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1. Introduction  

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

called as nanofibers. Since nanofiber structure possesses high porosity and high 

specific surface area, they gained a continuously growing scientific, technological, and 

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

filtration, drug delivery, tissue engineering, and regenerative medicine, besides many 

others. They are also used as active materials in sensors or electronic equipment and 

composites. There are different technologies to produce nanofibers, such as 

polymerization against porous templates, self-assembly, melt-blowing, 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 

reduces. 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. 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. If the fiber diameter 

decreases below 300 nm, tensile strength increases notably 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 
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electrospinning process, the crystallinity within nanofibers 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. 

For instance, traditional single-capillary electrospinning, which is widely used to 

produce nanofibers in laboratories, only has productivity of 0.01-0.1 g/h. 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.  

2. Summary of the literature, objectives of the dissertation 

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 
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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. 

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 
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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. 

3. Materials, machines, and test 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).   

3.2. Electrospinning methods 

Electrospinning methods used in the current research include DC electrospinning 

with a single needle, shear-aided needleless electrospinning, and rod-climbing 

needleless electrospinning. 

3.2.1.  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.  
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Nanofiber membranes were fabricated with a single-needle electrospinning setup, 

as shown in Figure Error! No text of specified style in document.-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 Error! No text of specified style in document.-1 Single needle electrospinning process of 

nanofiber fabrication. 

3.2.2. Shear-aided needleless electrospinning  

Shear-aided needleless electrospinning is an advanced method developed from 

corona-electrospinning. 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.  

Figure 3-2a 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 

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 



Haijun He  Booklet of Ph.D. Thesis 

6 

 

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 3-2b. 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 3-2c. 

Due to the rotating part's design, the gap size (h) can be easily changed by changing 

the cap of the rotating part. Figure 3-2d 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 3-2 The shear-aided electrospinning setup with the special spinneret: (a) Schematics 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. 

3.2.3. Rod-climbing needleless electrospinning  

Rod-climbing needleless electrospinning 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.  

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 
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cylindrical container. The top part protrudes from the liquid, as shown in Figure a. 

When the rod is rotated, the melt or solution begins to climb to the rod's upper part. 

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 rod-climbing electrospinning (RC-ES), as 

illustrated in Figure b 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 c). 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 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 

d). Finally, the fibers were deposited on the collector plate continuously, which is 

shown in Figure e. 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. 
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Figure 3-3 Illustration of the Weissenberg effect and the electrospinning setup, the rod geometry, and 

the morphology of the fabricated nanofibers: (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. 

3.3. 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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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 microscopy  

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 
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temperature of the samples during the test was set to 25 °C because it was the 

approximate temperature of the electrospinning lab. 

(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). 

∆Hm, and ∆Hc are the tested melting enthalpy and cold crystallization enthalpy of 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 the three-dimensional deformation of the 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 
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reflectors, and a computer with the Mercury RT software. Before the test, the nanofiber 

membrane was sprayed with black speckle patterns on its surface to produce images 

with the highest contrast. The deformation of the surface profile 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. 

(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 nanoporous filters were analyzed by an 

aerosol particle counter (Lasair III 310C, Artisan Technology Group, USA). 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 
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the filter holder connected to the particle counter. All the tests were conducted with a 

constant airflow of 30 l/min, which is approximately the average breathing flow of 

humans in a resting position.  

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. 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).  

(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 
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The in-plane shear strength of the 3D nanocomposite fabricated by FFF was 

measured with an interlaminar shear test. The shape and dimensions of the double-

notched specimens for the interlaminar shear test were in accordance with the ASTM 

D3846-08 standard. The two notches (with a depth of 1.4 mm each) were cut on the 

printed nanocomposite with a sandwich structure. 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.  

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.  

4. Theses  

Thesis 1 

I proved that the diameter of the nanofibers produced via DC 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 different power-law method from that of polymer melts:  

1-









+=

•
cba 

 
where η is the 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 DC 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 
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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].  

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].  
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