record the temperature of the melt deposited onto the nanofiber mat. 

I chose a depositing spot in the printing area to monitor the temperature of the printed 

filament. The temperature at the desired location was recorded continuously with the 

thermal camera until the melt's temperature dropped to the temperature of the 

printing bed. 

(11) High-speed camera 

A high-speed camera (Keyence VW-9000, Japan) was used to capture the Taylor-

cones and jet formation at a frame rate of 1000 fps during the electrospinning process 

with a shear-aided spinneret. In the rod-climbing experiments, it was used to film the 

rod-climbing process. 

(12) Digital camera 

A digital camera (Nikon D600, Japan) was used to capture the shape of the meniscus 

in rod-climbing electrospinning. It was mounted in front of the apparatus on an 

adjustable tripod, and its position was fixed at the same level as the edge of the 

container for all the experiments. The shape of the meniscus in the pictures was 

measured with the MATLAB program. 

(13) Electrical signal recording 

The electrical signals were acquired with a portable data acquisition device with a 

sampling rate of 1 ms (myDAQ, NI, USA) when the developed breathing sensor was 

working. It can be used as a digital multimeter, oscilloscope, and function generator 

based on LabView. LabView was adopted as the software platform to allow real-time 

data acquisition and analysis. 

(14) Filtration efficiency test  

The particle filtering properties of the 3D printed nanoporous filters were analyzed 

by an aerosol particle counter (Lasair III 310C, Artisan Technology Group, USA) (see 

Figure 8-9 in Appendices). It has six channels to detect particle sizes of 0.3, 0.5, 1, 5, 10, 

and 25 μm. The PM particles in the air of our laboratory had a broad size distribution 

ranging from 300 nm to 25 μm. The nanoporous filters were trimmed into a 35 mm 

diameter circular shape and fixed into the filter holder connected to the particle 

counter. All the tests were conducted with a constant airflow of 30 l/min, which is 



Haijun He  Ph.D. Thesis 

50 

approximately the average breathing flow of humans in a resting position. 3 specimens 

from each group were tested.  

A handheld particle counter measured the concentrations of the fine particles (their 

size ranging from 0.3 µm to 5 µm) at the inlet and outlet; filtration efficiency nc can be 

calculated as (3-3):  

nc=(Cin-Co)/Cin (wt%)     (3-3)   

where Co and Cin represent the cumulative mass concentration (µg/m3) of particles at 

the outlet and inlet, respectively.  

Regarding the removal efficiency of the specific particle size, I introduced another 

filtration efficiency (n), by calculating the relative number difference of the particles 

with specific size (e.g., 0.3, 0.5, 1.0, 5.0, 10.0, 25.0 µm) at the inlet and outlet. It can be 

calculated as (3-4):  

nN=(Nin-No)/Nin (n%)      (3-4) 

where No and Nin represent the number of particles with a specific diameter at the 

outlet and inlet, respectively.  

(15) Pressure drop test 

I measured pressure drops of the PAN nanofiber used in the breathing sensor to 

evaluate its breathability with a self-built setup, as shown in Figure 4-39a. The trimmed 

circular membrane (diameter 30 mm) was fixed on the top of a tube with a cap. The 

bottom of the tube was connected to a water tap to supply water, which pushed the 

air in the tube to flow through the membrane fixed on the top at a certain flow velocity 

(the flow velocity of the water). A manometer (EMB-001, BME, Hungary) was used to 

measure the pressure difference (pressure drop) between the pressure inside the tub 

and atmospheric pressure (100100 Pa). 5 specimens from each group were tested. 

(16) Tensile test  

I performed tensile tests with a Zwick Z005 device (Zwick Roell, Germany) with a 

5 kN load cell to examine the tensile properties of the nanocomposites with different 

nanofiber contents (2.4, 6.5, 10.1 wt%). All the nanocomposite specimens were printed 

in a rectangular shape (30 mm × 10 mm × 0.4 mm). The crosshead speed and the gauge 

length were set to 10 mm/min and 10 mm, respectively. Five specimens from each 

nanofiber content were tested. The Young’s modulus was calculated by linear 

regression of the stress-strain curve in a small strain range (1.5%~2.5%).  

(17) In-Plane shear strength test 

The in-plane shear strength of the 3D nanocomposite fabricated by FFF was 

measured with an interlaminar shear test. Figure 3-7a depicts the shape and 
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dimensions of the double-notched specimens for the interlaminar shear test. The two 

notches (with a depth of 1.4 mm each) were cut on the printed nanocomposite with a 

sandwich structure based on the ASTM D3846-08 standard, as shown in Figure 3-7c. 

The tests were carried out with a Zwick Z005 (Zwick Roell, Germany) machine with a 

5 kN load cell. The crosshead speed and the gauge length were set to 1.3 mm/min and 

50 mm, respectively. Five specimens from each group were tested.  

 

Figure 3-7 Specimen geometry for the double notch shear test (a) the dimension of the specimen, (b) 

the half matrix and nanofiber mat, (c) the double notch specimen.  

3.6. Other equipment 

(1) Ventilator  

A medical ventilator (BMEHero2) developed by our university at our lab during the 

COVID-19 pandemic was used to examine the accuracy and consistency of the 

triboelectric nanogenerator (TENG); the output results and input parameters of the 

ventilator were compared. 

(2) Treadmill  

A treadmill (BH 5163270, Spain) was chosen for on-body experiments, where the 

respiration parameters detected by the developed breathing sensor were monitored. 

The respiration parameters were recorded for 1 min immediately after the exercise to 

eliminate the influence of signal noise from wire vibrations.  
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4. RESULTS AND DISCUSSION 

In this chapter, the relationships between process parameters and nanofiber 

morphology are discussed via three different electrospinning methods (e.g., single-

needle electrospinning, shear-aided needleless electrospinning, and rod-climbing 

needleless electrospinning). Besides, I explored the applications of nanofibers in 

reinforcements, mask filters, and nanogenerators.  

4.1.  Single-needle electrospinning 

In electrospinning processing, the needle characteristics have influences on the 

dynamic viscosity of polymer solution when flowing through the needle. It also 

influences the nanofiber diameter and morphologies.  

 Pipe flow in a needle  

When a polymer fluid is forced through a needle, the process is shear-rate 

dominated. Assuming a laminar flow with a constant flow rate and non-slip boundary 

condition, the velocity is maximum (umax) at the needle's centerline and zero at the wall 

(see Figure 4-1), making it a non-homogeneous flow.  

 

Figure 4-1 Schematic diagram of laminar flow through a needle.  

In the above case, shear rate, γ̇, is defined as (4-1):      

�̇� =
2𝑢𝑚𝑎𝑥

𝑅
=

4𝑢

𝑅
                             (4-1) 

The relationship between the velocity and the volumetric flow rate is expressed as  

(4-2):  

 𝑄 = 𝜋𝑅2�̅�         (4-2) 

Finally, the shear rate can be given by (4-3): 
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�̇� =
4𝑢

𝑅
=

4𝑄

𝜋𝑅3
 (4-3) 

where γ̇ is the shear rate, umax is the maximum of flow velocity, 𝑢 is the average flow 

velocity, R is the needle inner radium, Q is the flow rate.  

As mentioned above about flow properties of a solution flowing through a needle, 

needle diameter, volumetric flow rate, or flow velocity are crucial parameters, which 

influence the shear rate. The shear rates for different needles at selected flow rates 

(velocity) are computed and given in Table 4-1. These needles and flow rates were 

used in further experiments. 

Table 4-1 The shear rates generated by various needles at a constant flow rate (A) and constant 

flow velocity (B). 

No. 
Needle diameter 

[mm] 
Needle color 

Flow rate 

[ml/h] 

Flow velocity 

[mm/s] 

Shear rate  

[s-1] 

A: constant flow rate 

A1 0.51 orange 1.0 1.4 21.3 

A2 0.55 purple 1.0 1.2 17.0 

A3 0.63 blue 1.0 0.9 11.3 

A4 0.73 black 1.0 0.7 7.3 

A5 0.82 green 1.0 0.5 5.1 

A6 1.2 pink 1.0 0.3 1.6 

A7 1.32 transparent 1.0 0.2 1.2 

B: constant flow velocity 

B1 0.51 orange 0.5 0.7 10.7 

B2 0.55 purple 0.6 0.7 9.9 

B3 0.63 blue 0.8 0.7 8.6 

B4 0.73 black 1.0 0.7 7.5 

B5 0.82 green 1.3 0.7 6.6 

B6 1.2 pink 2.8 0.7 4.5 

B7 1.32 transparent 3.4 0.7 4.1 
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 Shear-thinning behavior of PEO solution 

Figure 4-2 shows the shear-thinning properties of 4.5% PEO solution. It was obvious 

that the viscosity of the solution varied greatly under different shear rates and 

temperatures when the concentration was constant. The reason for the higher shear 

rate resulting in lower viscosity is that at a high shear rate, the molecular chains are 

stretched out, rendering them to slide past one another more easily, which leads to 

lower viscosity of the polymer solution. Therefore, the main point of this study is that 

the shear rate can also be adjusted to control solution viscosity during the 

electrospinning process. 

 

Figure 4-2 Viscosity of 4.5% PEO at different shear rates and temperatures. 

For a non-Newtonian polymer melt, viscosity (η) could be explained by a function 

of the strain rate and temperature in Eq. (4-4) [170], 

η=m(T)�̇�𝑛−1   (4-4) 

where m is referred to as the consistency index and n is the power-law index. 

In my experiments, PEO solutions with three different concentrations were studied. 

Figure 4-3 shows the viscosity curves of PEO solution with different concentrations at 

22.5 °C. Based on the result, 4.5 wt% PEO was used for the electrospinning experiments 

because of the following reasons: (1) it was reported that fiber formation generally 

occurs when the value of ηC is between 5 to 12 [171], which 3.5% PEO does not satisfy; 

(2) at a same shear rate range, the solution with higher concentration has a wider 

viscosity range, which is good for observing results difference. 
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Figure 4-3 Viscosity curves of PEO solution at different concentrations. 

The curves of Figure 4-3 imply that the correlation between shear rate and viscosity 

of the polymer solution is similar to a power-law function in the shear rate range 

relevant for electrospinning. Three different power-law methods were used to fit the 

solution viscosity curve to carry out an exact formula describing the correlation of 

shear rate and viscosity. I also tried to fit the curve using Eq. (4-4). However, the curve 

showed a big difference from the experimental data. It was revealed that there should 

be different methods to describe the correlation between shear rate and viscosity for 

polymer melts and solutions. In Figure 4-4, I can observe that the curve of Eq. (4-5) is 

in good agreement with the experiments, the results obtained from the fitting curve 

can approximate the data from experiments with the best R2 value of 0.999 (goodness 

of fit) where a, b, c are 0.343, 0.016, 0.760, respectively. Therefore, the viscosity of the 

solution flowing through different capillaries can be computed by Eq. (4-5), the 

viscosity results can be observed in Table 4-2.             

η=(𝑎 + 𝑏�̇�𝑐)−1     (4-5) 

 

Figure 4-4 Fitted and experimental viscosity curves. 
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Table 4-2 Diameter of fibers produced with different needles. 

No. 
Needle diameter 

[mm] 

Shear rate  

[s-1] 

Apparent viscosity  

[Pa∙s] 

Fiber diameter  

[nm] 

A: at a constant flow rate 

A1 0.51 21.3 2.2 170.5 ± 28.0 

A2 0.55 17.0 2.3 188.3 ± 20.7 

A3 0.63 11.3 2.4 179.9 ± 23.1 

A4 0.73 7.3 2.5 219.8 ± 49.5 

A5 0.82 5.1 2.6 203.9 ± 25.6 

A6 1.20 1.6 2.8 218.8 ± 55.0 

A7 1.32 1.2 2.8 228.3 ± 47.6 

B: at a constant flow velocity 

B1 0.51 10.7 2.4 145.8 ± 22.8 

B2 0.55 9.9 2.5 151.5 ± 42.8 

B3 0.63 8.6 2.5 165.7 ± 23.3 

B4 0.73 7.5 2.5 177.8 ± 36.3 

B5 0.82 6.6 2.6 191.1 ± 50.7 

B6 1.20 4.5 2.7 202.3 ± 50.0 

B7 1.32 4.1 2.7 194.2 ± 54.7 

 Effect of needle diameter on fiber morphology 

SEM micrographs of PEO nanofibers produced using needles with different inner 

diameters at a constant flow rate and constant flow velocity are presented in Figure 4-5. 

It was observed that the thinner fibers were obtained using a smaller diameter needle 

(all other parameters were kept constant). Although it is a general conclusion in 

electrospinning, there is not any study to analyze this phenomenon from the aspect of 

rheology.  
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Figure 4-5 SEM images of 4.5% PEO nanofiber samples with different needle diameters of 0.51 mm (1), 

1.32 mm (2) at a constant flow rate (a), and constant flow velocity (b), respectively. 

Furthermore, the diameters of the resulting fibers were analyzed statistically by 

calculating the average diameter and their standard deviation to investigate the 

correlation between the fiber diameter and needle diameter. The results shown in 

Figure 4-6b indicate that an increase in the needle diameter resulted in an increase in 

average fiber diameter for both constant flow rate and velocity. The reason behind the 

phenomenon is that the solution viscosity is affected by the needle diameter. Based on 

the rheological analysis of the polymer solution flowing in a needle, the relationship 

between the needle diameter and the solution viscosity can be obtained, as depicted in 

Figure 4-6a. These results are in line with the accepted fact that higher apparent 

viscosity can result in thicker fibers. As the needle diameter was 0.51 mm, it provided 

a shear rate of 21.3 s−1 (at a constant flow rate) and 10.7 s−1 (at a constant flow velocity) 

which made the solution apparent viscosity decrease from 2.8 Pa·s (zero-shear 

viscosity) to 2.2 Pa·s and 2.4 Pa·s, respectively (Table 4-2).  
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Figure 4-6 The effects of needle diameters on (a) calculated apparent viscosity of 4.5 wt% PEO 

solution; (b) diameter of nanofibers with different needle diameters at a constant flow rate and 

constant flow velocity. 

Lower viscosity can render the polymer easier to be stretched into a fiber due to 

the less resistance of molecular chains. Additionally, the results exhibited that the fiber 

diameter distribution becomes wider by increasing the needle diameter (Figure 4-7). 

Therefore, the needle with a smaller diameter is suggested for the capability of 

fabricating thinner nanofibers. The presented results are in contrast to those reported 

in the literature, where it was concluded that there was no correlation between the 

needle diameter and fiber diameter [172]. Moreover, the viscosity difference caused by 

needle diameter was also neglected in the literature. 

 

Figure 4-7 Fiber diameter distribution at (a) constant flow rate and (b) constant flow velocity. 

4.2.  Needleless electrospinning 

In this section, two needleless electrospinning methods were developed based on 

the insight of the rheological properties of polymer solutions. The parameter 

investigations were conducted to understand their mechanisms.  

 Shear-aided corona needleless electrospinning method 

Shear-aided corona needleless electrospinning (SAC-ES) was developed to generate 

multiple jets in the electrospinning process by applying shear forces to the polymer 

solution. I analyzed the shear behavior of the solution flow in the special spinneret. 

The results from needle electrospinning and SAC-ES were compared.  
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4.2.1.1. Theory of flow behavior in the special spinneret  

Flow in SAC-ES is helical (or 3D) flow in an annular gap. The flow can be described 

with the combination of two flow models (i.e., Taylor–Couette flow and Pipe flow). 

When the inner part is rotated at a fixed angular velocity (Ω), a Taylor–Couette flow 

is generated. The shearing force induced by rotation was transmitted to the polymer 

solution, resulting in shear deformation. Simultaneously, the fluid is pumped into the 

annular gap, which is regarded as a pipe flow and is induced by the pressure. The 

geometry of the flow is shown in Figure 4-8.  

 

Figure 4-8 Geometry of the flow in SAC-ES. 

In the Taylor–Couette flow model, the velocity of the polymer solution can be 

expressed in radial (r) and in tangential (θ) directions. The boundary conditions are 

that the velocity at the inner cylinder equals the velocity of the rotating inner cylinder, 

while the velocity at the wall of the outer cylinder is zero. For a steady flow, the 

velocity in the tangential direction can be given by Eq. (4-6) 

𝑣𝑟𝜃
= 𝑎𝑟 +

𝑏

𝑟
        (4-6) 

The values of constants a and b can be calculated with Eq. (4-7) and (4-8) 

𝑎 =
−𝛺𝑅1

2

𝑅2
2−𝑅1

2 (𝑅2 > 𝑅1)     (4-7) 

𝑏 =
𝛺𝑅1

2𝑅2
2

𝑅2
2−𝑅1

2      (4-8) 

where R1 is the radius of the inner cylinder, Ω is the angular velocity of the inner 

cylinder, and R2 is the radius of the outer cylinder. 

The shear rate in the tangential direction 𝛾˙r𝜃 can be expressed by Eq. (4-9) 
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𝛾𝑟𝜃

•
−

=
𝑑𝑣𝑟𝜃

𝑑𝑟
       (4-9) 

By substituting Eq. (4-6) into (4-9), the shear rate distribution in the tangential direction 

can be obtained by Eq. (4-10) 

𝛾𝑟𝜃

•
−

= 𝑎 −
𝑏

𝑟2    (4-10) 

Because of the curvature of the gap, the average shear rate has to be calculated from 

the velocity profile by integration Eq. (4-11) 

𝛾𝑟𝜃

•
−

=
| ∫ 𝛾

•
𝑑𝑟

𝑅2
𝑅1

|

𝑅2−𝑅1
=

| ∫ 𝑎−
𝑏

𝑟2𝑑𝑟|
𝑅2
𝑅1

𝑅2−𝑅1
=

𝛺1𝑅1

𝑅2−𝑅1
   (4-11) 

In the axial direction, flow behavior was analyzed with the use of the pipe flow model. 

The velocity profile as a function of the radius is  

𝑣𝑟𝑧 = 𝑣𝑚
4(𝑅2-r)(𝑅1−𝑟)

(𝑅2−𝑅1)2
   (4-12) 

The volume flow rate, 𝑉˙, can be generally calculated by Eq. (4-13) 

𝑽
⋅

= 𝟐𝝅∫ 𝒓𝒗𝒓𝒛𝒅𝒓 = 𝝅
𝒗𝒎

𝟐

𝑹𝟐

𝑹𝟏
(𝑹𝟐

𝟐 − 𝑹𝟏
𝟐)   (4-13) 

where vm is the maximum velocity. After expressing vm with 𝑉
⋅

, Eq. (4-12) can be 

rewritten as Eq. (4-14) 

𝑣𝑟𝑧 =
8𝑉

⋅
(𝑅2-r)(𝑅1−𝑟)

𝜋(𝑅2
2−𝑅1

2)(𝑅2−𝑅1)2
     (4-14) 

The corresponding average shear rate in direction z is given by Eq. (4-15) 

𝛾𝑟𝑧

•
−

=
𝑑𝑣𝑟𝑧

𝑑𝑟
=

2 𝑣𝑚

𝑅2−𝑅1
=

4𝑉
.

𝜋(𝑅1+𝑅2)(𝑅2−𝑅1)2
   (4-15) 

In the current study, the shear rate generated in the pipe flow model was less than 

3.0 s−1 (see Table 8-3 in Appendices) based on Eq. (4-15), when a flow rate of 15 mL h−1 

was used for all the different gap sizes applied. The impact of solution feed on the 

viscosity of the solution was negligible, accordingly. As a result, I was able to neglect 

the pipe flow in SAC-ES, and the flow in the annular gap was analyzed only with the 

Taylor–Couette flow model in the following experiments. 

4.2.1.2. The shear-aided corona electrospinning process 

In the SAC-ES process, the polymer solution is pumped through the orifice between 

the rotating inner part (rotor) and the metal stator, which has a sharp edge (see Section 

3.2.2). Subsequently, as the gap is filled with the solution, the solution comes out, and 

the liquid meniscus touches the sharp edge. Simultaneously, the DC power supply 
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charges the metal outer part with high voltage. When the voltage is high enough to 

overcome the surface tension, numerous jets are formed along the circular edge. The 

rotation has another advantage: it disperses the solution along with the orifice and the 

sharp spinneret edge more efficiently. The images in Figure 4-9, taken with a high-

speed camera, illustrate that the rotation of the inner part of the spinneret helps 

distribute the solution and form Taylor-cones and jets. It can be seen from Figure 4-9a 

that without rotation, the solution overflows at the edge, then forms big droplets 

sticking onto the surface of the outer part. There was also some solution flowing back 

to the top surface of the plastic inner part. The locations of the Taylor-cones and the 

ejected jets (indicated by numbers) were random due to the above-mentioned 

overflow (Figure 4-9a). Compared to the case where the inner part is rotating (Figure 

4-9b, c), the edge of the spinneret was cleaner, and at a rotation speed of 110 rpm, the 

jets organized themselves in even distances due to Plateau-Rayleigh instability (see 

Figure 4-9b). When the rotation speed was increased to 440 rpm, more jets were 

generated (Figure 4-9c). On the other hand, the locations of the jets were along with 

the circular orifice. I conclude that rotation facilitates fiber formation.  

 

Figure 4-9 Jets and Taylor-cone formation along the electrode edge at different rotation speeds: (a) 

0 rpm, (b) 110 rpm, (c) 440 rpm. 

4.2.1.3. Effect of rotation speed on the critical voltage to initiate jets  

Rotation speed was a significant factor affecting the critical voltage to initiate jets. 

In this experiment, I chose a 4.5 wt% PEO solution based on the rheological analysis 

results presented earlier in Section 4.2.1.1. To investigate the effect of rotation speed, I 
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set the rotation speed of the inner part of the spinneret (i.e., rotor) to 0, 10, 40, 60, and 

100 rpm, which, respectively, generated a corresponding shear rate of 0, 50, 205, 310, 

and 515 s−1. The spinneret had a gap size of 0.5 mm, and the collecting distance was 

200 mm. The PEO fibers were produced at various rotation speeds and different 

corresponding threshold voltages required for jet formation. Figure 4-10 shows that 

the voltage threshold diminished as rotation speed increased. It is evidence that jet 

initiation is easier when the polymer solution is subjected to shear, which is due to the 

in situ decreased solution viscosity. At lower viscosity, the entanglements of 

intermolecular chains become less numerous, leading to less resistance to electrical 

forces. Therefore, a weaker electric field is enough to initiate jets. Briefly, rotation 

speed greatly reduces threshold voltage. A critical voltage of 35 kV was reduced to 

below 20 kV at the lowest rotation speed tested, and down to 12 kV when rotation 

speed was 100 rpm (shear rate 515 s−1). Above 100 rpm, there was no significant change 

in critical voltage. When comparing the diameter distributions, I found that fibers 

obtained by rotating the inner part have a highly similar average diameter and 

standard deviation of diameter (Figure 8-1 in Appendices), suggesting a stable process 

that works the same way irrespective of rotation speed when the voltage threshold is 

reached.  

 

Figure 4-10 Effect of rotation speed on the threshold voltage. Spinning conditions: PEO concentration 

is 4.5 wt%, gap size is 0.5 mm, and collecting distance is 200 mm.    

4.2.1.4. Effect of gap size on fiber diameter  

As the gap size and rotation speed together can change the polymer solution's 

viscosity, I set different rotation speeds for each gap size to keep the same viscosity. 

Based on the rheology measurements, I chose the viscosity of 0.3 Pas for all the gap 
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sizes tested, which corresponds to the shear rate of 2205 s−1 (Figure 8-2 in Appendices). 

Maintaining a fixed shear rate means that different rotation speeds had to be set for 

the different gap sizes. Therefore, I used Eq. (4-11) from Section 4.2.1.1, and so the 

rotation speed for each gap size can be calculated from the following Eq. (4-16): 

][
R2

h60

1

rpm



•


=      (4-16) 

where Ω [rpm] is the rotation speed of the inner part, h [mm] is the gap size, R1 [mm] 

is the radius of the edge of the inner part, and 
•

  [s−1] is the shear rate. The gap sizes 

and rotation speeds are summarized in Table 4-3. 

Table 4-3 The rotation speed of the inner part for each gap size. 

Gap size [mm] 0.2 0.5 1.0 1.5 2.0 

Rotation speed [rpm]  

corresponding to 0.3 Pa·s viscosity 
180 440 880 1320 1760 

Figure 4-11 shows SEM images of the effect of variable gap sizes, from 0.2 to 2 mm, 

on the fiber morphology. The spinneret with a 2 mm gap produced fibers with a 37.6% 

thicker average diameter compared to the 0.2 mm gap. As shown in Figure 4-11c, the 

nanofibers with relatively uniform diameter and smooth surface were obtained with a 

gap size of 1 mm, while the diameters of fibers produced with a gap size of 0.2 mm 

and 2.0 mm both have higher deviation (Figure 4-12). Some thicker fibers were 

identified in the case of 0.2 mm. Here, although the viscosity was the same in all the 

cases, some solutions may have been squeezed out at the edge at the same flow rate 

because of higher flow resistance and the smaller capacity of the small gap orifice, 

which results in thicker fibers. In contrast, when the gap size was 2.0 mm, I identified 

some fine fibers with a diameter of less than 100 nm and some fibers showing 

contractions (Figure 4-11f). The formation of these thin fibers at a gap size of 2.0 mm 

can be explained by the high rotation speed, which generated centrifugal forces that 

probably provided additional stretching of the fibers. The formation of fibers 

containing these contractions is different from the formation of beaded fibers 

commonly formed in electrospinning. Fibers with multiple contractions were possibly 

caused by stress oscillation. Stress oscillation in larger specimens results in a ribbed 

structure of specimens. This can be seen with the naked eye when the specimens are 

subjected to specific tensile conditions. I observed a morphology at a smaller scale that 

is somewhat similar to that of these ribbed specimens.  
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Figure 4-11 SEM images of nanofibers with the same viscosity from different gap sizes: (a) 0.2 mm;  

(b) 0.5 mm; (c) 1 mm; (d) 1.5 mm; (e) 2.0 mm; (f) ultra-fine and contracted fibers. 

The average diameter increases with a gap size of 2.0 mm, compared with the gap 

size of 0.2 mm (see Figure 4-12). The smaller the open surface is, the more easily the 

jets can be pulled from the solution surface because of the higher charge density. 

 

Figure 4-12 Effect of gap size (SAC-ES) and needle diameter (N-ES) on fiber diameter. 

4.2.1.5. Effect of polymer solution concentration on fiber diameter 

To quantitatively evaluate the effect of polymer solution concentration, nanofibers 

were generated from three highly concentrated solutions with concentrations of 6.0, 

7.0, and 7.5 wt% considering the shear-thinning phenomenon in SAC-ES with a 

0.5 mm gap. The morphology of the fibers obtained by N-ES with a 0.51 mm needle 
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and fibers obtained by SAC-ES with a 0.5 mm gap, from the same above-mentioned 

solutions were also compared (Figure 8-3 in Appendices) using the same other process 

parameters (35 kV voltage, 20 cm collecting distance). The rotation speed for SAC 

electrospinning was fixed at 100 rpm (shear rate 515 s−1) in these experiments. As 

shown in Figure 4-13, the average diameter increased from 259.2 ± 43.5 to 347.0 ± 78.0 

nm with the polymer concentration increase from 6.0 to 7.5%. It has a similar tendency 

as in the case of N-ES. The viscosity of polymer solution increases with the increase of 

PEO concentration, leading to less stretched jets. For N-ES, the average fiber diameter 

was less than that of SAC-ES, as depicted in Figure 4-13. According to the results 

discussed above, one can conclude that electric field intensity around the small needle 

tip (with a diameter of 0.51 mm) is greater than that around the much larger SAC-ES 

spinneret. These results indicate that the effect of electric field intensity is stronger than 

that of rotation speed at 100 rpm (shear rate 515 s−1). 

 

Figure 4-13 Fiber diameter as a function of PEO concentration for N-ES (with a 0.51 mm needle) and 

SAC-ES (with a 0.5 mm gap). 

4.2.1.6. Comparison of fibers obtained from SAC-ES and N-ES 

To understand the effect of gap size on the nanofibers better, I compared N-ES and 

SAC-ES. The characteristic size that describes the electrode geometry is the capillary 

diameter for N-ES, while for SAC-ES, it is the gap size. As described in Section 4.1.3, 

five blunt needles with different inner diameters were used for electrospinning from a 

PEO solution under the same conditions. The results from rotation speeds given in 

Table 4-3 are presented in Figure 4-12. Fiber diameters increased in both N-ES and 

SAC-ES with the increase of the characteristic size (needle diameter and gap size, 

respectively). Increasing the gap size leads to a larger solution surface (i.e., liquid 
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meniscus) and decreased charge density. The reason for increasing fiber diameter is 

probably related to this decreased charge density in SAC-ES. But in capillary 

electrospinning, the finer nanofibers were produced due to the shear-thinning effect.  

I also compared the morphology of fibers produced by N-ES (1.32 mm, needle 

diameter) and SAC-ES (1.5 mm, gap size). Firstly, the new method with a non-rotating 

spinneret was compared to N-ES. Solution viscosity for both processes was the same. 

Additionally, I compared the rotating (1320 rpm) with the nonrotating spinneret to 

show the effect of rotation. Figure 4-14 shows the morphology of nanofibers obtained 

with the three different electrospinning processes. Fiber diameters from N-ES are more 

homogenous (Figure 4-14a). SAC-ES produced some very fine fibers and some thick 

fibers when the spinneret was not rotating, as shown in Figure 4-14b. Figure 4-9a 

shows a non-rotating spinneret—the solution was distributed unfavorably along with 

the spinneret orifice. For example, it covered the side surface of the outer metal part, 

the edge of the outer metal part, and even the top surface of the plastic inner part. 

Because there was no rotation to disperse the solution, it overflowed at the position 

close to the inlet and stuck to the side surface of the metal part, where some jets were 

formed. When the solution was on the plastic part's top surface, thick fibers were 

formed because of the large solution surface and the poor conductivity of the plastic 

part. On the other hand, the fine fibers were generated at the gap or the metal part's 

edge due to the strong electric field. When the spinneret's inner part rotated, the fiber 

diameters became more homogeneous and smaller than those of nanofibers produced 

without rotation due to the viscosity decrease induced by rotation (Figure 4-14c).   

 

Figure 4-14 SEM images of nanofibers from (a) N-ES, (b) non-rotating novel spinneret, (c) novel 

spinneret rotating at 1320 rpm. 

The fiber diameter distributions can be seen in Figure 4-15. I hypothesized that 

different spinnerets (N-ES vs SAC-ES) might lead to differences in fiber diameter 

distribution, and rotation might also be an important parameter to influence fiber 

morphology. For the statistical comparison, the χ2 test was used.  
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Figure 4-15. Fiber diameter distribution from different electrospinning processes (1.32 mm needle, and 

1.5 mm gap spinneret rotating and non-rotating). (*: p < 0.05, significant difference). 

As expected, it was found that the fiber diameter distributions from N-ES and non-

rotating SAC-ES were significantly different, as indicated by p = 5.65 × 10−9 < 0.05. The 

fibers were slightly thinner than those from N-ES when shearing deformation was 

applied to the polymer solution. In this case, p = 0.277 denotes that both methods have 

similar fiber diameter distributions. I compared the non-rotating and the rotating SAC-

ES processes and found that the fiber diameters were significantly different for the 

fibers obtained from the two different processes with a p-value much less than 0.05. 

The average fiber diameter also decreased by 16.5% when the spinneret was rotated, 

compared to the non-rotating spinneret. Therefore, I can conclude that rotation can 

positively affect the formation of fibers because it can decrease polymer solution 

viscosity and prevent the overflow of the solution during the SAC-ES process. 

Furthermore, the flow rate of SAC-ES with the small prototype was 15 mL h−1, which 

is at least 15 times higher than that of N-ES, and scaling up the current 50 mm diameter 

spinneret is easy. Besides, it was found that higher rotation speed leads to a high 

throughput process, as shown in Figure 4-16. Therefore, SAC-ES can be considered a 

potential, needleless electrospinning technique to enhance nanofiber production, 

which requires far lower voltages than other needleless techniques.  
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Figure 4-16 The effects of rotation speeds on nanofiber productivity.  

 Rod-climbing needleless electrospinning method  

Rod-climbing needleless electrospinning (RC-ES) is a novel method to pump the 

polymer solution without a pumping system. A relatively stationary and stable 

meniscus is formed during the electrospinning process. Due to the Weissenberg effect 

in non-Newtonian liquids, the polymer solution can climb along the rotating rod by 

itself. The conical tip of the rod serves to support the formation of a stationary and 

stable meniscus. The effect of meniscus shape on fiber diameter was discussed.  

4.2.2.1. Solution supply with the Weissenberg effect 

(1) Rod-climbing behavior 

Before the electrospinning experiments, I performed rod-climbing experiments 

with the 7.5 wt% PEO solution. A simple experimental setup for rod climbing involved 

a beaker and a rotating rod. The diameter of the beaker was 100 mm. Figure 4-17 shows 

that when a rotating rod with a diameter of 5 mm was inserted into the PEO solution, 

climbing height increased with the increase of rotation speed because of the normal 

stress difference during the rotation. When the rotation speed was over 1000 rpm, the 

meniscus lost its stability and collapsed, as shown in Figure 4-17e, f. If the rotation 

speed was further increased, the liquid ruptured and was thrown away from the 

rotating rod because of the high centrifugal forces.  
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Figure 4-17 Images of the meniscus taken by a high-speed camera at different rotating speeds. The rod 

with a diameter of 5 mm was placed in the center of the beaker containing a 7.5 wt% PEO solution. 

The Weissenberg effect was also tested by the rods with different diameters (e.g., 5, 

7, 10 mm), and various solution concentrations (i.e., 6.0, 7.0, 7.5 wt%), and rotation 

speed increased from 100 to 800 rpm. As shown in Figure 4-18a, climbing height (h) 

increases with the increase of rod radius at room temperature for all the samples. 

When the rod's rotation speed is constant, a larger rod radius means greater shear force 

on the polymer solution due to the larger linear velocity at the edge of the rod. It can 

provide more resistance to deformation and more pressure in the climbing direction. 

Therefore, the solution can climb higher along the rod. Figure 4-18b illustrates that 

when rotation speed increases from 100 rpm to 800 rpm, the climbing height also 

increases. It can also be explained with shear forces. The shear forces increased with 

the increase of rotation speed, and the climbing height was greater. 

The solution concentration also plays an essential role in rod climbing height 

(Figure 4-18a and b); higher concentrations can provide more stress in the climbing 

direction [173]. Mei et al. [174] observed that the shape of a high concentration solution 

was slender as it climbed when the rod with a micro-scale diameter was used. As the 

concentration of the solution was increased, the viscosity of the solution also increased 

(Table 8-4 in Appendices), and a more concentrated solution generated larger 

resistance against shearing deformation than a dilute solution. However, the results of 

experiments do not correspond with the Micro Weissenberg Effect (MWE) concerning 

concentration. When rotation speed was constant, higher concentration solutions 

always resulted in higher climbing height with a rod radius of more than 2.5 mm 

Figure 4-18a). When the radius of the rod was constant, 7.0 wt% was the optimal 

concentration for rod climbing and resulted in the greatest climbing height.  



Haijun He  Ph.D. Thesis 

70 

 

Figure 4-18 Climbing height as a function of different parameters of the Weissenberg effect: (a) the 

radius of the rod (rotation speed: 300 rpm); (b) rotation speed of the rod (rod radius: 2.5 mm). 

(2) Climbing constant 

The climbing properties can be used to characterize the rheological properties in non-

Newtonian fluids. One of the most important parameters to characterize the climbing 

process is the climbing constant β, which was also used in a perturbation study [175]. 

The operational theory of the calculation of the climbing constant was given in 1984 

by Joseph et al. [176]. They found that the shape of the droplet surface can be expressed 

by: 

h(r, Ω) = h0+h2 (r)Ω2+ O(|Ω|4)      (4-17) 

where Ω is the rotational speed [rev/s], h0 is the static climb, independent of Ω, h2(r) is 

the slope in relationship between climbing height and rotation speed, and the term of 

O (|Ω|4) can be neglected. To simplify the calculation, h2(r) in a cylindrical coordinate 

system can be calculated as (4-18) where surface tension is not considered:  

ℎ2(𝑟) =
1

𝜌𝑔
(
2𝑅4

𝑟4
𝛽 −

𝜌𝑅4

2𝑟2
)      (4-18) 

where R is the radius of the rotating rod, ρ is the density of the liquid, g is the 

gravitational constant, and β is the climbing constant.  

I found that climbing height can be determined by measuring the distance between 

the highest surface of the droplet and the original surface, as shown in Figure 4-17. 

When climbing height is measured as a function of increasing rotation speed, the slope 

h2(r) of the plot of climbing height h (r, Ω) versus rotation speed squared (Ω2) can be 

obtained for a small Ω, which can be expressed as (4-19): 

2
0

2 lim)(h


=
→ d

dh
R        (4-19) 
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When the rod is rotated under a certain rotation speed, the surface of the meniscus 

is stable, and the climbing height is measurable. Then, the value of the climbing 

constant, β, can be calculated from (4-20):  

𝛽 =
𝜌𝑅2+2𝜌𝑔ℎ2(𝑅)

4
      (4-20) 

The relationship between the climbing height and the rotation speed squared of the 

rod is shown in Figure 8-4 (in Appendices). h2(R) is obtained from the average value 

of the first-order derivatives of fitting curves when Ω2 is less than 10. To investigate 

the effect of the Weissenberg effect in electrospinning, I calculated the climbing 

constants using h2(R) obtained under different rod radii and solution concentrations 

(Table 8-5 in Appendices) according to Eq. (4-20). Figure 4-19 shows the effect of the 

climbing constant on the fiber diameter. I found that fiber diameter tended to decrease 

when the climbing constant increased. As mentioned at the beginning of this section, 

the climbing constant can be regarded as a parameter to describe the polymer 

solution's rheological properties. If we imagine the physical meaning of the climbing 

constant from its unit [g/cm], it means the polymer solution's height with a certain 

mass can be driven by the Weissenberg effect. When the solution is more viscous (e. g., 

with a higher viscosity), it can generate a slender solution column that climbs higher 

up the rod, which evidences that the climbing constant is smaller. Therefore, it is 

reasonable that a smaller climbing constant can result in thicker nanofibers, as 

presented in Figure 4-19.  

 

Figure 4-19 Correlation between the climbing constant and fiber diameter (the red open circle is an 

outlier).  
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4.2.2.2. Formation of the meniscus driven by the Weissenberg effect  

(1) The formation of the meniscus 

The climbing process and the formation of the meniscus are shown in Figure 4-20. 

Before applying high voltage, the rod was immersed in the PEO solution and rotated. 

To ensure that the polymer solution can climb up the rod tip and cover the rod tip 

entirely, I adjusted rotation speed to different values required by the different solution 

concentrations and rod radii. In this way, meniscus instability can be avoided, and the 

electrospinning process can be made stable. During rotation, the polymer solution 

climbed gradually to the conical rod tip. The formation of the meniscus is depicted in 

Figure 4-20a-f. Figure 4-20a shows the clean rod tip before the rod began to rotate. At 

the beginning (in about the first 10 s), the solution climbed from the initial shape, and 

the shape of the rod tip coated by solution was changing into a triangle, as shown in 

Figure 4-20b. As the solution climbs higher, the shape of the solution coating the tip 

becomes more convex. Finally, a stable and conical envelope with a rounded tip is 

shown in Figure 4-20f when the solution reached the rod tip. At this moment, high 

voltage was applied to the polymer solution, the envelope deformed towards the 

collector and its tip became sharper and sharper until a polymer jet was ejected from 

the vertex (Figure 4-20g), indicating that the electric force was high enough to 

overcome the surface tension of the solution and equilibrium was reached. 

Subsequently, the electrospinning process turned into a steady state, the initial jet 

ejected vertically towards the collector, and the meniscus also kept a stable conical 

geometry, as shown in Figure 4-20h. Unfortunately, the initial jet's radius after ejection 

from the meniscus vertex was too small to be captured precisely by my camera.  

 

Figure 4-20 The climbing process and meniscus formation on the tip of the rod (a-f), the starting of the 

spinning process (g), and the steady-state of the spinning process (h) 7% PEO solution, 25 kV voltage, 

2.5 mm rod diameter, 240 rpm.  
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(2)  Characterization of the shape of the meniscus  

For each sample, I captured the image of the steady meniscus. The camera recorded 

an axial symmetric geometry formed on the rod tip, which was in good agreement 

with my observation. I processed the images by MATLAB to obtain the dimensions of 

the meniscus in pixels. Afterward, I converted the pixels into millimeters and depicted 

the meniscus's shape in a cylindrical coordinate system, as shown in Figure 4-21a, b. I 

defined four parameters to characterize the shape of the meniscus as following:  

 

Figure 4-21 The principle of image processing: (a) the original optical image of the electrospinning 

process; (b) the segmented image after edge detection; (c) the meniscus edge curve of the projected 

profile; (d) the edge curve of the magnified protrusion above the inflection points.  

Inflection point (I)  

As shown in Figure 4-21c, the shape of the meniscus is composed of three zones, i.e., 

a linear zone, a concave zone, and a convex zone. The convex zone can be originated 

from the Weissenberg effect. After the voltage is applied to the solution, the meniscus 

is stretched, and the concave zone is formed. When the electrical force is sufficient to 

balance the surface tension, the polymer jet is ejected from the meniscus vertex. Thus, 

it is a linear zone. It is important to investigate the shape of the liquid surface. 

Therefore, point I1 and point I2 are defined as inflection points, which are the boundary 

between the convex zone and the concave zone, as noted in Figure 4-21d. They were 
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calculated from the fitting curve of the meniscus segment when the second derivative 

of the fitting equation was zero. Due to the symmetrical shape, point I1 and point I2 can 

be denoted as point I.  

The ratio of meniscus volume and rod tip volume (KV) 

Volume ratio (KV) is defined as (Vt-VR)/VR, where Vt is the total volume including the 

solution at the tip and the conical tip itself, and VR is the volume of the rod tip. They 

can be represented by (4-21) and (4-22):  

dhhV

lH

Mt R )(
0

2


+

=       (4-21) 

    𝑉𝑅 =
5𝜋𝑅2

3
         (4-22) 

where RM is the distance between the surface of the meniscus and the rod axis, as 

denoted in Figure 4-21c, h is the height of the meniscus, R is the radius of the rod, and 

l is the height of the rod-cone (5 mm).  

The distance between the meniscus tip and the rod tip (ΔH) 

Because of the resolution limitations of the camera and the optics, the minimum 

size which can be captured was 0.02 mm (1 pixel). And in most of the sample images, 

the meniscus' width at the highest point was about 1 pixel; there was no noticeable 

difference. Therefore, the highest point captured by the camera was defined as a jet 

initialization point. The distance between the highest point O1 and the rod tip O3 is 

termed ΔH (see Figure 4-21c), which is one of the parameters to describe the concave 

zone's shape.  

The ratio of the half-angle of the Taylor-cone to the vertex angle of the rod tip (ϕT)  

Taylor pointed out that in needle electrospinning, a thin polymer jet usually 

appears at the vertex of a conical droplet with an angle of 49.3°. It was later named 

Taylor-cone. To observe the Taylor-cone angle for rod-climbing electrospinning I had 

to record the cone angle in each experiment. In this study, the tangent lines of the 

Taylor-cone angle were defined to the meniscus body at the inflection point I and the 

axis of symmetry at point O2. The Taylor-cone half-angle was used to describe the 

Taylor-cone. It is the angle between the tangent line and the symmetry line, as shown 

in Figure 4-21d. Its tangent is the reciprocal of the first derivative at inflection point I. 

The Taylor-cone half-angle is also related to the size of the meniscus, which is 

influenced by the rod's radius. I proposed φT as a new parameter to describe the 

Taylor-cone:  
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𝜙𝑇 =
𝜃𝑇

𝑎𝑟𝑐𝑡𝑎𝑛(𝑙/𝑅)
       (4-23)  

where θT is the half-angle of the Taylor-cone, l is the height of the conical tip of the rod, 

and R is the radius of the rod. 

The ratio of the transition angle to the vertex angle of the rod tip (ϕTS) 

I introduced a new parameter, the transition angle, to quantify the slope of the 

transition from the meniscus to the jet (from the concave zone to the linear zone). It 

can be calculated by:  

𝜃𝑇𝑆 = arc 𝑡𝑎𝑛(𝐻/𝑅𝑇)     (4-24) 

where H is the height of the meniscus, and RT is the radius of the meniscus at inflection 

point I. RT is a parameter depending on the radius of the rod. To compare the results 

obtained with different rods and eliminate the influence of rod radius, a relative 

parameter, the ratio of the transition angle to the vertex angle of the rod tip (ϕTS) is 

defined by:  

𝜙𝑇𝑆 =
𝑎𝑟𝑐𝑡𝑎𝑛(𝐻/𝑅𝑇)

𝑎𝑟𝑐𝑡𝑎𝑛(𝑙/𝑅)
      (4-25) 

where l (5 mm) is the height of the rod conical tip and R is the radius of the rod.  

4.2.2.3. The relationship of the parameters of the meniscus and fiber diameter 

RC-ES is a novel electrospinning method, and the solution meniscus formed on the 

rod tip is important for the formation of nanofibers under the new method. Table 4-4 

summarizes the four parameters proposed in 4.2.2.2, which characterize the meniscus 

observed in various processing conditions.  

Table 4-4 Fiber diameter from different electrospinning parameters. 

Sample 

No. 

Parameters Results 

Concent

ration  

[%] 

Rod 

radius 

[mm] 

Voltage 

[kV] 

Rotation 

speed 

[rpm] 

Kv 

[-] 

ΔH 

[mm] 

φT 

[-] 

φTS 

[-] 

Fiber 

diameter 

[nm] 

ES-1 6 3.5 25 350 3.839 1.536 - - 444.1 

ES-2 6 3.5 35 350 1.755 2.005 1.704 1.029 409.6 

ES-3 6 3.5 45 350 3.799 1.438 - - 338.5 

ES-4 7 2.5 25 240 12.892 1.12 1.516 1.069 521.9 

ES-5 7 2.5 35 240 9.690 0.755 0.806 2.276 490.4 

ES-6 7 2.5 45 240 6.496 1.17 1.407 2.021 484.2 

ES-7 7 3.5 25 260 2.796 0.798 1.411 1.536 448.1 

ES-8 7 3.5 35 260 3.595 1.247 1.300 1.432 422.8 

ES-9 7 3.5 45 260 2.798 1.399 - - 366.4 
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ES-10 7 5 25 150 0.341 3.137 0.841 2.282 377.9 

ES-11 7 5 35 150 0.745 2.027 0.520 1.510 293.3 

ES-12 7 5 45 150 0.578 1.715 1.636 0.993 422.1 

ES-13 7.5 3.5 25 220 2.190 1.132 1.291 0.445 486.1 

ES-14 7.5 3.5 35 220 1.856 2.579 1.291 0.845 405.4 

ES-15 7.5 3.5 45 220 3.164 1.77 1.122 1.046 427.4 

The morphology of some nanofiber samples obtained with the novel 

electrospinning method can be seen in Figure 4-22. The diameters of nanofibers 

produced were obtained from SEM images and summarized in Table 4-4. Figure 4-23 

shows the fiber diameter plots as a function of different meniscus parameters; I used 

linear regression to estimate the slope. The slopes indicate how strong the effect of the 

parameters is on the fiber diameter. The results suggest that the four parameters can 

influence fiber morphology, indicating that meniscus shape can be an essential factor 

affecting nanofiber diameter.  

 

Figure 4-22 SEM images of nanofibers obtained with RC-ES: (a) ES-1, (b) ES-3, (c) ES-7, (d) ES-9, (e) ES-

10, (f) ES-14. 

Figure 4-23a reveals the correlation between the solution volume ratio climbing up 

to the rod tip and fiber diameter. Fiber diameter increased as the ratio of meniscus 

volume and rod tip volume increased. Polymer solution concentration and voltage can 

also influence fiber diameter. However, they do not disturb the tendency of the effect 

of volume on fiber diameter, indicating that volume has a stronger effect on fiber 

diameter. It is probably because a larger meniscus surface results in a smaller charge 

density. Thus, the repulsive force is insufficient to stretch the solution into a thinner 

jet from the tip.  
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Figure 4-23 The effects of meniscus parameters on the average fiber diameter: (a) the ratio of meniscus 

volume to rod tip volume, (b) the distance between the tip of the meniscus and the tip of the rod, (c) 

the ratio of the half-angle of the Taylor-cone to the vertex angle of the rod tip, (d) the ratio of the 

transition angle to the vertex angle of the rod tip (solid squares indicate measured values fitted in the 

model, open circles indicate measured outliers of the model). 

Increasing the distance between the meniscus tip and the rod tip (ΔH) reduces the 

fiber diameter, as shown in Figure 4-23b. The solution meniscus on the rod tip was 

stretched more, which resulted in thinner fibers when ΔH was larger. Besides, the 

polymer solution's stretching is mainly controlled by the opposite effects of voltage 

and concentration. To verify the above-mentioned statements, I compared the values 

of ΔH with the same voltage but different concentrations, and the same concentration 

and different voltages. I found that with the same concentration and the same rod, 

higher voltages resulted in larger values of ΔH caused by the larger electric forces. By 

contrast, with the same voltage, higher concentrations resulted in smaller values of ΔH 

due to higher solution viscosity.  

Figure 4-23c shows the effect of the Taylor-cone half-angle on the fiber diameter. 

Theoretically, the semi-vertical angle of the Taylor-cone in needle electrospinning was 

close to the calculated equilibrium value of 49.3° [31]. The Taylor-cone angle obtained 

in this study was not a constant value but a mutable parameter depending on other 
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parameters. An increase in the Taylor-cone half-angle resulted in a larger fiber 

diameter. It can be explained with the definition of Taylor-cone in this study. It is the 

angle between the vertical axis and the tangent line of inflection point I, where its 

second derivative is zero. A larger Taylor-cone half-angle means that the tangent line 

has a smaller slope. In other words, the shape of the meniscus is more convex, 

suggesting that greater stretching forces are needed to elongate the polymer solution 

into a thinner jet. Meniscus shape can be determined by rod radius, the rotation speed 

of the rod, solution concentration, and other parameters.  

The ratio of the transition angle to the rod tip's vertex angle is also a parameter that 

can be used to predict fiber diameter. It has a positive relationship with fiber diameter, 

as shown in Figure 4-23d. It is influenced by the solution concentration and voltage. 

With a higher voltage, a larger transition angle was obtained. When solution 

concentration decreased, the transition angle increased. According to the obtained 

results, RC-ES will open interesting opportunities for developing new electrospinning 

methods where the rheological properties of polymers are considered. 

4.3.  Applications of electrospun nanofibrous mats 

In this section, nanofiber mats were interleaved between 3D printed layers to 

enhance the mechanical properties of 3D printed objects. Besides, the combination of 

nanofibers and 3D printed mesh was used as a mask filter. What is more, piezoelectric 

PVDF nanofibers and PAN nanofibers were used to fabricate a breathing sensor for 

respiration monitoring.  

 Self-reinforced nanocomposites fabricated by 3D printing  

In this study, I developed 3D printed PLA composites interleaved with PLA 

nanofibers to improve the mechanical properties of 3D printed products. I 

systematically investigated the effects of the process parameters (i.e., nozzle 

temperature, bed temperature, infill density) with interlaminar shear tests and SEM. I 

also prepared different nanocomposites with different nanofiber contents. The thermal 

properties and mechanical properties of the PLA nanocomposites were studied with 

DSC, DMA, and tensile tests. 
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4.3.1.1. Morphology of nanofibers after printing 

Since the nanofibers are one of the most important elements to make 

nanocomposites, the effects of the printing parameters on their morphology were 

investigated with SEM according to the experimental design presented in Table 4-5.  

Table 4-5 Experimental design for parameters investigation 

Sample 
Nozzle temperature 

[°C] 

Bed temperature 

[°C] 

Infill density  

[%] 

NC-1A 210 60 80 

NC-1B/3A 220 60 80 

NC-1C 230 60 80 

NC-2A 220 40 100 

NC-2B 220 50 100 

NC-2C/3B 220 60 100 

NC-3C 220 60 120 

Figure 4-24a shows the structure of the nanofibers after printing on their backside. 

It is seen that there are two different stripes. The dark area is the place where the 

printed struts were located, i.e., the strut area. The lighter area is the gap between the 

adjacent printed struts. Figure 4-24b-h mainly shows the nanofiber morphology in the 

strut area with different printing parameters. The results indicate that the nanofibers 

were not melted and kept their original fiber morphology through the printing 

process. By adjusting the nozzle temperature, the nanofiber mat structure on the strut 

area had some changes (Figure 4-24b-d). There were fused junctions at the inter-fiber 

contact points indicated with pentagons due to intense heat dissipation from the 

printed struts and the printing bed. Interfacial bonding between the nanofibers and 

the printed struts was found when the nozzle temperature was more than 220 °C 

(Figure 4-24c-d), which were indicated with ellipses. However, I cannot find evident 

interfacial bonding caused by the melt in the samples printed at 210 °C, showing that 

high nozzle temperature can improve the interfacial adhesion by the low viscosity of 

the polymer melt at high temperature during the printing process.  
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Figure 4-24 SEM images of nanofibers after being printed with different parameters: (a) 

Microstructure of 3D printed nanocomposite; Morphology of nanofibers on the strut area from 

different samples: (b) NC-1A (210°C), (c) NC-1B/3A (220°C), (d) NC-1C (230 °C), (e) NC-2A (40 °C), (f) 

NC-2B (50 °C), (g) NC-2C/3B (60 °C), (h) NC-3C (120%); (i) morphology of nanofibers at the gap area 

of NC-1A. Pentagons indicate fiber fusions, Ellipses: nanofiber-strut fusions, Rectangles: voids. 

Samples of NC-2A, NC-2B, NC-2C were processed at different bed temperatures. 

The nanofiber morphology is shown in Figure 4-24e-g. When the bed temperature was 

more than 40 °C, the fused junctions and interfacial bonding were observed in Figure 

Figure 4-24f-g. In contrast, it is visible in Figure 4-24e that there existed voids between 

the nanofibers and the printed struts as marked with rectangles, suggesting poor 

adhesion. Therefore, it can be concluded that an increase in bed temperature can 

improve the adhesion. As the bed temperature increases, the printed struts have lower 

viscosity and more time to fuse with the nanofiber mat.  

I also investigated the effect of infill density between 80% and 120%. According to 

the manual, the software takes the distance between the adjacent filler lines when 

calculating density. The 100% density setting means that the distance of the lines 

equals the diameter of the nozzle. Therefore, 100% density means an infill of 
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approximately 78.5 vol%, while 120% density indicates an infill of 94 vol%. In Figure 

4-24c, g, h, the fused junctions, and interfacial bonding can also be observed for all the 

samples. It was found that at 120% infill density, the nanofibers became coiled and 

even had better interfacial adhesion and greater penetration of the strut into the mat 

(Figure 4-24f). As the infill density increases, it leads to more filament consumption 

and a closer distance between adjacent struts. Therefore, more heat is dissipated 

between the nanofibers and printed struts that improve the bonding.  

4.3.1.2. Fracture morphology analysis of the de-bonded specimens  

I prepared the specimens with different printing parameters for the interlaminar 

shear test to quantitatively evaluate the printing parameters' effects on the bonding 

strength. However, the results showed that there were only three specimens of NC-1A 

(210 °C) debonded at the overlapping section between the two notches where the 

nanofiber mat was interleaved (Figure 4-25a). For the specimens from other groups, 

they were not subjected to shear failure at the interleaving surface. Therefore, I cannot 

compare the shearing strength (bonding strength) of the nanocomposites printed with 

different parameters. But I can conclude that the bonding strength was the worst when 

the printing temperature was 210 °C. It is also in agreement with the nanofiber 

morphology shown in Figure 4-24b, where there was no evident interfacial bonding 

observed due to the low nozzle temperature. As shown in Figure 4-25a, the debonded 

surface of NC-1A was relatively smooth, and Figure 4-25b shows the microstructure 

of the nanofiber mat onto the printed layers. The nanofiber morphology can still be 

observed in the enlarged SEM image Figure 4-25d, which also presents that some 

nanofibers are suspended between the adjacent printed struts' gap with their original 

structure. However, the nanofibers on the struts were completely broken, and there 

were lots of broken fiber ends indicated with circles, as shown in Figure 4-25c. 

Furthermore, there was even no apparent melt penetration around the broken 

nanofibers. On the one hand, it is because the bonding between fibers within the 

nanofiber mat was not strong enough to bear the load force; on the other hand, it can 

confirm the strong adhesion between the nanofiber mat and the printed layer because 

there was not any nanofiber pulled-out or interfacial slippage. According to the 

obtained results, it is concluded that the printed polymer melt could not penetrate the 

nanofiber mat when the nozzle temperature was 210 °C, which deteriorated the 

bonding between the printed layers. Still, the interface bonding between the nanofiber 

mat and printed struts was strong enough.  
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Figure 4-25 The optical image of the failure surface of NC1 (a) and SEM images of local failure with 

different magnifications (b) ×30, (c) ×2000, (d) ×1000. 

4.3.1.3. Effect of the nozzle temperature 

After investigating the printing parameters on the nanofiber morphology and 

bonding adhesion, I concluded that low nozzle temperature was not beneficial to form 

stronger physical adhesion due to the poor melt penetration, and the bed temperature 

and the infill rate did not show significant effects. The samples fabricated with variable 

nozzle temperatures were analyzed with DSC to examine the effects of nozzle 

temperature on hydrogen bonding and thermal properties, respectively.  

Table 4-6 shows that nanofibers have a lower Tg and Tcc, but higher χc, compared 

with the neat PLA. The difference between the Tg and Tcc can be explained by which 

the polymer melt's solidification from the 3D printing process is considerably faster 

than that in the electrospinning process. When the cooling rate is high, the PLA 

material does not have enough time for complete crystallization since it has very slow 

crystallization kinetics. The rapid solidification rate might result in less oriented 

polymer chains, suggesting higher Tg, Tcc, and lower χc. No significant thermal 

property changes are observed in the neat PLA samples (P210, P220, P230) with 

different nozzle temperatures. They have similar Tg (~ 61.7 °C), Tcc (~ 94.9 °C), and χc 

(~ 36.3%). What is more, it is found that the nozzle temperature also did not show a 

significant influence on the thermal properties of the nanocomposites interleaved with 

nanofibers. Therefore, I concluded that the nozzle temperature did not have 

substantial effects on the printed samples' thermal properties. 
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Table 4-6 Thermal properties of nanofibers mat, as- printed samples and printed nanocomposites. 

Sample Tg Tcc ∆Hc [J/g] Tm ∆Hm [J/g] χc [%] 

NF 60.5 84.6 19.1 174.3 58.1 41.6 

P210 61.7 95.0 34.1 175.1 67.9 36.1 

P220 61.8 94.9 32.6 175.0 67.7 37.5 

P230 61.7 94.9 34.2 175.3 68.8 36.9 

NC-1A 59.7 94.0 31.3 175.1 67.6 40.7 

NC-1B 59.7 94.2 32.0 175.3 68.2 40.5 

NC-1C 59.9 94.1 32.1 175.0 68.5 40.8 

To further verify the conclusion, the cooling of the struts during the printing was 

recorded in situ with a thermal camera. Figure 4-26a shows the selected spot's 

temperature profile during the entire sample printing process (each peak means the 

nozzle passed over the selected spot once). I only evaluated the first cooling peak 

because the temperature of the first printed strut is not influenced by any neighboring 

struts. Because of the sampling time limitations of the thermal camera (the maximum 

recorded temperature was 150 °C), I needed to extrapolate the cooling process to the 

printing temperature (210 °C, 220 °C, 230 °C) with Newton’s law of cooling. Figure 

4-26b shows the model fitting results. I obtained the “a” constant of the formula, which 

determines the cooling rate and is only related to the printing environment. Because 

all the printing processes were performed at the same lab with the same printer, I 

assumed that the value of “a” should be the same for all the sample printing processes. 

Therefore, I took the average value of “a”, which was calculated from three printing 

processes with different temperatures (210 °C, 220 °C, 230 °C), into the cooling model 

for extrapolation. Figure 4-26c shows the extrapolated cooling curve from various 

printing temperatures down to 60 °C. I found that the cooling time from the different 

nozzle temperatures to the Tg (60 °C) was so close to each other. The difference was 

less than 5 ms, which might not significantly influence the crystallization process for 

PLA that has a very slow crystallization speed [177].  

Figure 4-26d shows the DSC results of nanofibers (NF), as-printed PLA (P), and 

printed nanocomposites (NC) with different nozzle temperatures. There was a Tg 

step/peak (endothermic peak) in all the DSC curves, an exothermic Tcc peak, and an 

endothermic Tm peak. The endothermic peak at Tg is related to the chain relaxation, 

named “enthalpic recovery” [178]. Compared with the neat PLA, the Tg and Tcc peak 

of the nanocomposites were both shifted a bit towards lower temperatures, as shown 

in Figure 4-26d. Besides, I observed that the χc values of nanocomposites were higher 

than those of the neat PLA specimens. With their substantial specific surface, the 
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nanofibers can act as an excellent nucleating agent leading to a higher degree of 

crystallinity via heterogeneous nucleation. It has been reported that nanofillers or 

nanodomains have such high nucleating efficiency [179]. Furthermore, the nanofiber's 

Tcc peak disappeared in the nanocomposites, and it is attributed to the heat dissipation 

from the printer bed and the deposition of the printed melt, which annealed the 

nanofibers and facilitated the crystallization. In the following section, I analyzed this 

in more detail.  

 

Figure 4-26 Effects of printing temperature: (a) The temperature versus time in the entire sample 

printing process; (b) the fitting curves with Newton’s law of cooling; (c) the extrapolated cooling 

curves after printing from nozzle temperatures to Tg of PLA (60°C). The inset shows the IR image of 

the printing process; (d) DSC curves of samples fabricated with different nozzle temperatures.  

4.3.1.4. The effect of nanofiber content 

Based on the investigation of nozzle temperature, I found that the addition of 

nanofibers to the printed PLA can enhance the degree of crystallinity of the printed 

matrix via heterogeneous nucleation. Therefore, I investigated the effects of nanofiber 

content in the nanocomposites on the degree of crystallinity, the tensile mechanical 
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properties, and thermal-mechanical properties. The printed nanocomposites with 

different nanofiber contents are shown in Figure 4-27. 

 

Figure 4-27 Photographs of the printed nanocomposites with different nanofibers contents. 

The DSC curves of PLA self-reinforced nanocomposite and neat PLA specimens are 

shown in Figure 4-28a. All the curves distinctly present cold crystallization and 

melting peaks at 94-95 °C and 175-176 °C, respectively. As compared to the χc of the 

as-printed PLA, the χc of nanocomposites was higher (Figure 4-28b). The 

nanocomposite with 6.5% NF has the highest χc value of 41%. The χc value is increased 

by around 5% in comparison with that of the neat PLA. Also, the theoretical χt was 

calculated with the rule of mixing. They were less than the values of χc. These results 

indicate that the incorporated nanofibers can act as a nucleating agent and facilitate 

the crystallization of the printed PLA melt. However, when the nanofiber content was 

further increased to 10.1 %, the crystallinity of the nanocomposite decreased to 40 %. 

The result implies that when the nanofiber content was increased to a certain extent, it 

restricted the printed melt's polymer chain motion, which slowed down the 

crystallization rate.  
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Figure 4-28 The effects of nanofiber content: (a) DSC curves of nanocomposites with different 

nanofiber content; (b) crystallinity of the nanocomposites as a function of the nanofiber content. 

Figure 4-29 shows the nanocomposites' storage modulus (E') versus temperature 

curves with different nanofiber contents. It is noted that the nanocomposite with 10.1 

% nanofiber has 10.3 % higher E' at 30 °C compared with that of the neat PLA. It is 

because that the nanofibers can bear a specific load from the matrix at a lower 

temperature with strong bonding adhesion, thus resulting in the enhancement in the 

mechanical strength of the nanocomposite.  

 

Figure 4-29 Storage modulus curves of nanocomposites with different nanofiber contents. 

Figure 4-30 presents the typical tensile curves of the nanocomposites with different 

nanofiber contents. The detailed results of their mechanical properties are summarized 

in Table 4-7. Young’s modulus of the nanocomposites increased as nanofiber content 

was increased from 2.4% to 10.1%. The results show that a nanofiber content of 10.1 

wt% results in the highest Young’s modulus (34.3% higher than that of the neat 
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specimen). The enhancement of Young’s modulus is even greater than it was reported 

in the literature for 12% carbon nanotube (CNT) reinforced PLA filament for 3D printing 

(only 21.2%)[180]. The tensile strength also tended to increase from 55.6 MPa to 64.8 

MPa when the nanofiber content was 10.1%. Furthermore, elongation increased with 

the addition of 6.5% and 10.1% NF compared with neat PLA. It is related to the reduced 

void content when nanofibers were incorporated. Though the voids between printed 

struts cannot be filled with nanofibers, nanofibers can be turned into “bridges” to 

connect adjacent printed struts and toughen the printed composites. This results in an 

increase in the elongation of the printed composites compared with neat specimens. 

 

Figure 4-30 Typical stress-strain curves of the printed nanocomposites with different nanofiber 

contents. 

Table 4-7 Tensile mechanical properties of pure PLA and PLA nanocomposites 

Sample Young’s modulus [GPa] Tensile strength [MPa] Elongation at break [%] 

Neat PLA 0.99 ± 0.21 55.6 ± 0.1 7.1 ± 0.7 

2.4 % NF 1.20 ± 0.08 58.3 ± 0.3 6.4 ± 0.3 

6.5 % NF 1.31 ± 0.07 61.2 ± 5.1 7.2 ± 1.6 

10.1 % NF 1.33 ± 0.09 64.8 ± 2.5 7.8 ± 0.2 

Figure 4-31 shows SEM images of the fracture cross-section of the printed 

nanocomposites at two magnifications. It can be observed that the nanofibers were 

embedded tightly between two printed layers without any delamination at the 

interface. Furthermore, the void was filled with nanofibers, leading to different 

fracture surface morphologies. For example, the surface at the interface was relatively 

smooth, suggesting sufficient interface adhesion between the nanofibers and the 

printed layers; however, the surface at the void was fluffy because of breaking 
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nanofiber ends, which can provide more toughness for the nanocomposites. The two 

breaking phenomena are responsible for the improvements in tensile strength and 

elongation at break, which is in an agreement with the tensile test results. Additionally, 

it is evident from the fracture surfaces that the nanofibers interleaved in the 3D printed 

structure can serve as reinforcement because of the good adhesion at the interface and 

the nanofiber “bridge” in the void. 

 

Figure 4-31 SEM images of fracture cross-sections of the nanocomposites with different nanofiber 

contents: (a) neat PLA, (b) 2.4 % NF, (c) 6.5 % NF, (d) 10.1 % NF. 
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 Nanoporous mask filter  

In this section, I proposed a simple transfer method to combine the nanofiber layer 

with a 3D printed substrate. As the printed filament and the nanofiber were made from 

identical material, the nozzle temperature is a crucial parameter to influence the 

morphology during the printing process. Therefore, I investigated the effects of nozzle 

temperature on the morphological, mechanical, optical, and filtration properties. 

Figure 4-32a presents the morphology of electrospun PLA nanofibers (see Chapter 

3.2.1.2). The average fiber diameter was 825.2 ± 80.0 nm. Figure 4-32b shows the DSC 

curve of the PLA nanofiber mat. I found that the Tg and Tm of the PLA nanofibers were 

60.5 °C and 174.3 °C, respectively. I also observed a broad peak related to cold 

crystallization at around 85 °C. To keep the nanofibers' stable properties but achieve 

proper adhesion with the printed layer, I adjusted the bed temperature to 60 °C.  

 

Figure 4-32 (a) SEM image of PLA electrospun nanofibers; (b) DSC curve of PLA electrospun 

nanofibers.  

The optical properties of all the filters (as shown in Chapter 3.4.2) printed with 

variable nozzle temperature are shown in Figure 4-33. The whitish nanofiber mat 

incorporated with the printed part was visible on the black background, as shown in 

Figure 4-33a. Compared with the reference samples without nanofibers, our university 

logo underneath the filter was a little bit blurry but visible, as shown in Figure 4-33b. 

The UV-visible spectra were measured to examine the transmittance of the printed 

nanocomposite quantitatively. The results are shown in Figure 4-33e. It is worth noting 

that the reference sample (without nanofibers) presented better optical transmittance, 

and the reference sample printed at 210 °C had the lowest transmittance amongst the 

references. 
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In comparison with the reference samples, the fabricated filters had lower 

transmittance. The reason for the lower transmittance of the printed nanocomposite 

was because the nanofiber mat was suspended between the gaps between the printed 

struts, as shown in Figure 4-33c, d, leading to light loss caused by light reflection and 

scattering on the nanofiber mat. Besides, the filters printed at 220 °C and 230 °C became 

less transparent compared with the filter printed at 210 °C. It can be explained by that 

the printed strut with a lower modulus cannot support itself to suspend through the 

gap between the struts at a higher temperature. Then the strut sagged down and 

contacted the nanofiber mat, which increased the contact area between the printed 

strut and the nanofiber mat and reduced the porosity. Therefore, the light which went 

through the nanofiber mat was less. The change in the contact area is seen in Figure 

4-33d (230 °C), in which a grid structure can be observed. This suggests that a larger 

interface was formed at higher temperatures between the nanofiber mat and the 

printed mesh. Because the nanofibers were produced from the same polymer as the 

printing filament, I supposed that the hot printed filament might melt and destroy the 

nanofibers when it contacted them. I can also observe in Figure 4-33c and 4-42d that 

nanofibers kept their original morphology in the printed filters, proving that I obtained 

the proper filter structure. 
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Figure 4-33 Optical images of the samples with different background (a) black background, (b) white 

background;(c) optical microscopic image of the filter with 210 °C; (d) optical microscope image of the 

filter with 230 °C (e) UV-vis spectra of the reference samples and filters; (f) the stress-strain curves of 

the filters with different nozzle temperatures.  

Figure 4-33f shows the typical stress-strain curves of the nanofiber filters printed 

with different nozzle temperatures. The results obtained from tensile testing were also 

listed in Table 4-8. The results show that the 3D printed nanoporous filters' tensile 

strength increases significantly as the nozzle temperature increases from 210 °C to 

220 °C. The tensile strength slightly increased when the nozzle temperature was 

increased from 220 °C to 230 °C, whereas the strain at break decreased with an increase 

in the nozzle temperature. Interestingly, it is noted that there was no significant change 
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in the strain at the break when the nozzle temperature increased from 220 °C to 230 °C. 

It indicates that the nozzle temperature is a substantial factor in influencing printed 

nanofiber filters' mechanical properties. It is because the higher nozzle temperature 

can enhance the interlayer adhesion that was also confirmed by the microscope. 

Polymer chains have more mobility and more time to form inter-diffusion between the 

two layers at higher temperatures. All the samples provided proper mechanical 

characteristics to apply them as filters; therefore, I can conclude that the limiting factor 

is the change in morphology, i.e., fiber fusion.  

Table 4-8 Main tensile properties of the 3D printed PLA filters. 

Nozzle temperature [°C] Tensile strength [MPa] Strain at break [%] 

210 51.76 ± 0.27 12.88 ± 1.97 

220 58.75 ± 3.63 7.53 ± 0.49 

230 60.18 ± 1.20 7.63 ± 1.08 

To evaluate the filtration efficiency of the nanoporous filters, I investigated their 

particle filtration properties. Figure 4-34a illustrates the filtration efficiency of the 

filters printed at different temperatures versus the various filtered particle size (which 

are also summarized in Table 8-6 in Appendices). For the particle size of 5 µm and 

above, the filters' filtration efficiency achieved more than 95 n%, except for the filter 

with 230 °C (which had a filtration efficiency of 91.78 n%). For the air itself (500-600 nm, 

Mass median aerodynamic diameter (MMAD)), Figure 4-34c shows the single-layered 

specimens filtered 79 wt%, 77 wt%, and 66 wt% respectively for 210, 220, and 230 °C 

(Table 8-7 in Appendices). That means that the filters can overperform the standard 

surgical/sanitary masks (minimum 55 wt% filtration efficiency at 700 nm MMAD 

according to the MSZ 4209 national standard). 

I also found that the filters printed with higher temperatures had lower filtration 

efficiency when the particle size was smaller than 10 µm. To understand the reason 

behind the observation, I evaluated the pore size distribution of all the filters (shown 

in Figure 4-34b). The results of the pore size indicated that the average pore diameter 

of the filters with 210 °C, 220 °C, 230 °C was 0.58, 0.62, 0.81 µm, respectively. The pore 

structure was observed between the printed struts, and the electrospinning process 

primarily determined it instead of the printing temperature. Therefore, I concluded 

that the higher filtration efficiency was resulted from the smaller pore size, not directly 

related to the printing temperature. I further tested the filtration efficiency (in both 

[n%] and [wt%]) by stacking multiple filter layers (see Table 8-8, Table 8-9, and Table 

8-10 in Appendices). The results I obtained are shown in Figure 4-34c. I found that a 

significant increase in filtration efficiency was obtained with an increase in the number 
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of layers. Especially for the filter with 230 °C, its filtration efficiency was increased 

from 66.32 wt% to 95.24 wt%. One layer performs better than a surgical mask, and two-

layered filters had a filtration efficiency of more than 80 wt%, which is the criterion for 

FFP1 respirators. 

Furthermore, when I stacked more than four layers of the filters, all of them 

achieved the filtration efficiency of FFP2 (≥94 wt%). Some of them even had a similar 

filtration performance as KN95/N95 (≥ 95 wt%). In Figure 4-34d, I can observe the 

trapped particles on the surface of the filter. The inset image shows that the printed 

filter was flexible and can be bent. 

 

Figure 4-34 Filtration efficiency measurements: (a) Filtration efficiency of nanoporous filters with 

various particle sizes, (b) Pore size distribution of nanoporous filter printed with different 

temperatures, (c) The filtration efficiency [wt%] of nanoporous filters with various stacking layers, (d) 

SEM image of the nanoporous filter after filtration. Inset is the bent single-layered filter. 

 Smart mask filter for respiration sensing  

In this section, I present a respiration monitoring triboelectric nanogenerator (RM-

TENG) with nanofibrous membranes, which can be used as a smart, changeable, self-

powered mask filter with high filtration efficiency for monitoring multiple respiratory 

indices, including respiration rate (RR), inhalation time (tin), exhalation time (tex), and 
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the ratio of tin to tex (IER) and protecting against particulates. I fabricated a breathing 

sensor based on TENGs with PAN and PVDF nanofibers. To understand the influence 

of structural parameters on the TENG, I investigated the effect of the type of the 

material, the thickness of the PVDF nanofiber layer, and the gap distance between the 

two electrification layers on the output voltage. Then, the TENG with optimized 

structure parameters was employed as a smart self-powered sensor to monitor 

respiratory conditions in different physical exercise states. 

4.3.3.1. Structure design and working mechanism 

As schematically shown in Figure 4-35a, the smart mask filter can be conveniently 

attached to a mask without contacting the wearer, and the wearer does not suffer from 

any discomfort. The mask filter has good breathability and filtration efficiency because 

it consists of two nanofibrous layers. Figure 4-35b illustrates the detailed structure of 

the RM-TENG. It includes two nanofiber mats and the conductive aluminum films as 

the electrodes; in addition, a miniature printed circuit board (PCB) was designed to 

collect and transmit the data. The entire monitoring system with the RM-TENG 

integrated into a respiratory mask is illustrated in Figure 4-35c. Figure 1d shows a 

photograph of the disassembled RM-TENG. The Al foil and the PAN nanofiber layer 

are fixed together with a washer to have close contact (Figure 8-7).  

The morphology of the PAN and PVDF nanofibers was observed by SEM, as shown 

in Figure 4-35e and h. The insets are the photos of the produced nanofiber mat from 

PAN and PVDF, respectively. Figure 4-35f and i show that PAN nanofibers have a 

smaller diameter (244.2 nm) than PVDF nanofibers (572.0 nm). I also examined their 

wettability by placing a water droplet onto them. The water contact angle on the PAN 

and PVDF NFM are 0° and 127°, respectively (Figure 4-35g and j). They have a 

nanosized surface structure, which is suitable for charge generation in TENGs. Besides, 

their good flexibility and robust mechanical properties render them suitable materials 

as breathing sensors because they can be easily actuated by breathing. In addition, 

nanofiber mats possess good breathability and filtration efficiency (the most important 

properties of a mask filter) because of their nanosized porous structure. Therefore, I 

chose electrospun nanofiber mats were chosen as filter materials and as dielectric 

materials for sensing purposes.  
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Figure 4-35. (a-b) Schematic illustration of the RM-TENG; (c) Image of a respiratory mask attached 

with RM-TENG; (d) The RM-TENG disassembled into two parts; (e) SEM image of PAN-NFM (inset is 

the photograph of the PAN-NFM); (f) The diameter distribution of PAN nanofibers; (g) Water contact 

angle on flat PAN-NFM; (h) SEM image of PVDF-NFM (inset is the photograph of the PVDF-NFM); (i) 

The diameter distribution of PVDF nanofibers; (j) Water contact angle on flat PVDF-NFM. 

The working principle and sensing mechanism of the RM-TENG are illustrated in 

Figure 4-36. The two nanofiber mats are actuated by the airflow of breathing 

periodically and contact and separate from each other, which converts the breathing 

motion into electric signals by the RM-TENG. The recorded signals are processed to 

characterize the respiration state. The breathing–electric conversion is mainly based 

on the coupling effect of contact electrification and electrostatic induction. In the 

original state, there are no charges transported between the two friction layers. During 

exhalation, the PAN-NFM is blown and gets into contact with the PVDF-NFM. Due to 

the different electron affinities of PAN and PVDF, the PAN nanofiber layer loses 

electrons and becomes positive in the contact process, while the PVDF layer gains 

electrons to generate negative charges. When the exhalation process is finished, the 
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TENG reaches an equilibrium state, where all the induced charges are neutralized, and 

there is an electric potential difference between the electrodes because all the charges 

stay at the contact surfaces. When inhalation starts, the PAN layer is sucked toward its 

original position, and the two layers begin to separate from each other. An electric 

potential difference between the two electrodes is generated, and the electrons flow 

back from the PVDF layer to the PAN layer, generating current in the opposite 

direction. When the PAN-NFM returns to its original state and separates from PVDF-

NFM, the electrons stop flowing and the TENG reaches an electrostatic equilibrium. 

Therefore, an alternating current can be generated during a breathing cycle. 

Meanwhile, the PAN-NFM also serves as a filter to capture the small aerosol particles 

from the air.  

 

Figure 4-36. Schematic illustration of the working mechanism of the RM-TENG. 

4.3.3.2. Electrical output performance  

To use the smart filter for respiration monitoring, I systematically studied the 

output performance of RM-TENGs with different structural parameters. To evaluate 

the output performance, I used a shaker with a constant frequency (250 rpm) to mimic 

the “inhalation-exhalation” process. The shaker periodically squeezed a wash bottle 

connected to the RM-TENG, as shown in Figure 8-10 in Appendices. Figure 4-37a 

shows the corresponding voltage when different materials are used as the 

tribo- positive counterpart, such as aluminum (Al), polyethylene terephthalate (PET), 

and PAN. In comparison, the voltage output of the RM-TENG had a maximum value 



Haijun He  Ph.D. Thesis 

97 

of ～30 mV when a PAN-NFM was used as the friction counterpart. Therefore, the 

PAN-NFM was selected as the friction counterpart in the RM-TENG in the following 

experiments.  

The influence of the texture of the nanofiber layer on the voltage was explored 

through voltage signal testing. The surface texture of the PVDF-NFM and the Al foil 

were characterized by atomic force microscopy (AFM), showing that the PVDF-NFM 

with different thicknesses had obvious differences in surface topology, as shown in 

Figure 8-11 and Figure 8-12 in Appendices. With the comparison of the surface 

morphology of the PVDF-NFM and the Al foil, I found that the PVDF-NFM can be 

considered planar isotropic through roughness, while the Al foil has different 

roughness in the manufacturing direction (Ra(M)=0.08 μm) and the perpendicular 

direction (Ra(P)=0.15 μm). Figure 4-37b displays the root average arithmetic roughness 

(Ra), and root mean surface roughness (Rq) of the PVDF-NFMs with different 

thicknesses. I found that Ra and Rq of the 80 min PVDF-NFM were 0.60 μm and 0.73 

μm, respectively, and the 40 min PVDF-NFM had the maximum roughness. It is 

because the collected nanofiber layer on the collector has a compactness gradient along 

with its thickness with the increase of electrospinning time. At the beginning of 

electrospinning, the nanofibers can be tightly attracted to the collector, but the 

nanofibers are not enough to fully cover the flat collector surface, resulting in 

significant height differences at different locations. With time going, more and more 

nanofibers are collected on the flat surface to achieve a uniform distribution with a 

smaller roughness. But when the electrospinning time is further increased, the 

electrical forces can be reduced due to the isolation provided by the more and more 

nanofibers on the collector, resulting in a fluffy structure on the top of the nanofiber 

layer. In this case, the fluffy structure at the surface can result in higher roughness and 

deteriorate the voltage output. 

Figure 4-37c shows the variations of the voltage output of the RM-TENG with the 

different textures of the PVDF nanofiber layer. As can be seen, the voltage generated 

by the RM-TENG increases as surface roughness decreases; it is easier to have a large 

and flat contact area when the surface of the PVDF nanofiber layer is smoother, which 

is also consistent with results published in the literature.  

During the same “inhalation-exhalation” mimicking process, I measured a series of 

voltage outputs generated with two different configurations of the PVDF and PAN 

nanofiber layers. Due to the different deformability of nanofiber mats, it is essential to 

optimize the voltage output of the RM-TENG with a different nanofiber mat as the 

deformed layer. Figure 4-37d and g show the two configurations of PAN and PVDF 
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nanofiber layers. I also recorded the deformation processes of the nanofiber layers 

using 3D digital image correction (DIC) (Figure 8-8 and Video 1 click here or scan the 

QR code). As shown in Figure 4-37e, f, and h, the center of the PAN-NFM has greater 

displacement than that of the PVDF-NFM during the deformation process. Figure 4-37i 

shows that when the PAN-NFM was used as the deformed layer, the RM-TENG 

produced a voltage output of ～60 mV, which was slightly higher than when the 

PVDF-NFM was used at a constant gap distance of 1 mm. It can be attributed to the 

larger contact areas between the two nanofiber layers, which is consistent with the 

displacement results in Figure 4-37f. 

 

Figure 4-37. (a) The voltage output of the RM-TENG with different contact materials; (b) The 

roughness parameters (Ra, Rq) of the PVDF-NFM with different thicknesses and the Al foil; (c) The 

voltage output of the RM-TENG with various PVDF nanofiber thicknesses; (d) (e) 3D deformation 

profile of 40min_PAN-NFM recorded by DIC. (f) The displacement of the center point of the nanofiber 

membranes; (g) Configuration 2: the PVDF nanofiber layer is the deformed layer; (h) 3D deformation 

profile of 80min_PVDF-NFM recorded by DIC; (i) The voltage output of the TENG with two 

configurations. 

I also investigated the effects of the gap distance between the two surfaces on the 

generated voltage. In the experiments, I chose configuration 1 (PVDF_PAN), the gap 

distance between the two layers was adjusted from 0 to 5 mm by the spacers because 

the maximum displacement of the PAN nanofiber layer is around 5 mm according to 

https://drive.google.com/file/d/1HnXezmx3up5kdRtXMOZxqWJm8_gYKaaG/view?usp=sharing
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the DIC results. Figure 4-38a and b show the 2D schematics of the contact and 

separation state of the RM-TENG with the deformation profile of the 40 min_PAN 

nanofiber layer. In the drawings, 𝑑 denotes the gap distance between the surfaces of 

the electrode layer and the nanofiber layer, 𝑟1 is the radius of the nanofiber sample 

(25 mm), ℎ0  is the maximum displacement of the nanofiber layer (5 mm). 𝑟0 

represents the radius of the contact region between the two surfaces. When gap 

distance 𝑑  is larger than the maximum displacement ℎ0  (𝑑 ≥ 5 𝑚𝑚) , 𝑟0  is zero. 

When the gap distance is zero, 𝑟0  = 𝑟1 = 25 𝑚𝑚 . Since the electrode layer and 

nanofiber layer are quite thin compared with the gap distance, their thicknesses are 

neglected in the calculations. Figure 4-38a shows the original state of the nanofiber 

layer before being blown. In Figure 4-38b, the 2D deformed profile of the nanofiber 

layer is regarded as an arched shape. The arc 𝐴CB ̂is considered as the deformed shape 

of the nanofiber layer; C is the center point with maximum displacement after the 

deformation. Therefore, the arc radius can be calculated by Eq. (4-26):  

   𝑹 = | 𝑶𝑩⃗⃗⃗⃗⃗⃗  | = (𝒓𝟎
𝟐 + 𝒉𝟎

𝟐)/𝟐𝒉𝟎        (4-26)  

The vector  𝐴1𝐵1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ denotes the position of the upper nanofiber layer. The same arc 

radius can also be calculated by Eq. (4-27) 

    𝑹 = | 𝑶𝑨𝟏
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  | = (𝒓𝟏

𝟐 + (𝒉𝟎 − 𝒅)𝟐)/𝟐(𝒉𝟎 − 𝒅)      (4-27)  

where 𝑟1 is the radius of the contacting area of the two nanofiber membranes, which 

can be derived based on Eq. (1) and (2), and expressed as Eq. (4-28):  

𝒓𝟏 = √
𝒉𝟎−𝒅

𝒉𝟎
(𝒓𝟎

𝟐 + 𝒉𝟎
𝟐) − (𝒉𝟎 − 𝒅)𝟐      (4-28) 

The effective contacting area S can be determined by the gap distance between the two 

surfaces, as shown in Eq. (4-29): 

𝑺 = 𝝅𝒓𝟏
𝟐 = 𝝅 [

𝒉𝟎−𝒅

𝒉𝟎
(𝒓𝟎

𝟐 + 𝒉𝟎
𝟐) − (𝒉𝟎 − 𝒅)𝟐]   (4-29) 

Eq. (4-29) shows that the contacting area 𝑆 depends on the gap distance between 

the two surfaces, showing a negative correlation with the gap distance.  

Figure 4-38c shows the voltage output of the RM-TENG with different gaps. The 

voltage tends to decrease with the increase of the gap distance. This is mainly because 

when the gap distance is larger, the contact region between the two nanofiber layers is 

smaller (as shown in Figure 4-38d), thus the contact area is sensitive to the gap distance. 

Figure 4-38e and f illustrate the voltage change curve of the RM-TENG with different 

contact areas. It shows that the RM-TENG is more sensitive to change in the contact 

area when the area is bigger. It is probably caused by the high specific area of the 



Haijun He  Ph.D. Thesis 

100 

nanofibers because the effective contact area includes the superficial area of the contact 

area and the specific area of the nanofibers. When the contact area is larger, there are 

more nanofibers with the high surface area there to contribute to the effective contact 

area.  

 

Figure 4-38. Schematics of (a) Separation and (b) Contact state of the RM-TENG; (c) The voltage 

output of the RM-TENG with various gap distances; (d) The effects of gap distance on the voltage 

output and the contact area; (e) Voltage output as a function of the contact area. (f) lg Voltage output 

as a function of the contact area. The red dashed lines represent the fitting curves. 

4.3.3.3. Filtration efficiency and breathability analysis 

To compare the breathability of nanofiber membranes with commercial masks, I 

measured their pressure drop (PD) at a predefined air mass flow rate (Figure 4-39a). 

Figure 4-39b shows the PD measured with an airflow velocity of 0.7 m/s. The PD 

increases with increasing nanofiber membrane thickness, suggesting that air 

permeability decreases. Besides, five commercial respirator masks (including KN95, 
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N95, and FFP2 types) were tested for comparison. PAN-NFM (40 min) shows less PD 

(797.5 Pa) compared with commercial-2 (843.9 Pa) and commercial-4 (819.2 Pa). 

However, the PAN-NFMs (80 min and 120 min) had the worst breathability with a PD 

of more than 4000 Pa, and they were not suitable as a mask filter. It is because the 

nanofiber membrane has greater area density and less porosity with a longer 

electrospinning time. Then, I measured the filtration efficiency (FE) of PAN-NFMs and 

five commercial masks with the same flow velocity used in the pressure drop tests. 

Figure 4-39c shows the FE of the PAN-NFM (40 min) reaches 99.00 wt%, which is better 

than the FE of the five commercial masks (Table 8-11 in Appendices). Figure 8-13 (in 

Appendices) shows that the nanofiber membrane still has the highest filtration 

efficiency (99.64 n%) for particle sizes between 0.3 to 0.5 µm (Table 8-12 in Appendices). 

However, I cannot successfully measure the FE of the PAN-NFMs (80 min and 120 min) 

because they were too dense to let the flow through at the required flow rate during 

the filtration test. It can also be proved with the PD results, which show the worst 

breathability. To quantitatively analyze the filter's overall filtration performance, 

considering both FE and PD, I used the quality factor (QF). It can be calculated with 

the equation below[181, 182]: 

𝑸𝑭 = −𝒍𝒏 (𝟏 − 𝑭𝑬)/𝜟𝑷      (4-30) 

where η represents filtration efficiency (wt%), and ΔP represents the PD.  

Usually, a higher QF value indicates better filtration performance of the filter [183]. 

The QF values of the nanofiber membrane and commercial masks are shown in Figure 

4-39c (also in Table 8-11 in Appendices). The PAN-NFM (40 min) shows a higher QF 

value than the five commercial masks, and it is even twice the QF of the commercial-1 

mask. The PAN-NFM (40 min) is suitable for mask filter application; its filtration 

behavior is comparable to that of the commercial face masks. 
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Figure 4-39. Pressure drop and filtration efficiency measurements: (a) Schematic illustration of 

homemade pressure drop testing setup. (b) The pressure drops of the PAN-NFMs and commercial 

masks. (c) Filtration efficiency and quality factor of the PAN-NFMs and commercial face masks.  

4.3.3.4. Respiration monitoring 

To demonstrate the capability and accuracy of the RM-TENG sensor for monitoring 

the respiratory state of a subject, I connected it to a medical ventilator that our faculty 

developed during the COVID-19 pandemic, as shown in Figure 4-40a-1. More 

importantly, a small-sized data acquisition device was used in the following studies, 

which can provide the potential to miniaturize the sensing system to fit into a mask 

vent. I 3D printed two funnel-shaped structures from PLA for the ventilator to provide 

the breathing cycles for the RM-TENG (Figure 4-40a-2). The large end was covered 

with a nanofiber mat and a hollow Al film as the electrode, and they were assembled 

by screws. They were separated by a PLA spacer with adjustable thickness, as shown 

in Figure 4-40a-3. Then, one of the smaller ends was connected to the air inlet of the 

ventilator for “exhalation”, and another end was connected to a balloon. During the 

“exhalation” process, the air from the ventilator inflated the balloon; when “exhalation” 

stopped, the inflated balloon started to recover its original shape and squeezed the air 

back to the ventilator, which was considered the “inhalation” process. To miniaturize 

the testing system, I used a portable data acquisition device (myDAQ) that uses the NI 
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LabVIEW-based software to measure and analyze the voltage signals. In the testing 

process, two 100 kΩ resistors connected the negative input and positive input to the 

analog ground to balance noise signals from the differential signal source, as shown in 

Figure 4-40b.   

The medical ventilator can adjust the most important respiratory parameters, which 

are respiratory rate (𝑅𝑅), inhalation time (𝑡𝑖𝑛), exhalation time (𝑡𝑒𝑥), and their ratio 

(𝐼𝐸𝑅). Sensing accuracy can be assessed by comparing the recorded respiratory results 

from the sensor with the input respiratory parameters of the ventilator. One of the 

respiratory cycles is magnified in Figure 4-40c. As shown in Figure 8-14, one complete 

typical breathing cycle includes a positive voltage peak and a negative voltage peak 

with the peak width around 10 ms, generated by inhalation and exhalation, 

respectively. The peak-to-peak interval between the two adjacent positive (or negative) 

peaks is the breathing cycle time (𝑡𝑐𝑦𝑐𝑙𝑒). Thus, 𝑅𝑅can be defined by:  

RR= 60/tcycle (breaths per minute)     ( 4-31) 

The time delays between the negative peak and its two adjacent positive peaks are 

defined as 𝑡𝑖𝑛and 𝑡𝑒𝑥  respectively, which can be used to calculate the 𝐼𝐸𝑅 as the 

following:  

IER= tin/tex         (4-32) 

As shown in Figure 4-40c-e, all the positive and negative voltage peaks of 

respiration are recorded. All the captured signals are clear enough to be identified in 

all the breathing processes with various respiratory states. To measure the accuracy of 

our RM-TENG, I compared the monitored 𝑅𝑅 and 𝐼𝐸𝑅  with the real-time input 

parameters of the ventilator. Figure 4-40f shows the correlation plot of monitored 𝐼𝐸𝑅 

and real-time 𝐼𝐸𝑅. The RM-TENG shows a R2 of 0.9963 with the real-time parameter, 

which indicates the monitored results have a significant linear correlation with real-

time 𝐼𝐸𝑅. The slope of the linear fitting is 0.9353, which indicates that all the monitored 

𝐼𝐸𝑅 values have a 93.53% agreement with the real-time 𝐼𝐸𝑅 values. Moreover, the 

linear fitting in Figure 4-40g shows a correlation coefficient of 𝑅2 = 1 and a fitting 

slope of 1, which demonstrates the monitored 𝑅𝑅 values are the same as real-time 𝑅𝑅 

values. This indicates that our RM-TENG measures 𝑅𝑅 and 𝐼𝐸𝑅  with excellent 

stability and accuracy (see see Figure 8-15 and Figure 8-16 in Appendices and Video 2 

click here or scan the QR code). Stability and durability are of great importance for 

practical applications; therefore, I tested the durability of the RM-TENG by comparing 

its performance with its initial performance after 40 h. Figure 4-40h shows that no 

missing peaks can be observed after 40 h, indicating adequate stability and durability. 

https://drive.google.com/file/d/1PZViDVOuWvbdoI9S3pKs1dSmwslonvKI/view?usp=sharing
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To verify the respiration monitoring capability of the RM-TENG sensor, I further 

developed an entire respiratory monitoring system, including an RM-TENG sensor, a 

microcontroller unit, a charge amplifier, a display screen, or a cellphone with 

Bluetooth (Figure 8-17 in Appendices and Video 3 click here or scan the QR code). In 

the system, the RM-TENG sensor can record the real-time respiratory signals based on 

the changes of respiratory state without any additional power source. It demonstrates 

that the entire monitoring system can be integrated into a miniaturized module and 

attached to a commercial mask as a self-powered real-time respiratory monitoring 

device.  

 

Figure 4-40 (a-1) Illustration of the respiration testing system with a ventilator. (a-2) The assembled 

sensor. (a-3) The two components of the sensor used on the ventilator. (b) Working principle of the 

signal testing system with NI myDAQ; (c) The magnified breathing cycle recorded by the RM-TENG. 

(d) Normalized voltage corresponding to various IERs; (e) Comparison of real-time IER set at the 

medical ventilator and the IER monitored by the RM-TENG, with the use of regression analysis; (f) 

Normalized voltage corresponding to different RRs; (g) Comparison of real-time RR set at the medical 

ventilator and the RR monitored by the RM-TENG with the use of regression analysis; (h) Long-term 

performance of the RM-TENG connected to the medical ventilator. 

Furthermore, to study the practical application of the RM-TENG sensor for 

respiration monitoring, I attached our RM-TENG to a commercial mask, as shown in 

Figure 4-41a. Figure 4-41b shows that it is straightforward and convenient to attach 

https://drive.google.com/file/d/11NjoAwmGsvDwLqmCiGxMeeVaA7rdFEOW/view?usp=sharing
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and change the filter without direct contact with the wearer. I used a treadmill to 

precisely adjust the pace to conduct on-body experiments (Video 4 click here or scan 

the QR code). To avoid the noise from the vibration of the wires during the exercise, I 

started recording the signal immediately after a 5-min exercise, but breathing was the 

same as during the exercise. Figure 4-41c shows the detected breathing signals after 

treadmill exercise at various speeds (i.e., from walking to fast running). Based on the 

recorded voltage curves at different speeds, I calculated the average values of 𝑅𝑅 and 

𝐼𝐸𝑅 afterward. As shown in Figure 4-41d, it demonstrated that the 𝑅𝑅 of the subject 

increased when his walking/running speed increased. And the 𝐼𝐸𝑅  increases and 

reaches around 1.0 after the exercise. At the same time, the 𝑅𝑅 was 24 BPM, and 𝐼𝐸𝑅 

was 0.69 when the subject was at rest, which is within the range of an average person. 

The measured results clearly present that the RM-TENG can monitor the wearer’s 

respiratory states with multiple respiratory indices. For the stable application during 

exercise, it would need further technology development, which is a future task and 

goal. 

 

Figure 4-41. (a) Photo of the subject walking on the treadmill with a mask attached to the RM-TENG. 

(b) The enlarged mask attached to the RM-TENG. (c) The signal waveforms recorded by the RM-

TENG after the subject walked/ran on the treadmill at various speeds. (d) The real-time RR and IER 

obtained from the RM-TENG after the subject walked/ran on the treadmill at various speeds (only 20 s 

of data recording at each test is displayed for the clear peaks and frequencies). 

 

 

https://drive.google.com/file/d/1lmMJaLp4Y7StNuM3jTZk4pRhNt7Eoe-g/view?usp=sharing
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Please scan the QR codes to watch the videos:  

 

                   

 

 

                     

 

 

 

 

 

 

Video 1 Video 2 

Video 4 Video 3 
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5. SUMMARY 

5.1. Summary of the results 

In this thesis, I analyzed the rheological behavior of PEO solution flowing through 

a needle (diameter range: 0.51-1.32 mm) during electrospinning. Based on the special 

rheological properties of the polymer solution, I developed two electrospinning 

methods and setups, namely the shear-aided corona needleless electrospinning and 

rod-climbing electrospinning. Moreover, I also fabricated some nanofiber-based 

products to show their great application potentials in nanocomposites, air filtration, 

and wearable products for healthcare. The results from the experiments have been 

summarized as follows:  

(1) When a fluid is forced through a needle in electrospinning, the molecules that 

compose the fluid generally move faster near the axis of the needle and slower near its 

wall; therefore, shear stresses are generated, which can influence the solution viscosity, 

assuming the liquid as non-Newtonian. For needle electrospinning, the needle size, 

flow rate, and flow speed are the main parameters for generating shear stresses and 

affecting the solution viscosity. The results indicated that an increase in the needle 

diameter resulted in an increase in average fiber diameter for both constant flow rate 

and velocity because of the different shear rates originating from the needle diameter. 

The viscosity of polymer material is an essential parameter in polymer processing, 

which is not only controlled by some inherent (static) factors (e.g., molecular mass and 

concentration) but can also be affected by dynamic in-situ conditions (e.g., shear rate 

and temperature). 

(2)  As mentioned before, most of the needleless electrospinning methods just 

focused on spinneret geometry design and static parameter investigation. However, 

there are few analyses of viscosity and rheological behavior during electrospinning. 

Therefore, a shear-aided needleless electrospinning method was developed to control 

the viscosity of the polymer solution during electrospinning, but the slit spinneret 

design can also help to minimize solvent evaporation. Due to the shearing deformation 

of the polymer solution caused by the relative motion between the two cylindrical 

parts of the spinneret, the viscosity of the solution can be decreased, resulting in a 

lower threshold voltage for jet initiation. When rotation speed was higher than 60 rpm 

(shear rate more than 310 s−1), electrospinning started at a relatively low voltage of 12 

kV. It has been concluded in the case of the PEO solution that the characteristic size 

(capillary diameter or gap size) affects the average fiber diameter in the same way. 

When the gap size increased from 0.2 to 2 mm, but the shear rate was the same, the 

average fiber diameter increased by 37.6%. Statistical analysis showed that the fiber 

diameter distributions produced by non-rotating SAC-ES (1.5 mm gap size) and N-ES 
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(1.32 mm needle diameter) were significantly different. When shearing was applied by 

rotation, the average fiber diameter decreased by 16.5%, which was slightly smaller 

than that of fiber produced by N-ES (needle diameter 1.32 mm). 

(3)  Viscosity is one of the essential parameters for electrospinning. High viscosity 

not only requires a large electrical force to stretch the solution into nanofibers, but it 

also needs more power to pump the solution in needle electrospinning, which always 

leads to needle clogging. Besides, the polymer solution with high viscosity is 

unsuitable with the reported needleless electrospinning because of its insufficient 

flowabilities. Therefore, another needleless electrospinning (i.e., rod-climbing 

electrospinning) was proposed to address the above-mentioned problems. Due to the 

Weissenberg effect in non-Newtonian liquids, the polymer solution can climb along 

the rotating rod by itself to fabricate nanofibers in the electrospinning process. I 

investigated the climbing constant, which is an essential rheological parameter to 

quantify the Weissenberg effect. The results showed that with an increase in the 

climbing constant, fiber diameters tended to decrease. Additionally, I characterized 

the solution meniscus on the rod tip with four defined parameters. The results showed 

that the shape of the meniscus influences the average fiber diameter. The shape of the 

meniscus can be described with the shape parameters (i.e., ϕTS, ϕT, KV, ΔH). I found that 

the larger the ϕTS, ϕT, KV shape parameters are, the thicker the fibers become while 

increasing ΔH has the opposite effect.  

(4)  Nanofibers have been widely used as reinforcements/interleaves to improve 

the mechanical properties and prevent delamination in composites due to their special 

properties, e.g., large aspect ratio, high specific surface area, and high porosity. In 

addition, the electrospun nanofiber mat can be easily placed between reinforcement 

plies during composites production, resulting in a fine distribution of nano-scaled 

fillers. Due to voids and structural weakness in 3D printed products, it is vital to 

enhance their mechanical properties. Therefore, I used a PLA nanofiber mat to 

interleave between the 3D printed PLA layers to increase the mechanical strength. The 

results showed that the nozzle temperature is a critical printing parameter among the 

investigated parameters, which was analyzed with SEM and interlaminar shear test. 

There were some voids observed between the nanofibers and printed layer in the 

sample printed at the nozzle temperature of 210 °C, which was also demonstrated with 

interlaminar shear tests. Therefore, the debonding phenomenon only happened in the 

samples fabricated at 210 °C nozzle temperature. With the incorporation of 6.5% 

nanofibers, the degree of crystallinity of the nanocomposites was improved to 41%. 

Based on the results of the mechanical properties, it showed that the nanocomposites 

had more robust mechanical properties than that of the as-printed PLA without 

nanofibers. The nanocomposite storage modulus was improved by 10.3% at 30 °C 

when the nanofiber content was 10.1%.  
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(5)  Although the electrospun nanofibers have better filtration performance in the 

nanoscale compared with melt-blown fibers, optimizing their mechanical properties is 

still a big challenge. I prepared a disposable mask filter by combining a nanofiber 

membrane with a 3D printed PLA mesh. The transparent look can help avoid the 

threatening appearance of the mask and allow lipreading for people with mutism or 

hearing impairment. The all-PLA structure enables the mask filter easy recyclability. 

Among the filters printed with different nozzle temperatures, the filter printed at 

210 °C was the most transparent one. The higher nozzle temperature can increase the 

tensile strength and decrease the breaking strain because of the better fusion between 

the adjacent layers. One layer can perform better than a classical surgical mask. 

Furthermore, the multiple layer filter can have a similar filtration performance as 

KN95/N95 and FFP2 filters.  

(6) Besides the high filtration performance, nanofibers are also alternative materials 

that can be used as a triboelectrification layer in constructing wearable triboelectric 

nanogenerators (TENGs) due to their flexibility and rough surface, increasing the 

output voltage of the TENG. It shows great potentials to be developed into self-

powered healthcare monitoring systems. In this work, I fabricated a breathing sensor 

based on the TENG with polyacrylonitrile and polyvinylidene fluoride electrospun 

nanofibers. The TENG built with the optimized structure parameters exhibited high 

filtration properties and stable voltage signals. The smart mask filters can consistently 

detect a person's respiration signals, which was proved with a ventilator with known 

input respiration parameters. On-body tests were conducted to monitor the respiration 

signals after various exercise states continuously. The detected signals showed that the 

RR and IER increased with increasing the walking/running speed of the user. 

5.2. Theses  

Thesis 1 

I proved that the diameter of the nanofibers produced via single-needle 

electrospinning can be influenced by the viscosity at the corresponding shear rate 

caused by the flow behavior in a capillary. I used the pipe flow model to calculate the 

shear rates generated in the capillaries with different diameters. I also proved that the 

relationship between the shear rate and the viscosity of the polymer solution can be 

described with a power-law method different from that of polymer melts:  

1-









+=

•
cba 

 
where η is the dynamic viscosity [Pa·s], γ̇ is the shear rate [1/s] and a, b and c are the 

fitting constants, 0.343, 0.016, and 0.760, respectively.  
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I proved this thesis with 4.5 wt% poly (ethylene oxide) solution and seven different 

capillaries in single-needle electrospinning. The capillaries with the diameter range of 

0.51 to 1.32 mm can generate shear rates with a range of 1.2–21.3 s-1, and the 

corresponding apparent viscosity can be changed from 2.8–2.2 Pa·s. In the shear rate 

and the viscosity range, the diameter of the nanofibers can be decreased from 228.3 ± 

47.6 nm to 170.5 ± 28.0 nm [P1]. 

Thesis 2 

I applied shear forces to the polymer solution in-situ to decrease its viscosity with 

a modified corona spinneret in the electrospinning process. I proved that the novel 

spinneret can not only produce multiple jets to increase productivity to 1.5 g/h (around 

10 times that of single needle electrospinning), but it also can facilitate the fabrication 

of nanofibers with a low voltage of 12 kV. I proved this thesis by analyzing the flow 

behavior of a poly (ethylene oxide) solution in the special spinneret with the Taylor-

Couette flow model and characterizing the morphology of nanofibers produced with 

the special spinneret [P2, P3].  

Thesis 3 

I invented a new electrospinning setup based on the Weissenberg effect in which a 

polymer solution can climb along a rotating rod. I proved that the new setup can not 

only self-supply the polymer solution for electrospinning without a pumping system, 

but it also can produce nanofibers from polymer solutions with high viscosity, which 

is challenging to be electrospun by needle electrospinning due to the clogging issues. 

I also proved that the diameter of the nanofibers produced by the new setup is related 

to the shape of the meniscus formed on the top of the rotating rod.  

I proved the applicability of the new setup using highly concentrated 

poly (ethylene oxide) solutions with the concentration range of 6.0% to 7.5% which are 

difficult for needle electrospinning. I used digital image processing to characterize the 

meniscus shape and measured the diameters of the nanofibers fabricated with the new 

setup with a scanning electron microscope [P4]. 

Thesis 4 

I proved that the combination of electrospinning and 3D printing with the same 

polylactic acid material can be used for the enhancement of the tensile properties of 

3D printed objects and can be used as filters for 3D printed masks. 

With the aid of a scanning electron microscope, I proved that the nanofiber mat is 

not melted or damaged during the printing process at 230 °C. With dynamic 

mechanical analysis, I showed that the storage modulus of the nanocomposite at 30 °C 

was improved by 10.3% when the nanofiber content was 10.1 wt% [P5].  
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I also proved that the nanofiber mat supported with the 3D printed mesh can still 

have better filtration efficiency (﹥95%) than FFP2 commercial masks and has a light 

transmittance of 15%. I proved my thesis by measuring the transmittance and filtration 

efficiency of the filter fabricated by the combination of electrospinning and 3D printing 

with different printing temperatures [P6].  

Thesis 5 

I developed a smart filter based on a triboelectric nanogenerator with nanofibers 

for respiration monitoring. I made the smart filter with polyacrylonitrile, and 

polyvinylidene fluoride nanofiber mats fabricated by electrospinning. I proved that 

the amplitude of the generated voltage is related to material type, the thickness of the 

nanofiber mat, and the gap distance between the two nanofiber layers. I used an atomic 

force microscope to measure the roughness of nanofiber mats with different 

thicknesses and analyzed their deformability by digital image correlation.  

I proved the ability and accuracy of the smart filter to monitor respiration with the 

same values of the detected respiration parameters and the set respiration parameters 

at a medical ventilator. I also proved the sensing applicability by measuring the real-

time respiration of a volunteer during different exercises (e.g., moving speed at 0–12 

km/h). I used a treadmill to control the moving speed of the volunteer to detect the 

different respiration parameters [P7, P14].  

5.3. Future suggestions  

Although both shear-aided and rod-climbing needleless electrospinning showed 

the potential to electrospin high viscoelastic polymer solutions, the amount of research 

on this point in my Ph.D. work is still limited. The polymer types which can be 

processed with the two electrospinning methods should be expanded. It is also 

possible to fabricate composite nanofibers loaded with nanoparticles and additives, 

especially for rod-climbing electrospinning, because the rotating rod can reduce the 

particle aggregation and facilitate homogeneous dispersion, which can provide 

nanofibers more functionalities.  

Nanofibers can be utilized in lots of application fields. Therefore, the investigation 

of the application of the nanofibers, such as in wearables, healthcare should be 

orientated. Nanofibers have great potentiality in those application fields.  
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8. APPENDICES 

Table 8-1 Summary of high throughput electrospinning methods. 

Methods Advantages Disadvantages Schematic 

Productivity 

compared with 

capillary ES 

Year Ref. 

Multi-jet electrospinning 

Modified electrical 

field methods 

More jets formed 

from a drop 

Poor quality of 

fiber membrane 

in thickness. 

unstable ES 

process; capillary 

clogging 

curved collector 

with 3 protrusions 
 2008 [67] 

shorter spinning 

distance 
 2010 [68] 

more electrodes 7-10 times 2015 [69] 

       

Multi-spinneret 

methods 

Improving of 

productivity 

Interference 

among the 

spinnerets, non-

uniform electric 

field; capillary 

clogging 

linear array 

Depending on 

the number of 

spinnerets 

2005 [70] 
square array 

ellipse array 2005 [71] 

hexagonal array 2006 [72] 

       

Auxiliary electrode 

methods 

Higher 

productivity, 

uniform electric 

field, stable jet 

motion 

Capillary 

clogging 

secondary 

electrode 

Depending on 

the number of 

spinnerets 

2009 [75] 

extra cylindrical 

electrode 
2006 [76] 

coaxial shield ring 

electrode 
2010 [77] 

auxiliary plate 

electrode 
2012 [78] 

       

Multi-hole 

methods 

Higher 

productivity, no 

capillary spinneret, 

less clogging 

Jet repulsion 

porous cylindrical 

tube 

Depending on 

the number of 

holes 

2008 [13] 

flat electrode with 

holes 
2013 [80] 

flat electrode with 

holes 
2009 [81] 

porous cylindrical 

tube 
2006 [79] 

flat electrode with 

holes 
2014 [82] 

       

Blow-assisted 

electrospinning 

methods 

Improvement of 

productivity; lower 

voltage 

Difficult 

controlling in 

spinning process 

gas flow going 

through inside of 

solution 

 
2013, 

2014 
[84] 

gas around the jets  

2009, 

2014, 

2017 

[85] 

       

Needleless electrospinning methods 
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Sharp spinneret 

needleless 

electrospinning 

Higher 

productivity; No 

repulsion among 

jets; without 

clogging; higher 

concentrated 

intensity of electric 

field 

Higher voltage, 

solvent 

evaporation, not 

continuous 

supplying 

solution, 

flat plate edge as 

spinneret 
5 times 2010 [90] 

bowl’s edge as 

spinneret 
40 time 2011 [91] 

Higher voltage, 

solvent 

evaporation 

stepped pyramid-

shaped copper 

spinneret with 

multi edges 

4 g/h (around 

100 times) 
2013 [92] 

edge covered with 

a lid to reduce 

solvent 

evaporation 

20-50 times 2016 [93, 184] 

vertical thread rod 

as a spinneret 

4.5 g/h in 

length of 50 cm 
2015 [94, 185] 

twist metal wire as 

a spinneret 
5.23 g/h 2015 [95] 

iron pillar as a 

spinneret in 

PVA/ferrofluid 

 2018 [96] 

slit spinneret  2015 [100] 

slit spinneret  2017 [98] 

slot spinnerets 

with different line 

shapes 

 2017 [99] 

   
double ring slits 

electrospinning 
 2018 [97] 

       

External force 

applied needleless 

electrospinning 

Higher 

productivity; No 

repulsion among 

jets; without 

clogging; lower 

voltage 

solvent 

evaporation; 

difficult 

controlling in 

spinning process 

using a magnetic 

field to perturb 

liquid surface 

 2004 [101] 

cone-shaped metal 

wire coils used as 

spinneret 

13 times 2009 [102] 

beaded wire 

spinneret 
 2014 [103] 

using ultrasonic to 

perturb solution 

surface 

 2006 [104] 

bubble 

electrospinning 

7 times (one 

bubble) 

2007, 

2008, 

2011, 

2012 

[108] 

utilizing a high gas 

volume fraction 

foam 

300 times 2014 [109] 

a metal cylinder as 

fiber generator 
108 g/h 2010 [111] 

cylinder with 

rounder rim, disc 
 2012 [112] 
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and ball as 

spinneret 

using a spiral coil 

as a spinneret 

9.42 g/h (a coil 

with a 

diameter of 8 

cm and a 

length of 16 

cm) 

2012 [113] 

splashing 

needleless 

electrospinning 

24-45 time 2010 [114] 

electriferous 

rotating cone as the 

spinneret 

10 g/h 2010 [115] 

using wire 

electrode as 

spinneret 

 
2012, 

2016 
[116] 

2nd NanoSpider   [115] 

needle-disk 

electrode with 

multiple point 

electrodes 

 
2016, 

2017 
[117] 

sprocket wheel  2017 [118] 

helix slice 100 g/h 2015 [120] 
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Table 8-2. Processing parameters for electrospinning 

Sample No. Concentration [wt%] Voltage [kV] Rod radius [mm] Rotation speed [rpm] 

ES-1 6.0 25 3.5 350 

ES-2 6.0 35 3.5 350 

ES-3 6.0 45 3.5 350 

ES-4 7.0 25 2.5 240 

ES-5 7.0 35 2.5 240 

ES-6 7.0 45 2.5 240 

ES-7 7.0 25 3.5 260 

ES-8 7.0 35 3.5 260 

ES-9 7.0 45 3.5 260 

ES-10 7.0 25 5.0 150 

ES-11 7.0 35 5.0 150 

ES-12 7.0 45 5.0 150 

ES-13 7.5 25 3.5 220 

ES-14 7.5 35 3.5 220 

ES-15 7.5 45 3.5 220 

 

Table 8-3 The average shear rate in pipe flow model with different gap size 

No. R1 [mm] R2 [mm] Gap szie [mm] Avergae shear rate [1/s] 

1 24.8 25.0 0.2 2.66 

2 24.5 25.0 0.5 0.43 

3 24.0 25.0 1.0 0.11 

4 23.5 25.0 1.5 0.05 

5 23.0 25.0 2.0 0.03 

 

Table 8-4. The viscosity of PEO solution with different concentrations at temperature 25 ℃. 

Concentration [wt%] 6 7 7.5 

Viscosity [Pa.s] 6.84 9.93 13.05 
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Table 8-5. The fitting parameters, climbing constants and fiber diameters (applied voltage: 25kV) of all 

the samples. 

Sample 

No. 

Rod 

radius 

[mm] 

Solution 

concentration 

[%] 

h2(a) 

[-] 

Fitting 

goodness/R2 

[-] 

Climbing 

constant 

[g/cm] 

Fiber diameter 

[nm] 

WE-1a 2.5 6.0 
0.0241 0.9281 0.3224 470.04± 36.71 

WE-1b 2.5 7.0 
0.0368 0.9361 0.4893  521.94± 113.57 

WE-1c 2.5 7.5 
0.0285 0.8634 0.3856  420.0 ± 59.70 

WE-2a 5.0 6.0 
0.0340 0.8831 0.4946  330.4 ± 62.27 

WE-2b 5.0 7.0 
0.0831 0.7812 1.1338  377.9 ± 72.85 

WE-2c 5.0 7.5 
0.0570 0.9644 0.8031  389.7 ± 52.97 

 

Table 8-6．The filtration efficiency [n%] at different particle size for single layered filter printed with 

various temperatures. 

Sample Particle size [µm] Filtration efficiency [n%] 

210 °C 

0.3 59.54 ± 8.26 

0.5 77.43 ± 5.34 

1 88.72 ± 4.19 

5 96.60 ± 1.75 

10 99.14 ± 0.62 

25 98.83 ± 1.12 

220 °C 

0.3 56.87 ± 10.04 

0.5 75.08 ± 8.80 

1 86.30 ± 7.49 

5 96.34 ± 2.43 

10 98.68 ± 0.77 

25 97.60 ± 2.96 

230°C 

0.3 42.77 ± 7.86 

0.5 62.62 ± 6.06 

1 77.85 ± 3.56 

5 91.78 ± 1.71 

10 99.28 ± 0.45 

25 99.18 ± 1.84 
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Table 8-7. Filtration efficiency of multiple layers fillers with different layers. 

Sample Number of layers [-] Filtration efficiency [wt%] 

210 °C 

1 79.12 

2 87.78 

3 92.63 

4 95.48 

5 98.22 

220 °C 

1 77.35 

2 91.80 

3 96.59 

4 93.96 

5 96.65 

230°C 

1 66.32 

2 86.82 

3 93.98 

4 95.72 

5 95.24 
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Table 8-8. The filtration efficiency [n%] at different particle size for multiple layered filters printed 

with 210 °C. 

Number of layers  Particle size [µm] Filtration efficiency [n%] 

2 

0.3 81.13 

0.5 87.00 

1 91.27 

5 96.91 

10 96.74 

25 97.46 

3 

0.3 88.00 

0.5 91.87 

1 94.83 

5 98.56 

10 99.69 

25 95.45 

4 

0.3 92.00 

0.5 94.62 

1 97.18 

5 99.60 

10 100.00 

25 100.00 

5 

0.3 95.57 

0.5 98.13 

1 99.34 

5 99.78 

10 99.84 

25 100.00 
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Table 8-9. The filtration efficiency [n%] at different particle size for multiple layered filters printed 

with 220 °C. 

Number of layers  Particle size [µm] Filtration efficiency [n%] 

2 

0.3 80.77 

0.5 91.37 

1 96.26 

5 98.93 

10 99.18 

25 100.00 

3 

0.3 91.74 

0.5 96.84 

1 98.45 

5 99.64 

10 99.51 

25 97.25 

4 

0.3 88.75 

0.5 92.96 

1 96.35 

5 98.16 

10 99.51 

25 97.09 

5 

0.3 91.48 

0.5 96.36 

1 98.57 

5 97.41 

10 92.09 

25 88.45 
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Table 8-10. The filtration efficiency [n%] at different particle size for multiple layered filters printed 

with 230 °C. 

Number of layers  Particle size [µm] Filtration efficiency [n%] 

2 

0.3 72.61 

0.5 86.01 

1 93.45 

5 97.94 

10 99.72 

25 100.00 

3 

0.3 85.24 

0.5 94.35 

1 97.83 

5 99.33 

10 99.72 

25 100.00 

4 

0.3 89.84 

0.5 96.10 

1 98.24 

5 99.65 

10 100.00 

25 100.00 

5 

0.3 90.04 

0.5 94.77 

1 97.55 

5 99.68 

10 99.34 

25 97.00 

 

Table 8-11. The filtration performance of the nanofiber membrane and commercial masks. 

Sample 
Filtration efficiency 

[wt%] 

Quality factor  

[Pa-1] 

Pressure drop 

[Pa] 

40 min PAN 99.00 0.0058  797.54  

80 min PAN - - 4102.3 

120 min PAN - - 5587.3 

Commercial mask-1 91.32 0.0036  682.46  

Commercial mask-2 96.98 0.0041  843.92  

Commercial mask-3 89.69 0.0047  486.16  
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Commercial mask-4 97.99 0.0048  819.23  

Commercial mask-5 85.3 0.0042  453.70  

 

Table 8-12. The filtration efficiency (n%) of the nanofiber membrane and commercial masks with the 

different particle sizes. 

Sample 
Filtration efficiency [n%] 

0.3µm 0.5µm 1µm 5µm 10µm 25µm 

40 min 

PAN 
99.64 99.89 99.98 100.00 100.00 100.00 

Commercial 

mask-1 
75.27 96.99 99.49 99.4 99.81 100.00 

Commercial 

mask-2 
91.17 99.33 99.84 99.94 99.78 100.00 

Commercial 

mask-3 
72.43 95.94 98.7 98.2 96.47 93.61 

Commercial 

mask-4 
93.73 99.06 99.82 100.00 100.00 100.00 

Commercial 

mask-5 
56.72 94.58 99.27 98.92 98.87 93.52 
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Figure 8-1. SEM images of electrospun fibers from 4.5 wt% PEO solution at various rotation speeds: 

(a) 0 rpm, (b) 10 rpm, (c) 40 rpm, (d) 60 rpm, (e) 100 rpm. 

 

Figure 8-2. Effect of shear rate on solution viscosity.  
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Figure 8-3. Comparison of the fiber obtained from (a) N-ES and (b) SAC electrospinning. 
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Figure 8-4. Climbing height versus the rotation speed of rod with different parameters: (a)WE-1a; 

(b)WE-1b; (c)WE-1c; (d)WE-2a; (e)WE-2b; (f)WE-2c. 

 

 

Figure 8-5. (a) Optical image of multiple jets; (b) SEM image of nanofibers; (c) nanofiber diameter 

distribution with 9% PEO solution and 150 rpm rotation speed. 

 

Figure 8-6. (a) SEM image of nanofibers and (b) nanofiber diameter distribution with 9% PEO solution 

and 90 rpm rotation speed. 

 

Figure 8-7. Illustration of the contact between the Al electrode and PAN nanofiber layer. 
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Figure 8-8. (a) Photo of the DIC test equipment, (b) the nanofiber membrane painted with black 

speckle patten before deformation, (c) 2D deformation map of nanofiber membrane recorded by the 

cameras.  

 

Figure 8-9. Image of the equipment used for filtration properties test. 
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Figure 8-10. The self-designed testing system for the optimization of structure parameters.  

 

Figure 8-11. Atomic force microscopy (AFM) analysis of PVDF nanaofiber membranes with different 

thickness. AFM images: (a) 40min_PVDF, (b) 80min_PVDF, (c) 120min_PVDF. Height distribution 

along the dotted arrows in (a-1), (b-1), (c-1).  
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Figure 8-12. Atomic force microscopy (AFM) analysis of the Al foil (the red arrow: the manufacturing 

direction; the green arrow: the perpendicular direction). 

 

Figure 8-13. The filtration efficiency (n%) of the nanofiber membrane and commercial masks. 

 

Figure 8-14. The enlarged ex/inhalation peaks in a breathing cycle. 
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Figure 8-15. The screen of the ventilator with different input values of respiratory rates. 

 

Figure 8-16. The screen of the ventilator with different input values of IER. 

 

Figure 8-17 A custom-built entire respiratory system for monitoring respiration states. 

 


