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ABSTRACT 

Electrospinning lab-scale experimental set-up was developed for manufacturing 

polymeric nanofiber composites for acoustics and filtration applications. In this study, 

nanofiber membranes were fabricated using two types of polymer materials: 

Polyvinylpyrrolidone (PVP) and Polyvinylidene Fluoride (PVDF). The control parameters 

of the electrospinning process, including polymer concentration, voltage input, flow rate, 

needle to collector surface distance, and collector rotational speed, were studied and 

optimized using Taguchi’s experimental design methodology. The parametric study was 

performed to investigate the effect of varying the electrospinning variables on the fiber 

diameter, thickness, and weight of nanofiber membranes, respectively. Statistical models 

were developed for modeling and optimization of electrospinning parameters using 

Analysis of Variance (ANOVA), Response Surface Methodology (RSM), and Genetic 

Programming (GP). The experimental work examined and proposed in this thesis involves 

developing nanofiber membrane composites from a pure polymeric base, fillers, and layers 

for two different objectives, including low-frequency sound absorption and filtration 

applications. 

Experimental results show that polymer concentration and voltage input were the two 

most significant parameters that regulate the fiber diameter, thickness, and weight of PVP 

and PVDF fiber membranes at high significance levels greater than or equal to 95%. 

Mathematical models developed using RSM show high average accuracies greater than 

80% for the respective output responses. Empirical models developed using GP show 

higher accuracy than RSM models for all three responses generated from the 

electrospinning of PVP and PVDF fibers. The acoustic performance of the pure polymeric 

nanofiber composites with micro-scale thickness shows high sound absorption coefficient 

values close to one at different Back Cavities (BC’s) in the frequency range of 200-300Hz. 

Filler infused polymeric nanofiber composites show high coefficient values greater than 

0.9 at even reduced thickness, compared to pure polymer fiber composites, in the frequency 

range of 300-500Hz at different BC’s. Electro-spun nanofiber membranes were developed 

from PVDF polymeric base and anti-viral /bacterial fillers for filtration applications. The 

layering of these nanofiber composites with surgical masks shows better particle filtration 
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efficiency in the particulate size ranging from 0.3µm to 10.0µm with equivalent pressure 

drop level of N-95 masks.  
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Chapter 1. Introduction 

1.1 Preamble 

Over the years, nanotechnology has emerged as one of the most interesting and 

encouraging fields of science and engineering. It represents the foundation for a wide 

variety of technological advancements in different areas. Different related terminologies 

like nanofibers, nanocomposites, nanotubes, etc., are associated with nanotechnology. 

Compared to microscale particles, nanoscale particles (1-100nm) offer a wide variety of 

advantages in terms of physical and chemical properties [1]. Products and devices 

fabricated at this scale find different and unprecedented industrial applications. The 

significance of nanomaterials can be gauged by the recent sharp increase of published 

research works in this field that mainly focuses on developing unique and different methods 

for fabricating nanostructured materials [2,3]. 

Fibers having diameters less than 1000nm are known as nano-fibers. They can be 

produced by various manufacturing processes such as: phase separation, drawing, self-

assembly, electrospinning, template synthesis, etc. [4,5]. Nanofibers offer exceptional 

advantageous properties, including lightweight, high surface area to volume ratio, low 

thickness, high porosity, better aspect ratio, flexibility, etc., making them better substitutes 

for various industrial applications. Typical industrial applications involve filtration 

mediums, bone/tissue engineering, sound absorption, medical and health care, electronic 

and piezo sensors, energy generation, and energy storage [6,7]. 

The electrospinning technique, used in the fabrication of micro/nano-scaled fibers, is 

well-instituted. The electrospinning process of manufacturing fibers is carried out by 

applying electric potential using a high voltage source that stretches the extruded polymer 

strand into a thin fibrous structure. These fibers can be electro-spun from various materials, 

including polymer, ceramic, and metallic base materials [8,9]. The electrospinning process 

is governed by a set of controllable processing variables, including physical parameters: 

electric voltage, solution flow, needle to collector distance, and collector geometry as well 

as solution conditions: concentration, additives, and type of solvent. The successful 

optimization of these process control variables results in an effective electrospinning 

process to achieve application-based nanofiber-based structures [10,11]. 
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1.2 Problem Statement  

1.2.1 Need for Research Focusing in Acoustics Applications 

Noise pollution is the third-largest source of pollution in the world and has a 

detrimental effect on health, according to World Health Organization (WHO) [12,13]. The 

generation of high or low-frequency sound waves from a wide variety of sources like 

railway locomotives, transport buses, trucks, aircraft's engines, air conditioning units 

(public and residential, industrial units, heavy machinery, electronic gadgets, worship 

places, electricity transmission wires, etc. are the primary sources of noise pollution. 

Therefore, to reduce the detrimental effects of noise, an acoustic material of exceptional 

absorption behavior becomes necessary to develop for a wide variety of volume restricted 

applications [12,13].  

The noise can be attenuated by different methodologies, which include active noise 

control and passive noise control. Passive noise control is the most reliable and easy 

method compared to active noise control, including the assembly of various sensors and 

algorithms. The passive noise control method involves applying passive media, a solid 

medium prone to modifications, for energy interaction wherein the sound waves interact 

with the material. It attenuates the noise by energy conversion to heat. Different types of 

porous/fibrous materials are traditionally used as a passive medium for noise control, and 

these include conventional foams, panels, and fibrous sheets. These traditional materials 

offer better sound absorptive behavior in high-frequency zones but exhibit very low 

absorption in low and medium frequency zones. The size of the pores/fibers in these 

materials usually range in a few micrometers, but the fibers obtained from electrospinning 

have diameter sizes in nanoscale, which offers high specific area, porosity, reduced 

thickness, and moldability. The reduced size and enhanced features of nanofibers exhibit 

better sound absorption behavior in low and medium frequency zone [14,15]. 

Low-frequency noise attenuation is a significant consideration in the aircraft, 

automotive, manufacturing, and transportation industry. Moreover, low-frequency noise 

reduction is the biggest challenge encountered by these industries. The conventional foam 

or micro-fibrous materials exhibit the best acoustic performance in absorbing high-

frequency noise (more than 1000Hz) but are not capable enough to absorb the noise of 
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lower frequencies at feasible thickness. The wavelengths at lower frequencies (20-200Hz) 

reach the room dimensions that result in resonance inside the room. Consequently, it is 

harder to absorb the low-frequency noise except by using thicker absorbing materials. The 

thickness should be about the quarter of a wavelength that can go up to meters in thickness. 

Therefore, the material volume required for low-frequency noise reduction is relatively 

larger and is not viable for applications where space and cost are major considerations. In 

order to mitigate the low-frequency noise, it is essential to develop the acoustic material 

structure that overcomes the limitations of cost & thickness and offers better sound 

absorption performance.  

1.2.2 Need for Research Focusing in Filtration Applications 

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2/COVID-19) has 

been recently articulated as a global pandemic in March-2020 by World Health 

Organization (WHO). The novel SARS-CoV-2/COVID-19 virus has reported average size 

of 100nm with a mean aerosol size ≤ of 100nm  [16]. When fused with a virus, particulates 

from contaminated human body discharge (nasal droplets/saliva) make it airborne.  

Filtration test standards have not been developed to trap such viruses. The test standards 

established by the National Institute for Occupational Safety (NIOSH) are limited to the 

aerosol size of 300nm, wherein the conventional fiber-based masks like N95 and N99 are 

standardized for respective particle size protection at 95% and 99% efficiency at nominal 

pressure drops of 350Pa (approx.) [17]. The carrier virus/bacteria or any pollutant aerosol 

can transform itself into floaty particles, mists, extremely thin or thick droplets, and mixed 

surrounding particulate of any shape and size. The aerosols generated from various 

pollutants like fuel emissions bear a typical standard size of 10-100nm. These pollutant 

aerosols can also enter the bloodstream through different organ passages and badly affect 

our nervous system, leading to severe brain damage [18]. The prevention against nano-

scale virus/bacteria through the application of face masks also applies to these pollutant 

aerosols originating from fuel emissions, industrial units, and factories. The filtration 

medium composed of non-woven materials is considered the most favorable media for face 

protection and other industrial filtration-based protection. The traditional microfiber-based 

non-woven filters are limited to several micrometers of fiber diameter size (10-15μm). 
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Therefore, the filters composed of nanofibers manufactured using the electrospinning 

process could offer promising protection against nano-aerosols due to associated nanoscale 

diametric size and porosity of electro-spun fibers (100-600nm).  

Protection against the novel coronavirus, other viruses/bacteria, and pollutants is one 

of the major challenges faced by medical professionals, front-line workers, industrial 

engineers, and the general public. The conventional face mask protection protects us from 

micro-sized particulates and aerosol but limits itself to nano-scale viruses or pollutants. 

The best-known NIOSH standardized mask prevents the aerosols of 300nm with 95-99% 

filtration efficiency with a pressure drop less than equal to 344Pa at 8LPM airflow. These 

masks are well suited for various industrial-grade pollutants and several viral or bacterial 

infections to date. These high-grade masks (N-95) were very limited during the pandemic 

and are currently provided only to medical professionals. On the other hand, the surgical 

face masks are economical and readily available masks with a very low-pressure drop of 

200Pa (at 8LPM airflow) due to thick micro-scale fibers and a large air gap. Breathability 

or pressure drop is one of the significant considerations in mask selection. The mask with 

dense layers of fibers provides breathing discomfort and hypoxia (caused due to lack of 

oxygen supply to body parts). 

1.3 Motivation 

Electro-spun nanofibers offer alternate technological solutions by their unique 

properties such as the high surface area to volume ratio, high porosity, lower thickness, 

high tortuosity, flexibility, and lightweight.  

These properties are an essential factor for improvement in the sound absorption 

performance of acoustic materials. The sound waves interact with the material's structures, 

and energy transfer takes place between them. The interaction between the sound waves 

and the nano-sized fiber-loaded membrane is higher because of the large surface area 

exposed in a given volume. In this context, these membranes can help minimize the 

thickness and maximize the absorption of low-frequency noise. The thermal, mechanical, 

and acoustic properties of these membranes can be modified using different types of fillers. 

Different combinations of nanofiber membranes were layered together to enhance the low-
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frequency absorption. The layering arrangements include the following; single membranes 

made from pure polymers, a single membrane made from filler addition, multi-layering of 

the single material-based membrane, multi-layering of two material-based membranes, 

multi-layering of filler-based membranes, membrane layering on different conventional 

materials. 

On the other hand, electro-spun nanofibers possess lower weight, lower thickness, 

nano-scale fiber diameters, and air gap dimensions which is significantly important in 

providing protection against nano-sized aerosols with pressure drop compared to 

conventional N-95’s.  

Prevention against aerosols of size less than 300nm (average) can be provided with 

multiple layers of microfibers or thick layers of nanofibers, but the breathability should not 

be compromised. The filtration medium developed from electro-spun nanofibers was 

characterized by analyzing the morphological attributes (fiber diameter and distribution), 

air gaps, specific weight, and pressure drop measurements. The filtration test set-up 

measurements were validated with the conventional N-95 masks available in the market. 

The single layer of electro-spun fibers was fabricated at different concentrations, different 

electrospinning times, various anti-viral/anti-bacterial fillers, and membrane layering on 

surgical masks to achieve pressure drop level comparable to medical-grade N-95 masks 

(currently used in SARS-CoV-2/COVID-19 emergency ward by front-liners). 

1.4 Thesis Objectives 

The purpose of the experimental study in this thesis is to develop nanofiber-based 

electro-spun composites for various industrial applications utilizing the electrospinning 

process. The developed nanofiber membrane composites produced from the different 

polymeric bases, fillers, and layers are used for specific industrial applications, including 

low-frequency sound absorption and filtration. The experimental work, proposed and 

studied in detail in this study, is divided into two different categories; 

a) Developing technologies for manufacturing sound absorptive nanofiber 

membranes and their composites by implementing the electrospinning 

process.  
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The strategy includes the production of pristine polymeric fiber membranes and the 

inclusion of micro/nano-sized fillers like FG, FS, MWCNTs, GN, and MC on pure 

polymeric fiber structures in varying concentrations to study its effect on the acoustic 

performance of nanocomposites. The acoustic ready nanocomposites were developed 

in the following arrangements, PVP-based multi-layering combinations, PVDF-based 

multi-layering combinations, PVP-PVDF-based multi-layering combinations, PVP-

Filler based multi-layering combinations, and PVDF-Filler based multi-layering 

combinations. The acoustic performance of these arrangements was investigated to 

study the effect of varying material composition on low-frequency sound absorption. 

b) Developing technologies for manufacturing filtration nanofiber membranes 

and their composites by implementing the electrospinning process.  

The strategy includes the production of pristine polymeric fiber membranes and the 

addition of micro/nano-sized fillers like MWCNTs, GN, TiO2, and CuNP on pure 

polymeric fiber structures to study its effect on the filtration property (pressure drop) 

of nanofiber composites. The study involves the development of a pressure drop 

measurement system to study the effect of varying pure polymer concentration, varying 

filler material, electrospinning time, and electros-pun membrane layering on filtration 

characteristics of nanofiber composites. 

1.5 Thesis Methodology 

The development of smart nanofiber material structures for different industrial 

applications was carried out using various polymeric and nano/micro filler materials. The 

sound-absorbing nanofiber membranes were fabricated using two polymeric materials: 

PVP and PVDF. The polymers were dissolved in a suitable solvent (ethanol for PVP 

solution and DMF for PVDF solution) by continuous stirring at an elevated temperature of 

60°C to 75°C for 4-6 hours, followed by electrospinning. Five electrospinning control 

parameters were varied at different levels to optimize the corresponding fiber diameter, 

thickness, and weight measurements of nanofiber membrane. The sound absorption 

performance of the resulting nanofibers was investigated for different combinations of 

polymer nanofiber membranes at different back cavities. The thermal, mechanical, and 

morphological characterization of the samples was carried out using Thermogravimetric 
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Analyzer (TGA), Differential Scanning Calorimetry (DSC), and Dynamic Mechanical 

Analyzer (DMA), Digital Microscope (DM), and Scanning Electron Microscope (SEM). 

The acoustic characterization was carried out on circular-cut samples of 10cm diameter in 

an impedance tube using the transfer function method. 

The PVDF nanofiber-based filtration composites were manufactured utilizing the 

methodology described above. The parametric study was also carried out using statistical 

tools for optimizing the electrospinning parameters to achieve minimum fiber diameter. 

The smooth, homogenous, and thin nanofibers were manufactured using these optimum 

values. Furthermore, the nanofiber composites were fabricated by adding various fillers 

like MWCNTs, GN, TiO2, and CuNPs. The pressure drop measuring apparatus was 

assembled and validated with the pressure drop measurements of known conventional 

masks. The breathability characterization of nanofiber composites was carried out in the 

following patterns: a) Pure polymer nanofiber membrane with different fiber diameter and 

distribution, b) Filler modified membranes, c) Different electrospinning timed membrane, 

and d) Membrane layering on surgical grade masks. The filtration test was designed to 

achieve the breathability (pressure drop) level of medical grade N-95 masks with nanofiber 

infusion. These thin nano-fibrous membranes were produced at different fiber diameter 

sizes and distribution (by varying concentration), different electrospinning times, different 

filler materials, and different layering patterns with conventional surgical masks to achieve 

an N-95 level of protection and breathability.  

The experimental study deals with nanofiber mat manufacturing using an 

electrospinning process from different polymer materials for sound absorption and 

filtration-based industrial applications. The morphological characterization of these 

electro-spun nanofiber membranes was carried out utilizing SEM and DM. The SEM and 

DM micrographs were further used in statistical analysis of the electro-spun nanofiber 

structures to optimize the average fiber diameter with its distribution, average thickness, 

and weight. The electrospinning process parametric modeling and optimization was carried 

out using the statistical study of Taguchi’s design, Analysis of Variance (ANOVA), 

Response Surface Methodology (RSM), and Genetic Programming (GP). The nanofiber 

membranes were further modified with different types of nano/micro filler materials to 
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study the effect on absorption coefficient and pressure drop. The thermal and mechanical 

characterization of the samples was carried out using TGA, DSC, and DMA. The acoustic 

characterization of the nanofiber membrane composites was investigated at different back 

cavities using impedance tube on various sample combinations, including; single 

membrane (with and without filler), multi-layering combinations (with and without fillers), 

and membrane layering with conventional material. The filtration performance of the 

nanofiber composites was performed on a laboratory scale pressure drop measurement set-

up. The fiber diameter, air gap, thickness, and pressure drop of the filter media were 

characterized using SEM, DM, Differential Pressure Measurement setup. The filtration 

characterization was carried out on various nanofibers-based samples such as single 

membrane (with and without filler), conventional masks pressure drop validation, 

membrane layering on traditional medical masks, and different electro-spin timed samples 

to reach pressure drop of N-95 but with thin nanofibers. 

1.6 Targeted Main Contributions of the Thesis 

The envisioned main contributions of the research work presented in this thesis can be 

outlined as follows: 

❑ Development of statistical models for evaluating effects of five electrospinning 

process parameters on production of PVP and PVDF nanofiber membranes 

utilizing ANOVA, RSM, and GP. 

❑ Development of multi-layered pure polymeric nanofiber-based composites in 

various combinations/patterns including different materials to enhance low 

frequency sound absorption with the incorporation of three different back cavities. 

❑ Development of multi-layered filler based polymeric nanofiber-based composites 

in various combinations/patterns including different materials to enhance low 

frequency sound absorption with the incorporation of three different back cavities. 

❑ Development of thin and lightweight nanofiber-based filtration mediums in several 

configurations to achieve pressure drop barrier level of medical grade N-95 masks 

(344Pa approx.). The developed filter materials were configured in several patterns: 

single electros-pun layer with pure polymer and anti-viral/bacterial filler induced 

membranes, varying electro-spun timed membranes, and electro-spun membrane 
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layering on conventional masks to improve filtration characteristics in terms of 

fiber size and pressure drop barrier level. 

1.7 Thesis Outline 

Chapter one introduces the basics of nanofibers, nanotechnology, the electrospinning 

process, and its applications, low-frequency problem statement, nanofibers as a solution, 

conventional surgical mask and its limitations, and nanofiber membrane filtration potential. 

Further, thesis motivation, objective, methodology, targeted main contributions, and 

outline is also described in this chapter. 

Chapter two provides the theoretical background and a thorough review of the 

nanotechnological advancements, nanofibers, different nanofiber manufacturing 

technologies, electrospinning process, the effect of electrospinning control parameters on 

the production of nanofibers, and various electrospinning techniques. In addition, a detailed 

study on noise control fundamentals, low-frequency problems, sound absorption and 

reflection coefficient measurement method, filtration mechanism, conventional mask 

filtration standard limitations, energy wastage, and its harvesting is presented in this 

chapter. A review of the previous research studies undertaken in the past concerning 

nanofibers as the sound absorptive material medium and filtration media membranes are 

also presented in this chapter. The chapter concludes with a summary of the literature 

survey conducted, limitations of the traditional manufacturing techniques, and 

experimental research requirements. 

Chapter three provides the detailed explanation of the experimental technique used in 

this work to develop nanofiber membranes for different industrial applications with the 

description of the characterization techniques. The experimental methodologies include; 

material type and properties, electrospinning set-up used in nanofiber manufacturing, 

instruments and mechanisms used for material characterization (thermal, mechanical, 

morphological, acoustic, filtration, piezoelectric), and pressure drop measurement set-up. 

The effect of electrospinning parameters on the production of PVP and PVDF fibers by 

utilizing statistical analysis tools (Taguchi’s design, ANOVA, RSM, and GP) is 

investigated in this chapter. The effect of controlling processing variables of the 
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electrospinning process on the morphological attributes of the produced nanofibers, 

associated fiber diameter, thickness, and weight (output responses) are also presented in 

this chapter. The statistical and modeling study of five chosen electrospinning parameters 

explains the significance of each processing variable involved in regulating the output 

response of different fiber materials.  

Chapter four describes the acoustic performances of pure polymeric nanofiber 

membranes and their composites manufactured by different layering arrangements. The 

acoustic characterization of nanocomposites carried out at different back cavities is 

presented in this chapter in the following manner; effect of single nanofiber membrane 

layer (pristine polymer), multi-layering of PVP-based membranes, multi-layering of PVDF 

based membranes, and multi-layering of PVP-PVDF based membranes. The multi-layered 

composites were stacked in the following order in this study; two layers, four layers, eight 

layers, sixteen layers, and twenty layers. In addition, the acoustic performances of five 

filler-based polymeric nanofiber membranes and their composites manufactured by 

different layering arrangements are described here. The acoustic characterization of 

nanocomposites carried out at different back cavities is presented in this chapter in the 

following manner: effect of two, three, and four filler-based fiber membrane layers 

(progressive layering of CNT, GN, FS, FG, and MC in three varying concentrations), multi-

layering of PVP-Filler based membranes, and multi-layering of PVDF-Filler based 

membranes. The multi-layered filler composites were stacked in the following order in this 

study; seven layers, ten layers, thirteen layers, and sixteen progressive layers from each 

filler configuration. 

Chapter five investigates the filtration characteristics (fiber diameter size, distribution, 

basis weight, and pressure drop) of the nanofiber-based electro-spun layers. The filtration 

performance of the pure polymer-based nanofiber layer with varying fiber diameter, filler 

infused polymeric nanofiber membrane, different electro-spun timed membrane, and 

layered nanofiber membrane on surgical masks is presented in this section. 

Chapter six provides a summary of the experimental investigations carried out in this 

work. The chapter is finally concluded with the significant research contributions of the 

study followed by recommendations for future research work. 
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Chapter 2. Theoretical Background and Literature Review 

2.1 Nanotechnology and Nanofibers 

Nano-technology is the term derived from the word Nano and technology where the 

Greek word “Nano “means “dwarf,” and the study of small/dwarf particles is known as 

Nano-technology. The study of tiny particles applies to science and technology, including 

physics, materials sciences, chemistry, engineering, and biology. Nanotechnology is the 

study that regulates or handles the particulate matter of size that varies from 1 to 100 

nanometers, and it also elucidates the quantum realm scale and its effects [7,19,20]. 

Nanomaterials encapsulate an extensive range of materials, metallic, ceramic, polymeric, 

etc., that possess exceptional thermal, physical, mechanical, and chemical properties. The 

material with these outstanding properties includes nano-particles, nano-rods, nano-sheets, 

nano-wires, nano-tubes, and nanofibers. Among all other nanomaterials, Nanofibers are 

considered one of the most exceptional and robust candidates for various advanced 

industrial applications [3,21].  

Polymeric fibers produced from different technologies like drawing or spinning result 

in fiber diameter sizes ranging from 10-100μm, commonly known as microfibers. On the 

other hand, polymeric fibers with a diameter ranging less than 1μm are known as 

nanofibers. Nanofibers are one-dimensional nano-sized materials with outstanding 

properties for a wide range of industrial applications such as filtration, energy generation, 

energy storage, medical treatment, water treatment, sound absorption, biomedical research, 

and electronics. The nanofiber diametric range from several hundred to thousands of 

nanometers offers several properties like the high surface area to volume ratio, lower 

weight, flexibility, tortuosity, better porosity, added surface functions, and lower thickness 

compared with traditional fibers. Nanotechnology in nanofiber manufacturing has emerged 

as the most prominent technology that permits a broad spectrum of materials polymeric 

materials, natural fibers, composite materials, carbon-based material, clays, etc., spun in 

the form of nanofibers. Polymeric nanofibers, membranes, mats, and applications have 

recently gained significant attention in several technical research and scientific 

developments in the past several years [22–24]. 
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2.2 Nanofiber Fabrication Techniques 

Several processing methods currently in use for the manufacturing of nanofibers 

include nanofiber drawing, template-assisted synthesis, phase separation, nanofiber/ 

nanostructure self-assembly, and electrospinning. The synthesis techniques are also 

associated with various drawbacks or issues in processing method or fiber structure like 

non-continuity in fiber length or dimeter, higher fiber production time, low fiber density or 

collection, fibers with bead defects, etc. A comprehensive review provides the discussion 

of these methods in detail with the associated drawbacks. 

2.2.1 Drawing Technique 

The process of nanofiber drawing is often referred to as the dry spinning process 

carried out at the molecular level. The drawing methodology is limited to viscoelastic 

polymeric materials that experience extreme buckling or shape deformations with 

sufficient cohesive force to handle stresses generated during fiber pulling.  Ondarcuhu et 

al. [25] and Ramakrishna et al. [26] described the production of fibers using a micropipette 

dipped in a sodium citrate solution and chloroauric acid by the drawing process. As shown 

in Figure 2.1, the pipette was submerged in the material solution droplet on the contact line 

by a micromanipulator. Then it was pulled out from the droplet at an approximate speed of 

1x10-4m/s. The fibers were stretched from the liquid and accumulated with the pipette 

surface contact. The viscosity of the material and the evaporation of the solvent play an 

essential role in regulating the fiber diameter value and the continuous drawing of the 

fibers. The nanofiber drawing process is a laboratory-scale easy process that includes few 

components like the material solution, micro-pipette, and SiO2 base. Still, it limits itself to 

fiber production one at a time [25].  

 

Figure 2.1: Nanofiber drawing process (Step-wise methodology) [26]. 
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2.2.2 Self-Assembly Technique 

The process of self-assembly is the reflexive autonomous arrangement of nano-scale 

components into different structures. Guodong et al. [27] described self-assembly as the 

process of building up the nanoscale fibers in specific arrangements or blocks with small 

nano-sized components or fillers such as nano-particles. These particles were arranged in 

an orderly fashion to build various structures such as monolayers, tubes, and honey comb 

structures. Ramakrishna et al. [26] explained the self-assembly process from the study of 

Hartgerink et al. [28] through an easy schematic shown in Figure 2.2, where the small 

nanoscale particle was arranged concentrically with bonding in a similar pattern. The 

pattern normal to the plane in longitudinal direction formed a cylindrical shape with an 

arranged cluster of nanofibers. According to their studies, the intermolecular force of 

attraction is an essential factor in bonding the nanoparticles together, which controls the 

nanofiber assembly's overall shape. The self-assembly process is a laboratory-scale 

complex method that involves the exquisite requirement of standard laboratory instruments 

and is limited to concrete polymeric materials. The theory of self-assembly technique has 

been used progressively in various disciplines and areas [29].  

 

Figure 2.2: Self-assembly process and nanofiber arrangement [26]. 

2.2.3 Template-Based Synthesis Technique 

The template-assisted method fabricates nanofibers from very few fixed or particular 

materials through nano-scale pores of porous membranes. The membranes have uniform 

diametric pores of the cylindrical structure, and these pores extend to the uniform depth 

ranging from 5-50 millimeters.  The cylindrical shape of the pores produces nano-

cylindrical structures of preferred materials. The template technique produces the nano-

fibrils and nano-tubular structures of metallic, polymeric, and carbon compounds.  

Ramakrishna et al. [26] defined template-based synthesis as the process that molds the 
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material in desired nano-structural shape by a template holding nano-pores [Figure 2.3]. 

The synthesis of PAN nanofibers involved using an anodic aluminum oxide template with 

an array of 13mm diameter and 60µm thickness channels by Feng et al. [30]. The polymeric 

solution of PAN extrusion through the template under pressure resulted in an aligned nano-

fibrous structure of different pore sizes. Figure 2.4 (a) shows the SEM representation of an 

anodic aluminum oxide template with a structured arrangement of pores in a hexagonal 

pattern of 102.4nm pore diameter and 6.43x103 pores/cm2. As shown in Figure 2.4 (b), the 

solidified nanofibers, after extruding out from the template, mimicked the aligned pattern 

and reached the diameter value of 104.6nm close to the template pore size. The approach 

resulted in an aligned 10.7µm long nanofiber surface with air present in between pores 

which was evident in the cross-sectional SEM in Figure 2.4 (c). The template-assisted 

methodology is a laboratory-scale simple process that involves standard laboratory 

supplies and instruments. It can regulate the fiber diameter of the produced structures by 

utilizing different size templates and is limited to quite a few polymeric materials [31]. 

 

Figure 2.3: Template-assisted Nanofiber synthesis [26]. 

 

Figure 2.4: (a) SEM of anodic aluminum template structure, (b) Nano-fibrous surface, 

and (c) Cross-sectional appearance of nanofibers. Rep. with permission [30]. 
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some non-miscible solvent or reducing the temperature of the solution. The porous 

structures are produced by quenching the polymer-solvent mixture below the solvent 

freezing range [32].  Peter X et al. [33] provided a detailed study on a five-step nanofiber 

synthesis process from PLLA - poly (L-lactic) acid. In the study, the first step involved 

polymer dissolution, where PLLA was added in THF – Tetrahydrofuran in 1 – 15% w/v by 

continuous stirring at 60°C for 2 hours. The second step was gelation, where the as-

prepared solution (2ml at 50°C) was poured on Teflon and then was cooled to -18 to 45°C 

- Gelation temperature for 2 hours. The third step of solvent extraction was carried out for 

two days by immersing the gel in the distilled water, which was changed at least three times 

per day. The fourth step involved the freezing of gel at -18°C for 2 hours after removing it 

from water. The final step involved the freezing and drying of as-prepared frozen gel at -

55° in a vacuum for seven days. The complete process is explained by the schematic shown 

in Figure 2.5 provided by Ramakrishna et al. [26]. The phase separation laboratory-scale 

method is simple and involves standard laboratory instruments and freezing dryer and 

refrigerator, but the process is limited to a discrete material range.  

 

Figure 2.5: Schematics of nanofiber synthesis from phase separation technique [26]. 
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electrostatic spinning, and its fundamental roots date back to the early ’90s. The first 

observed phenomenon of electrostatic attraction of a liquid substance was dated back to 

1600 [34]. The technological advancements in nanotechnology have led to the foundation 

for developing the nano-sized material structure that can substitute the conventional 

industry-based material for specific applications. A detailed study on the electrospinning 

process and its applications are provided in the following section. 

Fibers are categorized as nanofibers when the diameter values are less than 1000nm. 

It can be produced by different manufacturing techniques like drawing, template-based 

synthesis, self-assembly, phase separation, electrospinning, etc. Among all the 

manufacturing techniques discussed, Electrospinning is the most simple, flexible, and 

reliable method of producing long continuous nanofibers from a wide variety of polymeric 

materials. The electrospinning produces fibers with the following properties: extended 

length, smaller in diameter (nano-scaled), porosity control, and high surface area to volume 

ratio offers distinctive properties for various industrial and research applications [35].   

Anthony [10] reviewed the basic pre-requisites for carrying out the electrospinning 

process in a laboratory-scale setup, including the following: 

a) Polymeric solution/melt. 

b) Hollow tube/solid structure acting as an electrode that holds the polymer solution. 

c) High voltage DC power supply. 

d) Grounded Collector for nanofiber collection. 

 

Figure 2.6: Schematic description of the vertically positioned electrospinning apparatus. 

Rep. with permission [20]. 
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As shown in Figure 2.6, the electrospinning setup consists of a needle or a glass pipette 

that holds the viscous polymer solution or melts with varying concentrations. The polymer 

solutions are prepared by dissolving the polymer material into the appropriate solvent at 

specific concentrations (E.g., Polystyrene dissolved in methylene chloride at 20% w/w 

concentration). In order to avoid polymer solution dripping from a vertically positioned 

electrode, the viscosity maintained should be sufficient enough to hold the solution inside. 

The tubular electrode is placed 6-10 inches far from the grounded collector (metal drum/ 

sheet). An electrode with polymer solution is connected to the positive side of a DC high 

voltage supply by wiring. As the DC power supply is powered with voltage control of 10-

20KV, the polymer droplet stretches out in cone shape from the tube/needle/pipette and 

move towards the grounded drum/plate. The jet of polymer coming out is nanofibers of 

that solution which are hardly visible. Renekar et al. [36] observed that the nanofiber 

spraying from a single droplet appeared to be divided into multiple spray patterns, but when 

observed with a high-speed camera, it was a single nanofiber spinning out with fast 

movements. Long strands of nanofibers were collected on the collector drum surface 

randomly, and it was hard to visualize the ends of fibers in microscopic images. The solvent 

plays a vital role as the solution contains 80% of it, and it evaporates quickly from the 

sprayed jet while spinning. The selection of solvent, electrode-collector distance, and 

temperature confirmed the fabrication of dry nanofibers at the collector. The grounded 

collector ensured the dissipation of the residual charge on the produced nanofiber mats, 

which can be removed from the drum easily. 

The electrospinning method involves applying an electric charge to the polymer 

solution, and the solution jet stretches in a high electric field to produce nanofibers. Figure 

2.7 (a) explains the basic methodology of the electrospinning process, where the basic 

components in the setup include: High voltage power supply, needle, and grounded 

collector. The polymer solution flows out from the needle with a constant flow rate 

maintained by a syringe pump. The high voltage is supplied by a DC power supply and is 

connected to the needle to provide an electrical charge to the material flowing out the 

needle. When the electric charge intensity increases, the fluid coming out stretches and 

elongates itself to a conical shape at the end, which is known as the Taylor cone [Figure 

2.7 (b)]. The polymer solution droplet crosses the surface tension with increasing electric 
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field, and the charged polymer jet extrudes out by electrostatic force between them. Due to 

the movement of the polymer jet towards the collector, it undergoes several bending 

instabilities that lead to looping, whipping motion, and elongation. The fiber diameter of 

the solidified jet reduces due to plastic stretching caused by repulsive charges to reduce the 

bending instabilities [37–39]. The electrospinning technique is a relatively cost-efficient 

and straightforward approach wherein the smooth, long, and continuous fibers of different 

materials can be produced at a laboratory scale and industrial scale. Production of aligned 

nanofibers with better repeatability is possible with electrospinning methodology. 

 

Figure 2.7: (a) Schematic description of the horizontally positioned electrospinning set-

up. Rep. with permission [38], and (b) Description of the Taylor cone generation with the 

SEM micrograph of nanofiber mat produced Rep. with permission [37]. 

2.3 Electrospinning process and parameters affecting the process 

The dominant attributes of the process that fabricates micro/nano fibers from an 

electro statistically induced polymeric solution jet or melt are as follows; a) The high 

voltage power source should supply sufficient power to subjugate the surface tension and 

viscoelastic force of the polymeric solution in order to extrude the liquid in form of jet from 

needle tip, b) An appropriate choice of solvent that is capable of liquefying the polymer 

material, c) Solvent properties like surface tension and viscosity should not be too high as 

the polymer will not extrude out in form of jet from the needle or should not be too low as 

the polymeric solution will leak out from the needle, d) Solvent vapor pressure should be 

appropriate enough that evaporates rapidly to maintain fiber structure near the collector 

end but it should not be too fast that the fiber solidifies before stretching in form of 

nanofibers, and e) Distance between the needle tip and collector should not be too small as 

it can lead to spark generation but it should be sufficiently far for the solvent drying to 

create fibers in nanoscale [22,40]. 
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Formhals [41] successfully produced fibers from the liquid polymer material using an 

electric field and invented the first electrospinning set-up in 1934. Fiber collection was the 

main issue encountered by researchers as the wet fibers adhered to each other because of 

improper solvent drying. Formhals solved solvent drying by introducing distance variation 

between the collector surface and needle tip to increase the solvent drying time [42]. Taylor 

carried out the polymer jet and droplet structure study under the influence of the applied 

electric field in 1960 and 1969. The polymer solution extruded out from the needle tip in 

the shape of a conical structure, and the droplet from the cone stretched out further to form 

a jet that flew out towards the collector. This conical structure is commonly known as the 

Taylor cone structure. In his studies on electrospinning with different polymeric materials, 

Taylor observed that the cone angle of 49.3° was the optimum balance of polymeric surface 

tension under the applied electric field [43]. The polymer jet was generated near the tip of 

the Taylor cone, where the solution surpassed its surface tension force. The jet travel further 

towards the unstable zone often referred to as bending instabilities. Three different models 

demonstrate the instabilities; Axisymmetric instabilities (influenced by high electric 

power), Rayleigh instabilities (influenced by low electric fields), and Whipping 

instabilities (influenced by variation in mutual charges present in solution). The polymer 

jet stretching, bending, and elongation are observed due to the bending instabilities [44]. 

In his studies, Baumgarten [45] successfully produced fibers in the diameter range of 0.05 

to 1.10μm from the acrylic solution utilizing an electrospinning process modified with 

infusion pump place of needle tube to achieve a constant solution flow rate. Simons [45] 

introduced the revised concept of electrospinning wherein the positive terminal of the 

electrode was dipped into the polymer solution, and the other side was connected to a belt 

on which the fibers were accumulated. He observed lower fiber diameter and short fiber 

structures with the lower viscosity of the solution. The electrospinning process has been 

used to achieve the ultrafine polymeric nano-fibrous structures [4]. Lorrondo et al. [46] 

built the melt electrospinning set-up wherein the material placed in a temperature-

controlled barrel was heated (for melting) and pushed forward using a piston. The extruded 

polymer droplet was stretched in the form of fibers. Wannatong et al. [47] investigated the 

effect of six acting forces responsible for the generation of fibers. These forces include; a) 

electrostatic force which is responsible for pushing the jet from needle point to collector 
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surface, b) body force or gravitational pull, c) coulombic stretching force, which is 

responsible for stretching of polymer jet flying towards the collector screen due to mutual 

polarity of charges, d) surface tension which is responsible for stretching of polymeric jet, 

e) viscoelastic force which is responsible for stretching prevention of polymeric jet, and f) 

drag forces that generate because of the friction between the moving jet and ambient air. 

Drozin [42] investigated the generation of polymeric streams and extruded droplets under 

the action of electric field applied. The study examined the co-relationship between the 

electric field required concerning the radius of polymer droplet and dielectric constant of 

liquid coming out from needle. Optimum parametric limits of factors like refractive index, 

conductivity, and dipole moment were defined in the study.  

The fiber morphology and structure depend on the viscosity of the solution 

predominantly. Lower solution viscosity often leads to the production of non-smooth fibers 

with defects. On the contrary, highly viscous polymer solution makes the liquid extrusion 

harder when it pushed through the pipette. In order to obtain the smooth and homogenous 

fibers, an appropriate solution viscosity is required which can be tuned by varying the 

polymer concentration in the solution. The effect of critical limits of solution viscosity of 

PAN fibers produced from 1.3wt.% and 15wt.% polymer concentration was studied where 

the solution-based factors like concentration, viscosity, and molecular weight are inter-

dependent to each other and can be tuned with the variation of one of the mentioned factors. 

With the lower solution viscosities, surface tension of liquid plays an important role and 

the fibers manufactured in this case comprises of bead defects [48,49]. Fong et al. [50], in 

his studies, investigated the effect of viscosity variation on the electro-spun Polyethylene 

Oxide (PEO) nanofibers. They investigated a suitable range of viscosity for smooth and 

uniform generation of nanofibers and concluded the optimum viscosity range from 1 to 

20poise. The polymer solution experiences higher duration of stress relaxation during 

electrospinning process which in turn escapes the breaking of polymer streams extruding 

out from the droplet. Higher viscosity of the solution mixture often results in higher 

measurements of uniform fiber diameters. 

Several parameters can affect the fabrication of nanofibers produced from 

electrospinning of the polymer liquid solution, and these control parameters are categorized 



21 

 

further in three sections in the following manner; a) Solution-based factors (such as 

polymer solution concentration, solution conductivity, the viscosity of the solution, 

molecular weight of solution, surface tension, type of solvent), b) Processing based factors 

(such as high voltage supply, needle tip to collector surface distance, solution flow rate, 

collector geometry and rotational speed, and needle design), and c) Surrounding factors 

(such as ambient temperature, pressure, and humidity). The condensed discussion of all 

electrospinning control parameters and their effect on morphological attributes of fibers 

and associated diameter is described briefly in Table 2.1. 

Table 2.1: Description of parametric effect on the morphology and structure of electro-

spun fibers. 

Electrospinning 

control parameters 

Parametric effect on fiber morphology 

and structure 
References 

Solution Based 

Factors 
  

  

Polymer solution 

concentration 

High polymer concentration: Higher 

fiber diameter values. 

Low polymer concentration: Bead 

formation on fiber structure and the 

possibility of electro-spraying increases. 

[48,51–55] 

Solution conductivity High Conductivity: Uniform smooth 

fibers, bead-less structure, and lower 

fiber diameter values. 

[56–58] 

Solution viscosity High viscosities: Fiber diameter value 

increases, bead defects reduction, and 

uniform fiber structures. 

[48–50,54] 

Solution molecular 

weight 

High molecular weight: Production of 

fibers with very less bead defects and 

droplet-free fiber accumulation. 

[48,59,60] 
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Solution surface 

tension 

High surface tension: Instability of 

polymer stream increases and electro-

spraying phenomenon. 

Indecisive inter-relationship established 

between fiber morphology and surface 

tension. 

[38,53,54,58,61,6

2] 

Solvent type Depends on the dielectric constant and 

evaporation rate. 

High dielectric properties: Smooth fiber 

with no beads on the structure and 

reduced fiber diameter measurements. 

[58,63–65] 

Processing Based 

Factors 
  

 

High voltage supply High voltage intensity: Lower diameter 

values, better solvent evaporation, and 

quick solvent drying. 

Indecisive relationship between the 

voltage intensity and fiber diameter 

measurements. 

[26,56,66–71] 

Needle tip to collector 

distance 

Very high and low distances: Generation 

of beads on fiber structure. The optimum 

distance is required for the generation of 

smooth fibers. 

High distances: Longer elongation time 

and lower diameter values. 

[67,70,72] 

Solution feed rate Low feed rates: High stretching time and 

low fiber diameter values. 

[70,73] 
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High feed rates: Bead defect generation 

and insufficient fiber drying. 

Collector geometry 

and rotational speed 

Metal collectors: Smooth fiber structures 

Rotating cylindrical drum collector: 

Aligned fiber structures, yarn type or 

braid type fiber structure produced. 

Zero RPM collectors: High fiber 

diameter value. 

[54,74–83] 

Needle design Low needle diameter: Low fiber 

diameter values and extruded droplet 

size reduction. 

Co-axial and twin capillary needles: 

Fiber production from different polymer 

blends and hollow fiber structure. 

[84,85] 

Surrounding 

(Ambient) Factors 
  

 

Temperature High-temperature input: Low fiber 

diameter value and low solution 

viscosity. 

[62,86,87] 

Pressure Very low-pressure environment: 

Bubbling of polymeric solution from 

needle tip or impossible electrospinning, 

optimum pressure required, and 

indecisive morphological effect relation 

with pressure. 

[26] 

Humidity High humidity environment: A higher 

number of circular-shaped pores on fiber 

structure. 

[88] 



24 

 

Very high humidity: Amalgamation of 

pores, non-circular structures, and high 

fiber diameter values 

 

The electrospinning process has been utilized in wide variety of industrial applications 

including textiles, filtration, energy generation, medical treatment, sound absorption, 

biomedical research, and electronics [22–24]. However, these applications require further 

investigations and extensive research to fully commercialize the electro-spun products 

which further demands for the high capacity volume production of the process. A 

straightforward and easy technique to elevate the rate of production involves application 

of multiple needles or additional nozzles in the existing polymeric solution injection unit. 

The multiple nozzles or needles can be mounted in circular and uniaxial configurations and 

the approach is useful for improving the process through-output and thickness of electro-

spun membranes. The major drawback associated with this approach is transfiguration of 

electrostatic forces in the polymer jet induced by the jet coming from the multiple needle 

tips [89,90]. Krishnamoorthy et al. [91] investigated the electrospinning configuration of 

24 nozzles arranged in 8X3 matrix arrangement for high scale ceramic fiber production. 

The nozzle design, in his study, was capable of incorporating various sizes with easy 

installation and replacement. Wang et al. [92] investigated the electrospinning process with 

three needles wherein each needle was fabricating unique fiber of different material and 

the membrane was further combined with conveyor belt to produce composite membrane 

films with higher mechanical strength. Huang et al. [93] established an electrospinning set-

up with two rotating nozzles placed opposite to each other to produce nanofiber-based 

scaffold composites with adjustable pore dimensions of the fibers. The multi-nozzle 

technology provides advantage over conventional single needle electrospinning in terms of 

time, thickness, and productivity but requires additional components. 
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2.4 Sound Waves and Noise Control 

Sound waves are vibrations that propagate through different mediums, solid, liquid, 

and gas. When the sound wave propagates, the mechanical vibration of the waves is 

detected by the human eardrum, which converts it into electrical signals, and we perceive 

it as sound. The sound wave frequency range from 20Hz to 20000Hz is the limit of 

detection for humans. The perception of sound depends on a sound source that generates 

the sound, a transmitting media, and a receiver or the observer. Sound pressure waves travel 

in different frequencies, and the limits to these frequencies decide the comfortability of the 

receiver’s perseverance [94]. 

Noise is defined as the type of sound elucidated as distressing, non-pleasant, and 

disturbing to human individuals. These sound waves obstruct human hearing making a 

person very uncomfortable as a receiver. Noise is a form of sound pollution that is caused 

by human-made activities and daily life routine. Low or high-frequency sound waves can 

be generated from various sources; railway trains, public buses, cars, motorbikes, airplanes; 

Air cooling and heating systems in residential and public properties, factory sites, 

construction sites, industrial plants, concerts areas, restaurants, hotels, shopping 

complexes, movie theatres, worship areas, etc. The attenuation of such noise sources is 

significant for better quality of life standards and, most prominently, for human health. An 

extreme noise level can affect human health detrimentally and influence human behavior 

and concentration, making an individual less energetic. According to several studies, it has 

been reported that excessive exposure to noise can adversely affect human health in terms 

of fatigue, headache, backache, digestive disorders, asthma, hearing loss, and 

cardiovascular losses. As shown in Figure 2.8, the sound wave perseverance through the 

human ear travels through many sensory nerves that follow specific paths and affect the 

human body in different ways [94–96]. 
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Figure 2.8: Sound wave perseverance through human body reaction path (Extra aural) 

Rep. with permission [94]. 

The noise pollution can be regulated by implementing various noise attenuation 

methodologies, essentially noise attenuation at the sound source, attenuation at the 

transference trajectory (obstructing the waves in their transmission route), and attenuation 

at the receiver’s end (by muffling the receiver from noise). Noise attenuation at the source 

can be performed in several ways, including modification of machines, volume reduction 

from the source, complete change of noisy machinery, and repair of the equipment at the 

source. The noise control in the transmission route can be carried out by assembling 

soundproofing materials, insulation, enclosures, and other blocking structures. The noise 

control at the receiver’s end requires ear muffs or hearing safety gears [97]. 

Two existing methodologies of noise control can eliminate the problem of noise; 

active control and passive control. Active noise control methodology includes an external 

energy source such as several electronic components like sensors, actuators, vibration-

meters, different control systems, and associated algorithms. These components favor 

eliminating noise or associated vibrations, but any component failure or calibration error 

Human Body 

Reaction Path 

Ear Passage 
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will lead to the entire noise control system breakdown. On the contrary, the passive noise 

control methodology is the more responsible and secure way to attenuate the noise. The 

passive control deals with the inclusion of a passive solid medium produced from a 

different source of material wherein the material structure attenuate the noise by converting 

sound wave energy into heat. The noise attenuation by various passive mediums is directly 

dependent on the frequency of a sound wave (low, medium, or high). The passive solid 

medium can be tuned by changing the material, structure, dimension, and morphology to 

regulate the acoustic absorption at different frequencies [98–100]. Traditional acoustic 

porous materials absorb high-frequency sound waves due to an adiabatic energy interaction 

resulting in heat energy loss because of friction through the pores or fibers. These 

conventional passive medium structures include; micro-scaled cellular structure foams, 

thick fiber-based blankets, metal panels (perforated type), acoustic films or membranes. 

The commercially used fibrous matrix can be fabricated from a wide variety of base 

materials like natural (straw, wool, plant-based fibers, etc.), polymer materials, metals, and 

other synthetic sources [101,102]. 

2.4.1 Sound Absorption Coefficient (α) 

As shown in Figure 2.9, when the plane sound waves of power (Wi) incidents on a 

sound absorptive porous media supported by a solid surface of the thickness (d). The part 

of the incident power is reflected (Wr), transmitted past the material (Wt), converted into 

structural vibrations (Ws), and converted into heat or absorbed because of air friction (Wα) 

[103]. The incident power is the summation of all these conversions of power according to 

the energy conservation principle, i.e.; 

𝑊𝑖 =  𝑊𝑟 +  𝑊𝑡 +  𝑊𝑆 +  𝑊𝛼                                          (2.1) 

Sound absorption coefficient is defined as the performance index or the measuring 

quantity for sound energy absorption efficiency analysis of fibrous material or polymeric 

open cell structured foam. The sound absorption coefficient is represented as (α) and is the 

ratio of sound energy not reflected back to the ambient environment to the incident sound 

energy which is given by [103];  

𝛼 =  
𝑊𝑡+𝑊𝑠+Wα

𝑊𝑖
=  

𝑊𝑖+𝑊𝑟

𝑊𝑖
=  1 − 

𝑊𝑟

𝑊𝑖
 =  1 − 

𝐼𝑟

𝐼𝑖
                         (2.2) 
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Where Ii and Ir are the sound intensities of reflected and incident sound waves. 

 
Figure 2.9: Schematics of the sound wave path through the sound absorptive porous 

material. 

2.4.2 Sound Reflection Coefficient (R) 

The acoustic performance of the sound-absorbing media can also be determined by 

measuring the sound reflection coefficient (R). The coefficient value is calculated as the 

ratio of reflected sound plane wave pressure amplitude to the incident sound (plane wave) 

pressure amplitude and is defined as [103]; 

𝑅(𝜔) =  
𝑝𝑟

𝑝𝑖
                                                        (2.3) 

Wherein, angular frequency is denoted as ω, reflected plane sound wave is represented 

as pr, and the incident plane sound wave is denoted as pi. The sound reflection coefficient 

is given by a complex equation where a phase term expresses the phase lag of the two 

pressure sound waves, reflected and incident. The co-relationship between the intensities 

of sound and pressure amplitudes is given by Equations 2.4 and 2.5 [103]; 

𝐼𝑖 =  
𝑝𝑖2

𝜌𝑂𝐶𝑂
                                                          (2.4) 

𝐼𝑟 =  
𝑝𝑟2

𝜌𝑂𝐶𝑂
=  

|𝑅|2𝑝𝑖2

𝜌𝑂𝐶𝑂
                                                   (2.5) 

The speed of sound in ambient air is denoted as CO, and the air density is represented 

as ρO. The co-relationship between sound absorption coefficient and sound reflection 

coefficient was given by substituting the value of Ir and Ii in Equation 2.2 [103]; 
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𝛼(𝜔) = 1 − 
|𝑅|2 𝑝𝑖2

𝜌𝑂𝐶𝑂
𝑝𝑖2

𝜌𝑂𝐶𝑂

                                                (2.6) 

𝛼(𝜔) = 1 − |𝑅|2                                                 (2.7) 

2.4.3 Acoustic Impedance (Z) 

When the plane sound waves travel between different mediums, it reflects these 

surfaces, and the reflection of the waves depend on the acoustic impedance difference of 

these mediums. Acoustic impedance (specific to the medium) is generally determined as 

the ratio of pressure amplitude to the velocity of surrounding particle in that medium and 

is given by Equation 2.8 [103]; 

𝑍(𝑥, 𝑡) =  
𝑝(𝑥,𝑡)

𝑣 (𝑥,𝑡)
                                                   (2.8) 

𝑍(𝑥, 𝑡) =  𝑍′ + 𝑗𝑍"                                                (2.9) 

In the above equation, acoustic pressure amplitude is denoted as p, the velocity of 

surrounding particle in a medium is denoted as v, and the acoustic impedance is denoted 

as Z. The acoustic impedance is defined by two components; real part (Z') and imaginary 

part (Z"). This complex terminology expresses the resistance of sound waves traveling 

through the real medium part. The imaginary part gives the phase lag of acoustic pressure 

amplitude and velocity of the surrounding particle in a medium. Both pressure and velocity 

remains in phase as the plane sound wave propagation is a realistic approach, and the 

corresponding air impedance is given by [103]; 

𝑍𝐶 =  𝜌𝑂𝐶𝑂                                                   (2.10) 

The above equation gives characteristic impedance as Zc, which is calculated as (at 

normal ambient conditions); 

𝑍𝐶 =  𝜌𝑂𝐶𝑂 = 1.21 (
𝐾𝑔

𝑚3
)  × 344 (

𝑚

𝑠
)                                (2.11) 

𝑍𝐶 =  416.24𝑃𝑎. 𝑠. 𝑚−1                                           (2.12) 

The acoustic impedance determined between the interface of two different media is 

known as the surface impedance, denoted as (ZS). The surface impedance of the acoustic 
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material depends on several factors, namely; a) Material dependent impedance factors: 

Tortuosity, porosity, flow resistivity, and characteristic length (viscous and thermal); b) 

External factors: Sound wave incidence angle, assembly conditions, and thickness of the 

material. The sound wave reflection coefficient (R) and surface impedance (ZS) can be co-

related with the consideration of plane propagation in the x-direction at the interface of 

acoustic material [Figure 2.10]. The stand wave generation takes place due to the 

intervention of incident sound wave and reflected sound wave through which the resultant 

pressure is determined by Equation 2.13 (utilizing superposition theory) [103]; 

𝑝(𝑥, 𝑡) =  𝑝𝑖 +  𝑝𝑟                                                (2.13) 

𝑝(𝑥, 𝑡) =  𝑃𝑖𝑒
𝑗(𝜔𝑡−𝑘̅𝑥) +  𝑅𝑃𝑖𝑒

𝑗(𝜔𝑡−𝑘̅𝑥)                             (2.14) 

In the above equation, incident sound wave pressure amplitude is denoted as Pi; 

incident sound wave pressure is represented as pi, reflected sound wave pressure is 

indicated as pr, the distance between the incident wave and the surface is given by x, time 

is given as t, sound wavenumber is denoted as 𝐾̅ which is calculated as; 𝐾̅ = (
𝜔

𝐶𝑂
) =  (

2𝜋

𝜆
). 

The angular frequency is ω = 2πf, the frequency of the sound wave is f, and wavelength is 

given by λ. The following equation determines the velocity of the surrounding particle in 

the medium [103];  

𝑣(𝑥) =  
𝑝(𝑥)

𝑍𝐶
                                                        (2.15) 

𝑣(𝑥) =  
𝑃𝑖

𝑍𝐶
𝑒𝑗(𝜔𝑡−𝑘̅𝑥) − 

𝑅𝑃𝑖

𝑍𝐶
𝑒𝑗(𝜔𝑡−𝑘̅𝑥)                                 (2.16) 

The pressure amplitude and velocity of the particle at the acoustic material surface is 

given as follows; 

𝑝(0) = (1 + 𝑅)𝑃𝑖𝑒
(𝑗𝜔𝑡)                                           (2.17) 

𝑣(0) = (1 − 𝑅)
𝑃𝑖

𝑍𝐶
𝑒(𝑗𝜔𝑡)                                          (2.18) 

The respective surface impedance value (ZS) is given by; 

𝑍𝑆 =  
𝑝(0)

𝑣(0)
                                                        (2.19) 
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𝑍𝑆 =  
(1+𝑅)𝑃𝑖𝑒(𝑗𝜔𝑡)

(1−𝑅)
𝑃𝑖
𝑍𝐶

𝑒(𝑗𝜔𝑡)
                                                 (2.20) 

𝑍𝑆 = 𝑍𝐶  
(1+𝑅)

(1−𝑅)
                                                    (2.21) 

 

Figure 2.10: Incident and reflected sound pressure wave at the material surface. 

The sound reflection and absorption coefficient can be determined concerning surface 

impedance of acoustic material by; 

𝑅(𝜔) =  
𝑍𝑆− 𝑍𝐶

𝑍𝑆+ 𝑍𝐶
                                                   (2.22) 

𝛼(𝜔) = 1 − |𝑅|2                                                (2.23) 

By substituting 𝑅(𝜔) in terms of surface impedance in Equation 2.23; 

 𝛼(𝜔) =  
4𝑍′𝑆𝑍𝐶

(𝑍′
𝑆+ 𝑍𝐶)2+𝑍"𝑆

2                                            (2.24) 

The sound absorption coefficient in relation to the surface impedance of the material 

surface deduced in the above equation demonstrates the significance of acoustic impedance 

on acoustic material surface and is also known as the matching law [103]. 

2.4.4 Factors Influencing Acoustic Behavior of Passive Materials 

The acoustic performance of the sound-absorbing medium can be determined by 

characterizing the material properties in terms of tortuosity (𝛼∞), porosity (𝜙), static 

airflow resistivity (𝜎), and surface impedance (ZS). Concerning these parameters, the 

surface impedance can be determined by Equation 2.25 [104]; 
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𝑍𝑆 =  𝑍𝐶
√𝛼∞

𝜙
√1 −  𝑗

𝜙𝜎

2𝜋𝑓𝜌0𝛼∞
                                         (2.25) 

For the acoustic material with extremely high thickness, the airflow resistivity is very 

small and can be neglected, which further reduces the equation to the following; 

𝜎 ≪ 2𝜋𝑓𝜌0                                                     (2.26) 

𝑍𝑆 =  𝑍𝐶
√𝛼∞

𝜙
                                                    (2.27) 

𝛼 =  
4

2+ 
𝜙

√𝛼∞
+ √

𝛼∞
𝜙

                                                 (2.28) 

In the above equation, 𝜙 ≈ 𝛼∞ ≈ 1, for the passive materials, which will result in an 

absorption coefficient value of unity as the air impedance is equaled to surface impedance. 

In the scenario, where zero reflection takes place at the surface of the material, the sound 

waves (plane) is exposed to exponential dissipation that reduces with exponent denoted as 

(μ) [104]; 

𝜇 ~ √
∅𝛼∞

𝜌𝑂𝐶𝑂
2 𝑓                                                 (2.29) 

The equation deduced above explains the frequency decrease with decrease in 

exponent value (μ). The frequency reduction demonstrates that a higher thickness of sound-

absorbing material is essentially required for noise attenuation at lower frequencies. On a 

realistic note, the current sound-absorbing mediums used for acoustic applications have 

finite dimensions. The airflow resistivity and thickness of the material (d) are the two 

parameters taken into consideration while selecting an acoustic material. The dissipation 

of sound wave energy through viscoelastic losses increases with an increase in either of the 

two factors. The maximum acoustic performance of a material can be achieved by finding 

the optimum limits of the two factors as the surface impedance also increases with its 

increment. The critical points of the two factor can be determined by Equation 2.30 [104]; 

2 < 𝜀 =  
𝜎𝑑𝜙

𝜌𝑂𝐶𝑂√𝛼∞
< 6                                            (2.30) 
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In the above equation, the matching ratio is defined by (𝜀) and with the considered 

assumption for passive materials (𝜙 ≈ 𝛼∞ ≈ 1), the deduced equation was given by 

equation 2.31 [104]; 

800 < 𝜎𝑑 < 2400 (𝑃𝑎. 𝑠. 𝑚−1)                                    (2.31) 

Figure 2.11 shows the design consideration of homogenous sound absorbers. It was 

examined that sound waves of higher wavelength (low frequency) impinging on the 

material of low thickness penetrates through the material and are not absorbed. To reach a 

sound absorption coefficient value of 0.8, the thickness of the absorber material should be 

one-eighth of the incident wavelength (λ/8). On the other hand, the sound absorption 

coefficient of 0.9 can be achieved by a minimum of a quarter of a wavelength of the 

incident sound wave (λ/4). For better sound absorption, sound waves have to reach the 

material at a higher velocity that leads to higher friction dissipation losses, but the 

maximum velocity is achieved at a distance of λ/4. It means that the low-frequency sound 

waves can only be absorbed with high thickness material, which is not desirable for 

acoustic application with space constraint and weight considerations [104].  

 

Figure 2.11: Graphical description of fiber-based acoustic absorber various design 

properties; (a) ε=2 – represented by the dashed line and ε=6  – represented by the dotted 

line on the graph. Rep. with permission [104]. 
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2.4.5 Low-Frequency Sound Waves 

The low-frequency sound waves range between (20-200Hz), and they can travel 

longer distances, which can also pierce through thicker walls. The continuous exposure to 

these low-frequency sound waves can lead to sleep problems, concentration issues, 

irritation, tiredness, and anxiety because of constant humming noise. The sound velocity 

(c) is the product of wavelength (λ) and frequency (Hz), and the relationship between the 

thicknesses of the materials required with corresponding sound frequency and wavelength 

for maximum sound absorption in the low-frequency zone is tabulated in Table 2.2. It was 

observed that for 90% sound absorption, the thickness of the material reaches several 

materials, and it is not possible to absorb it with a material of lower thickness [105,106]. 

Table 2.1: Relationship between low-frequency sound wave (Hz), wavelength (m), and 

associated material thickness (m) required to absorb low-frequency sound [105]. 

Frequency (Hz) 1 10 25 50 100 150 200 

Wavelength (m) 340.00 34.00 13.60 6.80 3.40 2.27 1.70 

Approx. thickness - d (m) 85.00 8.50 3.40 1.70 0.85 0.57 0.43 

The low-frequency noise can be generated from various sources, including; 

diesel/gasoline engines, electric or mechanical pumps, compressors, fans or rotor blades, 

ships, winds, air disturbance, combustion, and so on. The low-frequency noise is also 

generated through structure-borne associated vibrations. For instance, the low-frequency 

noise originating in a close neighborhood can penetrate concrete walls, and the walls block 

the high-frequency waves entirely. The noise reduction in ambient air increases with sound 

wave frequency squares (in Hz), resulting in extremely low absorption at lower 

frequencies. Different structures containing single or multiple partitions are used to reduce 

low-frequency sound waves. The concrete or other room walls or buildings have very poor 

acoustic performance against lower frequency sound waves. Therefore, low-frequency 

sound absorption requires extremely thick material, which is not feasible for practical 

applications [105]. 

2.4.6 Sound Absorption of Low-Frequency Waves 

A novel structure known as Porous Laminated Composite Material (PLCM) was 

developed to solve the low-frequency sound absorption problem. PLCM is composed of 
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laminates or layers of polymeric material, metallic fibers, and polymeric fiber structures. 

The fabrication process includes several steps; premixing of materials, preheat process, 

lamination of structures, and molding [Figure 2.12 (a)]. The resultant laminated composites 

possess higher sound absorption in the 500Hz to 2000Hz frequency range. The design 

consideration of the laminates has to meet the acoustic impedance values similar to air 

impedance and the impedance rise in proximity with the surface of layers. When the plane 

sound propagates via different layers, there should be the least amount of sound reflection 

to increase the sound wave dissipation throughout the wave trajectory. The laminated 

porous structures generally experience disintegration of different layers at an elevated 

ambient temperature. The graphical representation of the acoustic performance of these 

novel laminated structure-based composites is demonstrated in Figure 2.12 (b-c) [106].  

 

 

Figure 2.12: (a) Manufacturing process for Porous Laminated Composite Material 

(PLCM); Sound absorption coefficient of various laminated structures composed of; (b) 

Four layers, and (c) Five layers [106]. 
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Several attempts have been made in the past by different researchers for low-frequency 

sound absorption with the utilization of resonance-based devices or membranes [107]. The 

resonating absorber devices work on the vibrating mass and spring-based system, which 

transforms pressure disturbances into the resonance at room conditions. These resultant 

resonances are further reduced by the application of different passive sound-absorbing 

materials like fiber-based or polymeric foam-based structures. The resonant sound 

absorbers are segregated into two distinct categories based on a design consideration, i.e., 

a) Helmholtz resonant absorber and b) Membrane or panel-based resonant absorber [Figure 

2.13 (a) and (b)]. The Helmholtz resonant absorber comprises air plugs (mass) located at 

the opening or perforations of a sheet. The resonances are generated on the same principle 

of air blowing through the bottle opening. Passive devices further dampen these 

resonances. The membrane-based resonant absorbers comprise panels/sheet of different 

materials (mostly rubber or wood), which acts as vibrating mass. The spring action is 

demonstrated by the air trapped in a small cavity. The variation in mass and air cavity 

spring action (with stiffness variation) favors the adjustment of resonant frequencies of 

absorbing devices which in turn will result in higher absorption at their respective resonant 

frequencies [108–110]. The graphical description of a comparative analysis of the sound 

absorption coefficient of the mineral wool absorber and perforated sheet layered Helmholtz 

absorber is provided in Figure 2.13 (c) [108]. 

 

Figure 2.13: Schematic description of resonant absorber; (a) Helmholtz and (b) 

Membrane or panel-based, and (c) Acoustic performance of porous mineral wool 

absorber and perforated sheet covered mineral wool layer. Rep. with permission [108]. 

Helmholtz Membrane-based 
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Low-frequency noise attenuation by Micro-Perforated Panel (MPP) based absorbers 

has been studied in several research works due to its straightforward and economical 

approach of enclosing porous materials in the assembly [111–113]. The MPP’s enclosure 

consisting of arrays of perforations when exposed to incident plane sound waves; the 

energy transformation takes place (from acoustic energy to heat) because of friction losses 

between air molecules in motion and panel surface. These perforations are generally in the 

shape of slots or holes drilled as a single resonant source where the porous medium is 

enclosed for noise attenuation [96,114]. Dah-you Maa first demonstrated the working 

principle of MPP’s in 1970, and further, Maa’s MPP theory was improved and developed 

in 1997 [115,116]. MPP’s are traditionally manufactured from a polycarbonate-based 

polymeric material drilled with perforations or holes in specific structures or patterns. In 

order to initiate the frictional losses due to energy transfer, the drilled hole diameter should 

be similarly close to the thickness of the formed boundary layer. The sound energy 

dissipation can be improved with thickness measurements designed similarly close to the 

hole diameters. The description of a transparent MPP specimen designed with a thickness 

of 10mm and different hole diameters is shown in Figure 2.14 (a-c). The sound absorption 

coefficient values of individual samples are demonstrated in the graphical representation 

provided in Figure 2.14 (d) [117]. The acoustic performance of MPPs with higher thickness 

computed by Maa’s approach is demonstrated in Figure 2.14 (e) [113,116]. 

 

Figure 2.14: Three samples with Hole Diameter (HD) of; (a) 0.5mm, (b) 0.8mm, and (c) 

0.8-0.5mm; (d) Acoustic Performance of samples; (A: Dash, B: Dot, and C: Solid) . Rep. 

with permission [117]; and (e) Graphical representation of sound absorption coefficient 

measurements of MPP specimens (Solid - 0.4mm D | 0.4mm T, Dotted – 0.4mm D | 

10mm T, and Dashed – 4mm D | 10mm T)  [113]. 

Holes 
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2.4.7 Sound Absorptive Nanofiber Materials 

Low-frequency sound absorption utilizing conventional materials and methodologies 

requires very thick materials (in several meters). The higher thickness and weight of the 

material provides a limitation on commercial applications where space or large surface 

cover and weight is the most significant consideration. Applying these thicker materials 

requires more handling and maintenance attention and is still not viable for low-frequency 

noise attenuation. The development of lightweight smart material with very thin geometric 

dimensions is required to attenuate the low-frequency sound for such applications. The 

development of sound absorptive nanofibers in the field of acoustic science is fairly state-

of-the-art. There are relatively fewer studies performed in the recent past to study the 

acoustic behavior of nanofibers in the high and low-frequency range. Consequently, the 

application of nanofibers in low-frequency sound absorption demands a considerable 

amount of attention for more profound and better cognizance of nanofiber developments 

in the acoustics field. 

Xiang et al. [118] investigated the acoustic performance of Polyacrylonitrile (PAN) 

nanofiber-based membranes manufactured at different electrospinning times, resulting in 

different thicknesses. The polymeric concentration of 8wt.% was used in the study by 

dissolving in DMF, and the solution was electro-spun at 10, 30, and 60 minutes running 

time. The average diameter of the electro-spun fibers was observed to be 333±58nm, and 

the fiber was distributed in a very narrow range, as shown in Figure 2.15 (a-b). The average 

thickness of the nanofiber samples was observed to be 17±03μm, 38±03μm, and 205±04μm 

[Figure 2.15 (c-e)]. 

 

Figure 2.15: SEM micrographs of; (a) PAN nanofibers, (b) Average fiber diameter 

distribution, (c) PAN nanofiber thicknesses manufactured from varying electrospinning 

time; (d) 10 min., (e) 30min., and (f) 60 min . Rep. with permission [118]. 

Fiber Distribution 
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The sound absorption coefficient value of different combinations of layered electro-

spun PAN membranes was investigated in this study at various back cavities of 0mm, 

10mm, 20mm, and 30mm. The PAN electro-spun membranes manufactured at different 

times were denoted as M1, M2, and M3. The absorption coefficient values of all these 

specimens were observed to be less than 0.1 at 0mm back cavity, but the absorption trend 

increased with higher back cavity inputs. Lower coefficient values (less than 0.6) were 

observed with no additional layering of materials. The addition of a perforated panel on the 

nanofiber membrane specimens was tested acoustically at different back cavities. The 

sound absorption coefficient values improved with panels and higher values of membrane 

thickness and back cavity. The sound absorption peak reached the maximum value of 0.9 

for some samples at specific frequencies and moved towards the lower frequency region at 

higher back cavity inputs [Figure 2.16 (a-d)] [118].  

 

Figure 2.16: (a) Perforated panel layering with PAN nanofiber membranes, Acoustic 

performance of layered composite at different back cavities: (b) 10 mm, (c) 20mm, and 

(d) 30mmm. Rep. with permission [118]. 

The acoustic behavior of the electro-spun time membranes was determined at zero 

back cavity by layering the membrane specimens on the traditional acoustic material like 

BASF foam layer, glass fiber layer, and Polypropylene (PP) based fiber layer. The sound 

absorption coefficient values increased much higher than the conventional materials [118]. 

The study was carried out with a varying thickness of the same material with a single 

BC 
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concentration. The higher absorption values were achieved at a higher thickness of material 

(when layered with conventional material). These composites achieved maximum 

absorption in higher frequency ranges but limited themselves to lower frequency and 

polymeric material variation for layering [Figure 2.17 (a-d)]. 

 

Figure 2.17: (a) Conventional material with PAN nanofiber membranes; Acoustic 

performance of layered composite in following order (no back cavity): (b) BASF foam, 

(c) Glass fiber, and (d) Polypropylene fiber-based. Rep. with permission [118]. 

Mohrova J. et al. [119] studied the sound absorption coefficient of electro-spun PVA 

nanofibers backed up by the aluminum sheet. The membrane resonance concept was 

introduced to explain the sound absorptive behavior of nanofiber membranes. The 

nanofiber membrane structure influenced by the morphology of fibers (smooth/rough) is 

the most significant factor for sound energy absorption. The material structure of the water-

soluble PVA can be modified by the action of the water vapors on nanofiber layers [Figure 

2.18 (a-d)]. The circular frame supported acoustic ready specimens of polymeric fiber-

based films, and polymer-based films are demonstrated in Figure 2.18 (e-f). The maximum 

sound absorption coefficient of 0.58 was reported for PVA nanofiber without any water 

vapor action. On the other hand, the maximum sound absorption coefficient of 0.7 was 

reported with the water vapor modified nanofiber membrane, which confirms that the 

sound absorption characteristics are influenced by material structure [Figure 2.19 (a) and 

(b)] [119]. The study has been carried out in a frequency range of 100-6000Hz, which is 

No Cavity 
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limited to PVA nanofibers fabricated from the same concentration. The study limits itself 

with the sound absorption in the high-frequency range. 

 

Figure 2.18: SEM images of PVA nanofibers manufactured; With water vapor action for 

– (a) 0 sec., (b) 60 sec., (c) 120 sec. and with water action for – (d) 60 sec.; Acoustic 

ready specimens of e) Fiber-based films and f) Polymer-based films [119]. 

 

Figure 2.19: Acoustic Performance of; (a) PVA nanofiber membrane (black curve) and 

polymeric foil (grey curve) and (b) PVA nanofiber layers with times water vapor action 

in grey line-30 seconds, grey line (dashed) 90seconds, and black line-120 seconds [119]. 

Liu H. et al. [120] studied the sound absorption characteristics of micro/nanofibers 

manufactured from three different materials; Polyacrylonitrile (PAN), Thermoplastic 

Polyurethane (TPU), and Thermoplastic Polyester Elastomer (TPEE) with an average fiber 

diameter of 400nm, 1000nm and 1000nm [Fig. 2.20 (a-c)]. The study was carried out with 

different back cavities of 10mm, 30mm, and 50mm. It was observed that the PAN fibers 

have higher absorption coefficient values from 100-2500Hz frequency compared to TPU 

and TPEE fibers. The sound absorption curves for TPU and TPEE moved to lower 

frequency with an increase in the back cavity and exhibited better sound absorption in low 

and medium frequencies [Figure 2.21 (a-d)]. The effect of electrospinning parameters that 

control the fiber morphology, which affects the sound absorption properties of nanofiber 

membranes, has not been studied in this work. 

Fiber Polymer 
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Figure 2.20: SEM images of electro-spun nanofibers of: (a) PAN, (b) TPU and (c) TPEE 

[120]. 

 

Figure 2.21: Sound absorption coefficient of; (a) Nickel plate perforated panel, (b) PAN 

nanofibers, (c) TPU nanofibers, and (d) TPEE nanofibers [120]. 

Wu C.M. et al. [121] investigated the acoustic performance of electro-spun nanofiber 

membranes of PVDF and Graphene (GN) added PVDF. The comparison of the absorption 

coefficient of conventional PVDF films (stretched/Non-stretched), electro-spun PVDF 

(With/Without GN), and electro-spun PVA has been carried out in the frequency range of 

100-1000Hz [Figure 2.22 (a-e)]. It was observed that the electro-spun fiber of PVDF with 

GN has the maximum sound absorption in the low-frequency zone because of the increased 

surface area that enhances the energy interaction of sound waves. In addition, the PVDF 

nanofibers, when layered with the conventional acoustics non-woven, improved the sound 

absorption in the medium and high-frequency range, i.e., it reached the value of 0.8 & 0.9 

at 1000Hz & 4000Hz [Figure 2.23 (a-c)] [121]. The study concluded higher absorption 

coefficient peaks of 0.87 and 0.95 in the frequency range of 1000Hz and 4000Hz with the 



43 

 

inclusion of PVDF-Graphene electro-spun membrane with PP nonwoven sample [121]. 

The acoustic performance of the PVDF electro-spun specimen (layered or non-layered) 

resulted in high absorption (greater than 0.8) in the high-frequency range of 1000Hz and 

limits itself to the even lower frequency range of 100-500Hz. Layering the electro-spun 

sample with the conventional material improves the thickness but also increased the 

relative thickness.  

 

Figure 2.22: Acoustic-ready specimens of; (a) PVDF nanofibers, (b) PVA nanofibers, (c) 

Non-stretched PVDF nanofibers, and (d) Stretched PVDF nanofiber membrane; (e) 

Sound absorption coefficients of PVDF specimens. Rep. with permission [121]. 

 

Figure 2.23: Acoustic ready specimens composed of; (a) PP and PET-based non-woven 

traditional material, (b) Layered composite of PVDF-Graphene electro-spun membrane 

and nonwoven material, and (c) Acoustic performance of respective PVDF composite 

specimens. Rep. with permission [121]. 

Khan et al. [122] studied the acoustic behavior of nanofiber membranes produced from 

different polymer materials like Polyvinylchloride (PVC) and Polyvinylpyrrolidone (PVP) 

at different electrospinning parameters. The average fiber diameter for the PVC nanofibers 

lay in the range of 200nm to 500nm, whereas the fiber diameter values for PVP lay between 

04μm to 05μm [Figure 2.25 (a-d)]. The acoustic behavior of these membranes (fabricated 
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at different weight and thickness) were investigated in comparison with the melamine and 

polyimide foams (1in and 2in thick). It was observed that the light-weight PVC nanofiber 

samples had higher absorption than melamine specimens. The absorption coefficient peaks 

of PVC nanofibers moved towards a lower frequency range with an increase in the weight 

of the specimens [Figure 2.24 (a)]. The PVC-based nanofibers' acoustic performance 

improved with higher absorption with an increase in nanofiber weight [Figure 2.24 (b)]. 

The PVP microfibers also showed better acoustic performance with higher weight, and the 

absorption coefficient was observed to be higher than melamine foam specimens [Figure 

2.24 (c)]. Morphological characterization of fibers, structure and various layering 

combinations of membranes was not focused in the experimental work carried out in this 

study.   

 

Figure 2.24: Acoustic performance of; (a) PVC nanofiber specimens (Thickness: S-

0.183in, T-0.288in, and U-0.710in) compared with Melamine foam specimens (1in and 

2in thick), (b) PVC nanofiber specimens compared (Thickness: P-0.325in, Q-0.512in, and 

R-0.719in) with Melamine foam specimens (1in and 2in thick), and (c) PVP nanofiber 

specimens compared (Thickness: M-0.441in, N-0.737in, and O-0.807in) with Polyimide 

foam specimens (1in and 2in thick) [122]. 
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Figure 2.25: SEM micro-graphs of; PVC nanofibers (fabricated at – 20KV, 25cm 

distance, and 3.5ml/hr. feed rate) taken at – (a) 3000X and (b) 2000X; PVP based 

nanofibers (fabricated at – 20KV, 25cm distance, and 3.5ml/hr. feed rate) taken at – (c) 

500X and (d) 2000X [122].  

2.5 Filtration 

The dissociation of particles from the fluid media with the porous medium is referred 

to as filtration. The process of sieving is among the various filtration mechanisms that 

separate particles from fluid media using filters. These filter sieves in the process of 

filtration encounter extreme clogging and offer higher resistance to fluid flow through the 

filtration channel [Figure. 2.26 (a)] [123]. The development of several industrial-grade gas 

filtration apparatuses has taken place in the past to separate particulate matter from gaseous 

medium. These filters were loaded with a pore of size greater than the particulate matter 

captured. Various engineers have successfully developed several theories to examine 

particle entrapment (other than the sieving mechanism) by different mechanisms. These 

theories helped in the estimation of filter effectiveness in particle extraction. The 

advancements in the development of filtration theories might help in the manufacturing of 

biological filters [123]. 

2.5.1 Filtration Mechanisms 

The development of filtration technique involves three significant factors: a) fluid 

media, b) scattered particles, and c) filtration device (filter). The characterization of the 

factors helps in the estimation of the capture mechanism of particles.  The analysis of the 

mechanism study depends on the assumption that particles are spherical and will stick to 

the filter on surface contact [123]. 

2.5.1.1 Particle Capture Mechanism by Single Fiber 

The capture mechanism of particles by a unique single fiber can be explained 

graphically by velocity field lines illustrations (in the direction of flow) around the fiber 
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surface [Figure. 2.26 (b)]. The unique single fiber is assumed to be cylindrical with its 

longitudinal axis aligned in the direction normal to the flow. The sequence of the 

streamlines parallel to each other helps in the characterization of the upstream velocity. 

The fiber diameter (Df), particle diameter (DParticle), fluid viscosity, fluid velocity, and 

density determine the point of diversion near the fiber surface. The downstream velocity 

field streamlines further converge beyond this point in the parallel direction [125].  

The elimination of scattered particles by fiber from the velocity field can take place 

by five various mechanisms: a) Interception, b) Inertial impaction, c) Diffusion, d) 

Deposition (Gravitational), and e) Electrostatic attraction. The characterization of the 

filtration system concerning fluid media factors (temperature, viscosity, velocity, density), 

fiber characteristics (Alignment, thickness, electrostatic charge), and particle 

characteristics (charge, size, shape) helps in the relative analysis of magnitudes involved 

with particle entrapment mechanism [124,125].  

Interception: The sub-micrometer particles flying in the direction of air streamlines 

are captured after coming in a particle radius of fiber by the process of interception [Figure. 

2.26 (c)]. The capture intensity in the interception process is given by the dimensionless 

quantity (NRf = Dparticle/Dfiber) [125]. The particle size is an important factor that regulates the 

capture intensity in the interception process at a specific fiber diameter value. 

Inertial impaction: The micrometer-sized particles with flight track in the direction of 

flow streamlines to the point of fluid media diversion or acceleration past the fiber 

surroundings leads to the particle drifting from the stream because of its inertial force. 

These particles are captured after coming in contact with a particle radius distance of fiber 

surface [Figure. 2.26 (d)]. The intensity of capture in this process is given by; NIf = [(ρp -  

ρm) Dparticle
2Vo] / 18μDfiber [126]. The intensity is the direct relationship between the 

diameter of fiber and distance traveled by particle before impaction. Therefore, the increase 

in the two quantities, the diameter of particle and fluid velocity, will increase the intensity 

of capture by inertial impaction [126]. 

Diffusion: The nanometer range particles that exhibit Brownian motion after coming 

in contact with fluid media molecules drift from streamline flow. The particles deviating 

in such a random fashion are captured when escorted close to a particle radius around fiber 
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[Figure. 2.26 (e)]. The capture intensity of randomly moving particles is given by; NMf = 

D / (VoDf) [Diffusion coefficient (D) = KT / 3πμDparticle] [125]. The surface contact and 

particle entrapment increase with the decrease in two factors; fluid velocity (provides more 

time for particles to travel around the fiber surface) and fluid viscosity (the random 

movement of particles increases relatively with the fluid) [125]. 

Deposition (Gravitational): The scattered particles in this mechanism gravitate to the 

particle radius distance of fiber because of density difference with fluid [Figure. 2.26 (f)]. 

The capture intensity in gravitational deposition mechanism is given by; NGf = ʋg / Vo  

[Particle settling velocity (ʋg ) = {Dparticle
2g (ρp - ρm)}/18μ] [123]. The capture intensity is 

the direct relationship between the fluid velocity (upstream) and particle settling velocity.  

Electrostatic attraction: The capture mechanism of electrostatic attraction depends on 

the charge present on fiber and particle [Figure. 2.26 (g)]. The particles are captured due to 

the opposite charges carried by them, and the intensity is given by; NEf = 4Qq / 

(3πμDparticleDfiberVo). The intensity of capture in the electrostatic mechanism increases with 

the increase in the number of electrical charges on fiber/particle [125]. 

 

Figure 2.26: Schematic illustration of various filtration mechanisms through a single 

unique fiber; (a) Sieving, (b) Fluid flow description near fiber surface, (c) Interception, 

(d) Inertial impaction, (e) Diffusion, (f) Deposition (Gravitational), and (g) Electrostatic 

attraction. 
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2.5.1.2 Particle Capture Mechanism by Single Pore 

The capture mechanism of particles by a unique single pore has also been studied 

graphically by field lines illustration in the flow direction around pore with circular cross-

section area, aligned in the direction normal to fluid flow [Figure. 2.27 (a)]. The capture 

mechanism of particles through the pore surface by sieving is shown in Figure. 2.27 (b). 

The capture intensity of particles in the interception mechanism is NRp = Dp / Dc [Figure. 

2.27 (c)]. It means that the intensity of interception capture will increase with particle size 

and decrease in pore size. The inertial impaction of the particle around the pore surface is 

shown in Figure. 2.27 (d) and its capture intensity is given by; NIp = [(ρp -  ρm) Dp
2Vo] / 

18μDc. The intensity of capture by inertial impaction increases with particle size, the 

density of particle, velocity, and lower pore diameter values. When drifted away from the 

flow stream, the particles in the diffusion mechanism are captured inside the pore by hitting 

the pore walls/boundaries [Figure. 2.27 (e)]. The capture intensity of the pore in this 

mechanism is given by; NMp = (2DL) / Dc
2Vc, which means the capture intensity can be 

improved significantly by the reduction in the pore diameter size. The higher pore length 

in the membrane can significantly reduce the particle velocity, which yields a higher value 

of diffusion coefficient. The capture intensity of particles in a gravity-assisted deposition 

is given by; NGp = 3ʋgL / 4DcVc. The capture intensity in this deposition mechanism can 

be improved by smaller pore size and reduced fluid velocity [Figure. 2.27 (f)] [125].   

 

Figure 2.27: Schematic illustration of various filtration mechanisms through a single 

unique pore; (a) Description of fluid flow lines through pores, (b) Sieving, (c) 

Interception, (d) Inertial Interception, (e) Diffusion, and (f) Deposition (Gravitational). 
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2.5.2 Filtration Performance Tests 

The filtration performance of the filter medium manufactured from a wide variety of 

materials can be determined by performing two of the significant characterization tests, 

i.e., filtration efficiency test (η) and the pressure drop (breathability) test over the medium 

surfaces. The evaluation of these performance standards can be carried out with different 

experimental set-up designed and operated in reference to international standards. This 

study mainly focuses on the pressure drop and particle filtration efficiency measurements 

of the nanofiber-based filter medium produced from electrospinning. In this section, the 

fundamentals of the filtration performance test with a specific experimental setup have 

been discussed. 

2.5.2.1 Filtration Efficiency 

The filtration efficiency or fractional efficiency of the filter medium fabricated from 

different materials or layers can be determined by Equation 2.32 [127]; 

𝜂 = [1 −  
𝐶𝐷𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚

𝐶𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚
] × 100%                                       (2.32) 

Wherein, 

𝜂 = Capture efficiency or collection efficiency of the filter medium. 

𝐶𝐷𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 = Concentration of aerosol after passing through the filter medium. 

𝐶𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚 = Concentration of aerosol before passing through the filter medium. 

The computation of filtration efficiency of an entire filter medium is a complicated 

method but the filtration analysis utilizing this approach is a better way to address the 

problem. The calculation of efficiency for a single fiber for an individual particle is the 

precise methodology to characterize the filter material. As discussed earlier, the capture 

mechanism for a single fiber is affected by several parameters; a) the diameter of particle 

(dP), b) fiber length, c) the diameter of fibers (Df), d) the thickness of fiber media (t), e) 

face velocity (U), f) volume fraction of solid medium (α), and g) orientation of fibers. The 

variation in the measurement of fiber diameter (dF) significantly affects the filtration 

efficiency of the medium [128]. It was observed in the case of a filter medium with constant 
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material thickness and volume fraction of solid; when the size of the fiber is reduced, the 

minimum efficiency increases [129].  

The total filtration efficiency of the medium can be calculated by considering the 

effects of several parameters through Equation 2.33 [128,130–133]; 

𝜂𝑡 = 1 − (1 − 𝑁𝑀𝑓)(1 − 𝑁𝐼𝑓)(1 − 𝑁𝑅𝑓)(1 − 𝑁𝐺𝑓)                       (2.33) 

𝜂 = 1 − exp [−
4𝛼𝑁𝐼𝑓𝑡

𝜋(1−𝛼)𝐷𝑓
]                                            (2.34) 

Wherein, 𝜂𝑡 is defined as the total efficiency of the single fiber, 𝑁𝑀𝑓is the capture 

intensity in the diffusion process, 𝑁𝐼𝑓 is the capture intensity in the inertial impaction 

process, 𝑁𝑅𝑓 is the capture intensity in the interception process, and 𝑁𝐺𝑓 is the capture 

intensity in the deposition process. 

The calculation of overall filtration efficiency includes the effect of fibers surrounding 

the single fiber in the modern theory of efficiency computation. The overall efficiency (η) 

can be obtained with the integration of these capture mechanisms. Conclusively, the 

filtration efficiency, in consideration of all the capture mechanisms, significantly depends 

on the fiber diameter measurements, particle size, and velocity of gas or air, which can be 

modified or tuned by applying the electrospinning technique [134,135]. 

2.5.2.2 Pressure Drop Measurement 

The resistance offered by filter material or medium (in air filtration) plays a significant 

role in filter performance mapping as it characterizes the breathability of the filters. The air 

resistance value (Rf) of these filters can be measured by Equation 2.35 (utilizing filtration 

theory) [136]; 

𝑅𝑓 =  
∆𝑃

𝑣
                                                      (2.35) 

The filter medium pressure drop is given by ∆𝑃, and the velocity of air traveling 

through the filter medium is given by 𝑣. 

When the air travels through a fibrous material filter medium, every fiber resists the 

air passing through it; this air resistance possessed by fibers causes a pressure drop across 
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the filter medium or membrane. The quantity of pressure drop generated by the airflow 

through the membranes is defined as material pressure drop (∆𝑃) [128]. The air filtration 

materials can be fabricated from various porous material types: fibrous or granular. The 

membranes made from these materials follows Darcy’s law of laminar flow and is 

constituted by Equation 2.36 [137]; 

∆𝑃

𝑈
=  

𝜇𝛼𝑡

𝑘
                                                        (2.36) 

Where, the face velocity is given by the airflow rate over the front area, i.e., – Q/A is 

given by U, the volume fraction of solid fiber medium or membrane is denoted as 𝛼, (1- 𝛼) 

is the porosity of the medium, the thickness of the filter media is denoted as t, the dynamic 

viscosity of air is represented as 𝜇, and the permeability of the surrounding air is 𝑘. 

According to Darcy’s law, with the reduction in air permeability (k), the pressure drops 

across the medium increase (keeping face velocity constant). Pressure drop is the most 

repeated parameter that is generally calculated or determined to demonstrate the filtration 

performance of the filter material or membrane [137]. 

The combination of two significant factors; pressure drop and filtration efficiency, 

gives a single factor, defined as Quality Factor (QF) and is given by Equation 2.37 [137]; 

𝑄𝐹 =  −
ln (1−𝜂)

∆𝑃
                                                     (2.37) 

The filtration efficiency is denoted by 𝜂 with the pressure drop of ∆𝑃 across the filter 

medium. The quality factor is a type of profit-to-cost ratio wherein the filtration efficiency 

(normalized) acts profit and the pressure drop acts as cost. The manufacturing of filters 

with higher filter efficiency and lower pressure drop demonstrates a very high-quality 

factor that possesses an excellent quality, but filtration efficiency improvement keeps 

pressure drops to lower values is a challenge in the air filtration industry [135,137]. The 

filtration performance characterization of fiber membranes carried out in this study mainly 

focuses on the pressure drop and particle filtration efficiency measurements and analysis 

of fiber properties like fiber diameter, air gaps, and structure. 
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2.5.3 Effect of Nanofiber Properties on Filtration Performance 

The fiber morphology and structure play a significant role in the air filtration medium 

design. These fundamental fiber attributes or associated physical characteristics have a 

significant effect on the membrane's filtration performance. These morphological or 

structural parameters include the following; a) Fiber diameter, b) Fiber diameter 

distribution, c) Surface area of fibers, d) Air gaps or pore distribution, e) Weight of the 

fiber membrane or thickness, and f) Packing density of fibers in a membrane [135,138–

141]. The average diameter has a significant effect on the membrane's filtration 

performance. The correlation between the diametric value and quality factor has been made 

in several studies through the morphological characterization of fibers. The nanofibers 

manufactured from the process of electrospinning result in smooth and uniform fibers of a 

specific diameter. The filtration efficiency of the PAN nanofiber-based filter was observed 

to decrease with higher fiber diameters, whereas it significantly improved with a decrease 

in diameter [138,139]. Other studies observed that with smaller diameter values, the surface 

cover of fiber increased, resulting in lower pressure drop [131]. In order to improve the 

filtration performance of the nanofiber-based media, an optimum fiber diameter value has 

to be achieved to maintain a balance between efficiency and pressure drop. The nanofiber 

membranes of Poly (lactic acid) have been manufactured in the past with the bead on fiber 

structure pattern for air filtration applications. The study observed that with higher fiber 

surface areas of nanofibers and a large surface cover of beads, excellent filtration 

performance could be achieved [141]. 

Mathematical modeling between pore size of PVA nanofibers loaded with surface 

micro-pores and the associated filtration efficiency has been performed. The study 

observed that the fabricated PVA membrane with micro-sized pores offers better filtration 

efficiency [142]. It was generally observed that filter medium composed of thinner fibers 

or pores clogs up more frequently due to the tiny size and higher particle accumulation 

[143]. Higher fiber membrane weights favor higher filtration efficiencies but limit 

themselves, resulting in lower QF’s due to associated higher pressure drops. The multi-

layering concept of stacking single electro-spun nanofiber membranes is another 

productive approach to improving the QF [144]. Similarly, the thickness analysis of the 
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filter membrane of PAN nanofibers demonstrates the requirement of optimum thickness to 

enhance filtration performance because, with higher thickness, pressure drop increases 

significantly [145]. The dependence of filtration efficiency and fiber packing density of 

PEO fiber-based membranes shows that higher fiber density will lead to the higher weight, 

which further shows the reduction in QF of the associated nanofiber membranes [140]. 

2.5.4 Viruses and Pollutants 

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2/COVID-19), 

which emerged in Wuhan – Hubei, China, has been recently articulated as a global 

pandemic in March-2020 by World Health Organization (WHO). This airborne career virus 

is a threat to humanity, especially frontline workers, as it is a matter of concern regarding 

protection gadgets (medical grade facemasks, face sheets, oxygen respirators, and 

ventilators) required against it. The novel SARS-CoV-2/COVID-19 virus has reported 

average size of 100nm with a mean aerosol size ≤ of 100nm. When fused with a virus, 

particulates from contaminated human body discharge (nasal droplets/saliva) make it 

airborne. The crown-shaped nano-sized spikes on the exterior virus surface have an 

estimated height < 12nm (approximate) [146]. The SARS-CoV-2/COVID-19 virus 

affiliates itself from the coronavirus family background, of which other viruses like MERS 

(Middle East Respiratory Syndrome) and SARS (Severe acute respiratory syndrome) 

originated. The size of the SARS and MERS virus was approximately about the size of 

81nm (SARS-Capsid wrapped virus-15spikes) and 118-136nm (MERS-16-21nm spike 

size structures) [17,147,148]. The spikes present on the exterior surface of the virus are 

predominantly proteins that attach themselves to the carrier cells in the human body and 

multiply inside to host them [146]. These viruses can amalgamate with the surrounding 

aerosols that can be anchored on fluid particles leaving the infected person’s body. When 

the virus reaches the airborne stage, it transfers easily from the surrounding aerosol carriers. 

With the smaller aerosol size, the virus stays longer in the air environment with a higher 

possibility of higher distance transmission. The transmission concept in terms of particulate 

size and surrounding aerosol applies to air pollution. The particulates can stay floating in 

the air for a longer time and are seriously dangerous for human health [17]. 
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The minimum reported size of SARS-CoV-2/COVID-19 is approximately 60nm. 

When the virus is anchored with smaller size aerosol, the resultant size is 60nm. In contrast, 

if the virus is attached to a bigger size aerosol, the size becomes approximately 100-300nm 

[Figure 2.28 (a-b)] [146]. The test standards for size less than 300nm have not been 

developed at present, and the traditional microfiber loaded filter materials offer very low 

filtration performance [146].   

 

Figure 2.28: Schematic description of; a) Coronavirus attachment with aerosol size 

structure of 60nm, and b) Coronavirus attachment with higher size aerosol of 100-300nm. 

Rep. with permission [17]. 

Air filtration is also predominantly required for pollutants present in the air with 

harmful or hazardous aerosols. The surrounding aerosols generated from the engine 

exhaust of the gasoline or diesel-powered engines have a typical size of 100nm to some 

micrometers. The particulates of these pollutants mix well with ambient air to form bigger 

aerosols [149]. Finely sized particles suspended in the air include a wide variety of matter, 

including; carbon particulates (from industries), mineral fine powders, coal particulates, 

vehicle exhaust emissions, pollen, bacteria, and other micro-organisms. These harmful 

particulate matters in the ambient air can have detrimental effects on human respiratory 

organs. They could lead to various health issues like asthma, lung disorders, cardiovascular 

problems, and heart failure. The impact of particulate matter sized less than 2.5μm (PM2.5) 

on the cardiovascular system has been studied and observed significantly in the past. The 

nano-size particles present in the air possess an immediate and prolonged effect on human 

health [135,150,151]. The respiratory nasal canal can prevent the entry of some microscale 

particles or thoracic particulates, but the hazard of these matters depends on the size of 

suspended aerosols. The size of various particulates is defined as following; thoracic 

particles were reported to be less than 10μm (PM10), fine particulate matter was reported 

to be less than 2.5μm, and nanoparticles suspended possess a reported size of 0.1μm. These 

micro-scale-sized particles can probe through the circulatory system and can cause severe 
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respiratory or cardiovascular health problems [150,152,153]. Therefore, the development 

of nanofibers that can filter these small particulates has become a requisite as the ultrafine 

particles provide challenges in air filtration with traditional micro-fibers.  

2.5.5 Electro-spun Nanofibers as Filter Media 

The nanofibers manufactured from the multifaceted electrospinning technique have 

been used as the filter mediums for air filtration application since 1980. The nanofiber 

loaded filter medium possesses better surface characteristics such as; better porosity, 

extremely high surface area, lightweight and thin, nano-scale smooth and uniform fibers, 

and better surface to surface adhesion. The electro-spun nanofiber membranes are currently 

used in the air filtration media frequently. These electro-spun membranes made from 

different polymeric materials have been used in the air filtration field for over 35 years. 

These electro-spun nanofiber membranes are used in various filtration industrial areas like 

respirators, face masks, room air filtration, car air filters, gas cleaning filters in multiple 

industries, air purification units in community areas, etc. [135]. 

 

Figure 2.29: PVC-PU nanofiber membrane structure with many flow channels loaded in 

the network. Rep. with permission [135,154]. 

Wang et al. [154] successfully fabricated the nanofiber membrane-based composite of 

two polymer blends such as PVC and PU with different weight ratios. Electro-spun 

membranes made from an optimal blend of these two polymers offered better filtration 

performance and high tensile strength of 9.9MPa. The fiber structure fabricated from the 

combination of PVC-PU blend possesses higher air permeability (154.1mm/s) with the 
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high amount of flow channels present on the surface of produced filter media [Figure 2.29]. 

The filter medium structure was observed with a higher filtration efficiency of 99.5% and 

with a lower pressure drop of 144Pa. The schematic description of the fibrous membrane 

structure shows the tortuous path provided by the PVC-PU membrane, which prevented or 

blocked the NaCl particles efficiently with higher breathability comfort.  

Wan et al. [155] investigated the effect of TiO2 nanoparticle inclusion on the filtration 

performance of Polysulfone (PSF) fiber structures [Figure 2.30 (a-d)]. The study reported 

the fabrication of a superhydrophobic filter membrane with a WAC of 152°. The electro-

spun membranes of PSF-based polymers were loaded with TiO2 nanoparticles in varying 

concentrations. These composite fibers were further layered with the traditional non-woven 

structure for better air filtration. Higher filtration efficiency of 99.9997% was achieved 

with these structures with a pressure drop of 45.3Pa.  

 

Figure 2.30: SEM micro-graphs of Polysufone (PSF) based membrane structure modified 

with TiO2 nanoparticles in varying concentrations of: (a) 2.5wt.%, (b) 5wt.%, (c) 7.5 

wt.%, and (d) 10wt.% . Rep. with permission [135,155]. 

Yang et al. [156] investigated the effect of multi-layering of nanofiber membranes 

manufactured from different polymer base materials on the air filtration performance of 

these structures. In his studies, he designed a multi-layered structure of sandwiched electro-

spun fibers in the following order: Polyamide-6 (PA-6), PAN, and PA-6 for improving the 

filtration performance. The structure was comprised of larger air cavities made by stacking 

of 20nm (approx.) thick nanofibers with more fiber webs of bead on fiber structure 
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membranes [Figure 2.31]. Two-dimensional nano-scale fiber nets made from PA-6 and 

bead-loaded PAN membranes possessed very high porosity and packing, which further 

improved the filtration efficiency to 99.9998% with a very low-pressure drop of 117.5Pa. 

Zhang et al. [157] also investigated the effect of the multilayered structure of PAN-based 

nanofiber membrane on the filtration efficiency and pressure drop measurements. The 

study analyzed the effect of several thicknesses on the efficiency and QF of the prepared 

structure. It was generally observed that the membranes with lower thickness offered better 

QF than the thicker filter membranes. It was attributed in the study that layering of thin 

nanofiber membranes provides more QF with lower pressure drop and good efficiency than 

thicker layer of single nanofiber membrane. 

 

Figure 2.31: Sand witching of PA-6 and PAN nanofiber membrane explaining the 

filtration technique through the structures. Rep. with permission [135,156]. 

Particles suspended in the air carry viruses, bacteria, pollens, and various allergens, 

and these suspended particulates can transmit different diseases and could even lead to a 

virus outbreak. Several additives have been used in the past to fabricate anti-bacterial filter 

materials made from fillers like silver nanoparticles, copper nanoparticles, carbon 

nanotubes, titanium dioxide, etc. [135]. Selvam et al. [158] demonstrated an investigative 

study of silver nanoparticle inclusion (with varying concentration) on nanofiber structures 

of the PAN polymer base. These silver nanoparticles loaded anti-bacterial membranes were 

successfully tested against S. Aureus and E. Coli for 6hours. The Ag Np concentration of 

10-12.5 wt.% resulted in higher bacterial efficiency of 99%, and the action of the Np’s 

against the bacteria is demonstrated in Figure 2.32 (a). When interacting with positively 

charged nanoparticles loaded fiber membranes, negligent charged cell walls of bacteria or 

viruses resulted in the breaking up of bacterial cell walls, which further ended in the 
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microorganism death or expiration [159]. Zhang et al. [160] demonstrated the interaction 

of Ag Np’s on the structure of PAN fiber membranes towards the bacteria. The anti-

microbial properties of the membrane improved significantly with the action of NH2OH 

solution and Ag+ ions. The fiber membrane's filtration efficiency and morphological 

attributes remain unaltered, with this action improving anti-microbial properties. Zhang et 

al.[161] in his further studies with Wang C., investigated the silk fiber-based lightweight 

filter media possessing anti-bacterial properties [Figure 2.32 (b)]. The silk-based fibers 

were added with nano-scale Ag clusters by the action of AgNO3 with the formic acid. The 

attachment of Ag clusters on the fiber structure of silk membranes is demonstrated in 

Figure 2.32 (c). The silk-based filter membranes were bio-compatible and eco-friendly, 

offering higher filtration efficiencies, higher breathability, lower weight, and anti-bacterial 

properties. The manufacturing of nanofiber membranes with the inclusion of anti-bacterial 

nanoparticles improves the filter performance without compromising with the breathability 

of the user. The electro-spun membranes with these exceptional properties offer a better 

solution in the filtration industry towards any type of virus, bacteria, or pollutants.  

 

Figure 2.32: (a) Silver nanoparticles (Ag Nps) action on the bacteria [135,158], (b) Silk 

fibers loaded with Ag to prevent the diffusion of smoke, and c) TEM image of silver 

nanoparticles doped on the silk nanofiber structure. Rep. with permission [135,161]. 

2.6 Literature Review Summary and Knowledge Gap 

The comprehensive study of extensive literature and theoretical background shows 

that the polymeric nanofibers manufactured by electrospinning offer several exceptional 

properties, making them a suitable contestant for various industrial applications. 
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There are different techniques of noise mitigation that involves noise control at the 

source, in the transmission path, and at receiver’s end. Active and passive noise control are 

the two techniques found in the literature wherein the application of sensitive external 

energy components like electronic sensors, actuators, vibro-meters, etc. limits the user due 

to calibration imbalance sensitivity leading to system failure. Passive noise control 

techniques are comparatively more reliable and feasible alternate solution that involves 

application of absorptive medium which can easily be tuned specific to frequency 

dependant geometric dimensions. Conventional sound-absorbing material offers better 

acoustic performance in the higher frequency range but limits the higher absorption of low-

frequency noise. Traditional microfibers possess higher thickness and higher weight which 

provides a constraint for various industrial applications where space and weight are of 

prime concern, such as transportation, aerospace, airplanes, and buildings. Electro-spun 

nanofiber membranes provide a better solution to low-frequency sound absorption with the 

associated extreme low weight and thickness. Higher sound energy interaction and 

conversion to heat as losses of the electro-spun fibers depend on the morphology and 

structure of the fiber membranes produced. Multi-layering or stacking of polymeric 

nanofiber layers improves the acoustic performance of the material in the low and medium 

frequency range. This experimental study includes manufacturing thin and light nanofiber 

membranes that possess higher sound absorption in low or medium frequency zones. The 

acoustic nanofibers used in the study were first designed, optimized, and modeled based 

on fiber diameter, thickness, and weight concerning the five electrospinning parameters. 

The study is complemented with the addition of filler to the fiber structure to analyze the 

electro-spun membrane's respective thermal, mechanical, morphological, and acoustic 

properties. Very few studies have focused on applying nanofibers for noise attenuation. 

The concept of fiber modeling concerning electrospinning parameters for acoustic 

applications has not been concentrated in the previous studies in the open literature. The 

concept of multi-layering with composites of pristine polymer fiber layers and with filler-

loaded membrane layers to provide a more tortuous path for sound wave energy dissipation 

has been investigated in the study at different back cavities.   

The electro-spun fiber membranes are often categorized as smart fiber-based materials 

with the responsive ability towards different external stimuli with associated micro/nano 
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level variation in structural arrangement or properties. The exposure of these membranes 

towards plane acoustic sound waves and polluted air stimulus triggers its response ability 

to absorb sound and to filter out micro/nano particles in the medium. Electro-spun 

nanofiber membranes offer better filtration performance than the traditional microfiber-

loaded filter mediums. Several studies performed on nanofiber membranes for air filtration 

show that traditional micro-scale fiber-based filters are not effective for preventing humans 

from nano-sized particulates like pollutants, viruses or bacteria, and others micro-

organisms. In this study, polymeric electro-spun nanofiber membranes were manufactured 

with optimized fiber diameter, weight and thickness where the nano-scale fiber structure 

possessed better filtration performance against these particles. These thin and lightweight 

membranes have fibers in nano-scale with very tiny air gaps in between the fiber webs. 

The study involves the fabrication of nanofiber loaded filter media at varying 

concentrations of pure polymer, electrospinning time, and complemented with filler 

inclusion. Anti-bacterial/anti-viral fillers like MWCNT’s, GN, TiO2, and Copper 

nanoparticles with high electrostatic attraction were studied in this work. The layering of 

extremely thin nanofiber membranes to the conventional surgical mask for improving the 

filtration performance to the level of N-95 masks was performed in the study. 
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Chapter 3. Experimental Methodology 

3.1 Experimental Materials 

The manufacturing of nanofibers for various industrial applications was carried out 

utilizing two different polymeric materials; Polyvinylpyrrolidone (PVP) and 

Polyvinylidene Fluoride (PVDF). The fine powder of PVP with an average molecular 

weight of 1300000g/mol (100% purity) was obtained from Sigma Aldrich – USA. Solid 

pellets of PVDF with an average molecular of 280000g/mol were obtained Kynar-740 from 

Arkema Group-Canada. Polymeric nanofibers fabricated from PVP and PVDF material 

were used for sound absorption application, whereas PVDF was used for filtration 

application. 

In the experimental study, two different types of solvents were used to make polymeric 

solutions of different concentrations. PVP powders were dissolved in the solvent base of 

ethanol with a molecular weight of 46.07g/mol obtained from ACP Chemicals – Canada 

with 95% purity. On the other hand, PVDF pellets were dissolved in N, N-

Dimethylformamide (DMF) with a molecular weight of 73.09g/mol was obtained from 

ACP Chemicals – Canada with 99.8% purity. Polymeric solutions with varying 

concentrations were prepared by mixing polymeric material in a liquid solvent. The mixing 

of the polymer in the solvent was carried out by magnetic stirring, and the filler added 

solution requires a step of mixing with an ultrasonic mixer. 

Several types of filler materials (micro/nano-sized) were used in the study for different 

applications. For sound absorption application, the nanofiber membranes were produced 

from PVP and PVDF material wherein the filler based nano-composites were fabricated 

from the following materials, namely; Multi-Walled Carbon Nano-Tubes (MWCNTs) with 

length 10-20μm and outer diameter 30-50nm, Graphene particles (GN) with size 5μm and 

surface area 120-150m2/g (both MWCNT’s and GN) was provided by Dr. Simon Park – 

the University of Calgary, Fumed Silica (FS) with a molecular weight of 60.08g/mol was 

obtained from Sigma Aldrich – USA, Micro-Fiber Glass (FG) with fiber diameter 

16microns, and Mica powder (MC)  - 21microns was obtained from Fibertec – USA. For 

filtration applications, the nanofibers were produced from PVDF material wherein the 

following filler materials were added; MWCNT’s, GN, Titanium (IV) Oxide (TiO2) nano-
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powders with 21nm particle size and average molecular weight 79.87g/mol was obtained 

from Sigma Aldrich – USA, and Copper nano-powder with 25nm particle size and average 

molecular weight 63.55g/mol was also obtained from Sigma Aldrich – USA. 

In this experimental study, the selection of polymeric or filler material was made based 

on each material's inherent properties. PVP is a synthetic polymer that is water-soluble, 

biocompatible, high electro-spin ability, non-toxic, and offers better solubility with a wide 

variety of nano/microparticles [162]. It is a polymer lactam with high polarity due to the 

amide group attachment to the side rings which gives it better solubility in various polar 

solvents. It provides the ease in producing thin membranes by electrospinning the ethanol 

based polymeric solutions with inherent advantage of environmental friendliness when 

compared with other non-soluble polymers. PVDF is a semi-crystalline polymer with 

different crystalline phase’s: α, β, γ, and δ. Among these phases, β phase PVDF offers the 

higher piezoelectric effect because of its non-centrosymmetric conformation of molecular 

orientation & distribution [163]. It has a higher number of strong dipoles orientated in a 

polymer chain, making it a better piezoelectric polymeric material that can generate electric 

energy when the material is applied with any mechanical force or stress. Transducers used 

in an audio system are also piezoelectric that transforms mechanical input into an electric 

signal. Hence, these materials can also attenuate noise or sound vibrations in the acoustics 

field. The materials also offer better thermal, mechanical, and electric strength, making 

them a better candidate for filtration applications [17,164]. The nanofiber mats were 

modified by adding fillers in a polymer matrix where FS contains microparticles of 

amorphous silica, which offer a larger surface area (50-400 m2/g), higher particle 

interaction with polymers, and has better reinforcing properties [165]. The micro-glass 

particles (FG) reinforced plastics are used for various engineering applications, including 

sound absorption because of their lower weight, high mechanical and thermal properties, 

cost, and easy availability [166,167]. The MWCNTs and GN are allotropes of carbon 

arranged in the form of cylindrical nanotubes and hexagonal structures. The MWCNTs and 

GN nanoparticles have a high aspect ratio and exhibit better thermal, mechanical and 

electrical properties [121,168]. Reinforcing fillers like MC have been widely used because 

of their higher physical and mechanical strength when reinforced with polymer materials 

[169]. Bacteria or viruses have exterior structures consisting of spikes of protein 
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arrangement. When it interacts with low pH exposure, the external layer breaks apart the 

protein structure and kills the micro-organisms or bacteria. The positive charge loaded 

metal ions like copper, silver, or zinc attaches to the negative charge loaded group present 

on an exterior surface of virus or bacteria to inactivate them. Copper nanoparticles (Cu 

NP’s) and Titanium oxide (TiO2) are the types of biocides used in the study which attaches 

to the fiber structure without effecting the electrostatic charge bearing capacity of fibers or 

without changing the fiber structure that regulates the filtration performance [135,170]. 

MWCNT’s and GN can also de-activates the bacteria or virus when it comes in direct 

surface contact with their exterior walls, according to several studies performed in the air 

filtration field [171]. The tabular representation of different polymeric materials and fillers 

used for different applications in provided in Table 3.1. 

Table 3.1: Description of different polymeric, filler materials, and solvents used for various 

applications. 

Acoustic Nanofibers Filtration Nanofibers 

Polymer Base 

Polymer 1 Polymer 2 Polymer 1 

PVP (Ethanol) PVDF (DMF) PVDF (DMF) 

Fillers used for acoustic nanofibers Fillers used for filtration nanofibers 

Filler 

1 

Filler 

2 

Filler 

3 

Filler 

4 

Filler 

5 
Filler 1 

Filler 

2 
Filler 3 Filler 4 

CNT GN FS FG MC CNT GN TiO2 Cu NP’s 

Conventional Material 

1 2 1 2 3 4 5 

Rockwool Comfort 

Batt 

Rockwool 

SafenSound 

Surgical 

Mask 

N-95 

(8200) 

N-95 

(8110S) 

N-95 

(1860) 

N-95 

(9500) 

3.2 Electrospinning Experimental Set-up 

Pristine or filler-modified polymeric nanofibers were manufactured using an 

electrospinning experimental set-up. The laboratory-scale set-up has the following 

components; a) A high voltage power supply source purchased from Gamma High Voltage 

Research Inc. (ES50P-5W) – USA with voltage control from 0-50KV, b) Polymer solution 

flow control syringe pump (NE-1600) purchased from New Era Pump Systems Inc. – USA, 

c) Stainless steel rotating drum cylinder with RPM control regulator, d) Needle clamping 

hub fixed on screw connected to Arduino controlled stepper motor for to-and-fro motion 

control of the needle, and e) Cubical acrylic based high voltage safety casing. Polymer 
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powder or pellets were dissolved in the solvent, and the prepared solution was loaded in 

the syringe-needle unit, which was further mounted on the syringe pump. The pump was 

set to a specific flow rate and powered for the solution to be pushed out from the needle 

tip. Needle extended from the pipe through a syringe is properly mounted on the hub with 

the positive end of the high side connected to it through alligator clips. The needle motion 

was started by powering up the Arduino-controlled stepper motor, and then the grounded 

collector was powered with set RPM. Finally, the limit switch enabled acrylic safety door 

was closed for safety, and then the high voltage supply was turned ON with set voltage for 

the nanofiber fabrication process. The polymer solution was forced to pull out from the 

needle tip in the form of droplets, and the droplet stretches out in an electric field 

environment to form a Taylor cone. Polymer jet stream experiences bending instabilities, 

and the jet further stretches out because of mutual charge repulsion. The forces acting on 

polymer jet due to electric field environment elongates in form fibers which were further 

accumulated on the surface of collector screen. Moving needle tip powered from Arduino 

controls the translational motion for homogenous deposition of fibers on the collector. 

Accumulated fibers were finally extracted from the collector surface in thin and lightweight 

nanofiber membranes, which were further dried for 24 hours for end applications. The 

three-dimensional model of the electrospinning laboratory-scale experimental setup is 

provided in Figure 3.1(a-b). 

3.3 Material or Specimen Preparation 

3.3.1 Polymeric Solution Preparation 

Two different types of polymer materials, PVP and PVDF, were used in this study for 

various applications. The polymeric solution of PVP was prepared by mixing PVP powders 

in ethanol solution varying from 08wt.% to 12wt.% in concentration. The prepared mixture 

was continuously stirred at 60°C for 24hours using the magnetic stirrer for homogenous 

mixing of the solution. PVDF solid pellets were mixed in DMF solution in varying 

concentrations of 20wt.% to 25wt.% at 75°C for 24 hours. A description of the pristine 

polymeric solution concentration range used in the study is provided in Table 3.2.  
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Table 3.2: Tabular description of polymer solution concentration range (wt.%). 

Polymeric 

Material 
Solvent 

Polymer Solution 

Concentration (wt.%) 

PVP Ethanol 08 to 12 

PVDF DMF 20 to 25 

 

 

Figure 3.1: (a) Schematic description of the electrospinning set-up and (b) Laboratory-

scale unit. 

3.3.2 Polymeric-Filler Solution Preparation 

Different type of application-based fillers was used in the study with different 

polymeric materials. Nanofiber composites composed of these fillers were manufactured 

in varying concentrations of 0.25wt.% to 1wt.% for acoustic applications and 0.25wt.% for 

filtration applications [as described in Table 3.3]. The step-wise description of nanofiber 

membrane fabrication process includes; Step 1: Filler in different wt.% was added to the 

appropriate solvent. The mixture was sonicated for the duration of 30minutes in an 

adequately sealed conical beaker. Step 2: Polymeric powders or pellets were then added to 

the prepared solution for continuous mixing on a magnetic stirrer for 24 hours at an 
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appropriate temperature range. Step3: The filler added polymeric solution was filled in 

needle-syringe unit to mount on syringe pump. Step 4: The electrospinning of the prepared 

solution was carried using an experimental set-up. Step 5: For the sound absorption analysis 

in the impedance tube test set up, the nanofiber sample was cut in a circular shape with a 

10cm diameter. The sample was mounted on a circular aluminum ring using double-sided 

adhesive tape. The nanofiber membranes without any surface wrinkles were then mounted 

in the piston-cylinder unit for acoustic testing. Step 6: For pressure drop measurements, the 

untouched and undisturbed electro-spun samples with no wrinkles were placed on the 

adhesive masking tape from the sides. The tape ensures the proper handling of extremely 

thin and delicate nanofiber membranes for pressure drop measurements and the layering 

process. The step-by-step methodology from polymer mixing to nanofiber accumulation in 

the form of membranes is provided in Figure 3.2. 

Table 3.3: Tabular description of polymer-filler concentration range (wt.%). 

Filler Material 

(Wt.%) 

Acoustics Filler Material 

(Wt.%) 

Filtration 

PVP/PVDF PVDF 

MWCNT's 0.25 to 1.0 MWCNT's 0.25 

GN 0.25 to 1.0 GN 0.25 

FS 0.25 to 1.0 TiO2 0.25 

FG 0.25 to 1.0 
CuNP's 0.25 

MC 0.25 to 1.0 

 

Figure 3.2: Step-by-Step description electro-spun nanofiber membrane fabrication 

process. 
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3.4 Thermal, Mechanical, and Morphological Characterization 

3.4.1 Thermo-gravimetric Analysis (TGA) 

The thermo-gravimetric analyzer used in the study for thermal analysis was Q50 by 

TA instruments – USA [Figure 3.3]. Variation in the polymeric sample mass concerning 

time or temperature is studied through the TGA analysis. The analysis is typically used to 

compute the decomposition temperature of the polymeric material where the onset of 

degradation or mass change shows the decomposition point. Measurements of time or 

temperature at which the maximum loss of sample mass has occurred are derived from the 

derivative of the first curve known as the TG curve. The peak of the derivative curve, 

known as the DTG curve, provides the maximum degradation temperature. TGA was 

carried out in the nitrogen environment for all the pure polymer and nanofiber samples to 

prevent oxidation in the chamber. All these tests were performed on a sample weight less 

than 10mg for pure polymer and less than 20mg for nanofibers at a calibrated heating rate 

of 10°C/min for the temperature range at the ramp of 600°C (for PVP and its composites) 

and 800°C (for PVDF and its composites). The resultant TGA graphs were further used to 

compute the onset of degradation (°C), maximum decomposition temperature or peak of 

derivative (°C), and percentage residue [Appendix (A1-A4)]. 

 

Figure 3.3: Thermo-gravimetric Analyzer - TGA (Q series – Q50). 

3.4.2 Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimeter (DSC) used in the study for thermal analysis was 

Q20 obtained from TA Instruments – USA [Figure 3.4]. The instrument measures the 

polymeric sample heat flux concerning time or temperature where the ambient atmosphere 

maintained inside the chamber is mainly nitrogen. Pure polymeric and nanofibers samples 
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were placed in a sample pan inside the chamber wherein the reference pan (empty) also 

undergoes the same temperature variation. The instrument tries to sustain a temperature 

difference of zero between the samples, and the corresponding heat flux that maintains this 

difference provides DSC plots. For all the DSC tests, the sample weight of 3mg to 6mg 

was maintained at a calibrated heating rate of 10°C/min for the temperature Heat-Cool-

Heat range of 300°C-60°C-300°C (for PVP/PVDF and its composites). The corresponding 

DSC curves provide various temperature points like melting temperature (°C), 

crystallization temperature (°C), and glass transition temperature (°C) [Appendix (B1-B4)]. 

 

Figure 3.4: Differential Scanning Calorimeter - DSC (Q series – Q20). 

3.4.3 Dynamic Mechanical Analysis (DMA) 

Dynamic Mechanical Analyzer (DMA) used in the study for mechanical analysis was 

Q800 obtained from TA Instruments – USA [Figure 3.5]. The tensile strength of the 

fabricated polymeric nanofiber samples was determined using DMA at a set temperature 

of 30°C with a displacement rate of 1000μm/min. The electro-spun nanofiber-based 

membrane specimens were trimmed in a rectangular shape to meet the test mount 

requirement of the film tension clamp. The test specimens were trimmed utilizing the DMA 

sharp film cutters that maintain uniform width of 5.3mm for all samples, and the length of 

the specimens was in the range of 15mm to 20mm. Specimens were tested using the DMA 

strain mode with the preload force of 0.05N at an initial displacement of 20μm, and the 

displacement rate was set to 1000μm/min. The test was performed on three to five samples 

of the same specimen, and an average value was reported in the study. The mechanical 

characterization of the specimen carried out using DMA reports include; a) Tensile strength 

(MPa), b) Elongation at break (%), and c) Young’s Modulus (MPa) [Appendix (C1-C4)]. 
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Figure 3.5: Dynamic Mechanical Analyzer - DMA (Q series – Q800). 

3.4.4 Scanning Electron Microscopy (SEM) 

The Scanning Electron Microscope used in the study for the morphological 

characterization was FlexSEM 1000 by Hitachi [Figure 3.6]. The non-conductive nanofiber 

membrane samples manufactured from the electrospinning technique were analyzed in this 

microscope to study fiber diameter measurements, distribution, and fiber structure. The 

fiber samples were first placed on adhesive conductive tapes such as carbon or copper 

tapes. They were further sputter coated with gold to a thickness of approximately 20nm to 

improve specimen conductivity. Finally, the coated electro-spun nanofiber samples were 

mounted inside the SEM chamber, and the resultant electron images (backscattered) were 

captured at different magnifications for morphological studies. Fiber diameter 

computations were carried out by employing the SEM images in the ImageJ software; a 

Java encoded processing tool for image analysis. The average diameter of at least 20-50 

fibers scattered at different spots in a membrane was used for calculations.  

 

Figure 3.6: Scanning Electron Microscope – SEM (FlexSEM 1000). 
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3.4.5 Digital Microscope (DM) 

Digital Microscope (DM) used in the study for morphological characterization was 

VHX-1000 obtained from Keyence – Canada [Figure 3.7]. Pure polymeric and filler-

modified nanofiber samples were characterized under this microscope for thickness 

analysis. The fiber thickness of the specimens was measured utilizing the Keyence 

measurement tool built in the microscope system. Measurements of the specimen’s average 

thickness were carried out at 20-30 different spots of untouched and undisturbed electro-

spun nanofiber membranes.  

 

Figure 3.7: Digital Microscope – DM (VHX – 1000). 

3.5 Acoustic Characterization of Nanofiber Membranes and Composites 

3.5.1 Introduction 

In the field of acoustics engineering, the sound absorption coefficient value refers to 

as the predominant factor for characterizing the acoustic performance or behavior of any 

sound absorptive material or membrane. Sound absorption coefficient (α) value provides 

the precise measure of material’s absorptivity or reflectivity for better selection of high-

performance acoustic material [172]. The acoustic behavior of any material can be 

determined by calculating the sound absorption coefficient value through the following 

standard methodologies; 

a) Transfer function method – ISO 10534-2 [173]. 

b) Standing wave ratio method – ISO 10534-1 [174]. 

c)  Reverberation chamber method – ISO 10534 [175]. 

Transfer function method and standing wave ratio measure the normal incident sound 

absorption coefficient values wherein the impedance tube experimental set-up (ISO 10534-
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1 and ISO 10534-2) can be employed with the transfer function method for reducing the 

measurement time. On the contrary, the reverberation chamber method measures the 

random incident sound absorption coefficient values. It requires an extra room space with 

a higher volume of 300m3 with a larger sample size of 12m2 surface cover [176]. 

3.5.2 Impedance Tube Experimental Set-up 

The acoustic performance of the electro-spun nanofiber membranes was determined 

utilizing the laboratory scale impedance tube set up, which was built following ASTM1050 

and ISO10534-2 for normal incidence acoustical measurements [Figure 3.8 (a-b)] 

[176,177]. The test set up comprises of several components, which includes the following: 

a) A long cylindrical PVC based tube of length (L) 117cm (tube length was maintained 

greater than three times the diameter of the tube) & diameter (D) 10cm was used for 

propagation of plane sound waves; b) A loudspeaker insulated in a box was mounted on 

one side of the tube and is connected to the signal generator and amplifier to produce the 

white noise; c) Three ¼” microphones were mounted on tube set-up on sample side at a 

certain distance to cover plane wave decomposition in the frequency range from 99Hz-

2000Hz (as shown in Table 3.4); d) A sample holder unit of the piston (aluminum) – 

cylinder (stainless steel) arrangement that holds the nanofiber membranes and is placed on 

the other end of the tube. The back cavity behind the sample can be adjusted for different 

runs by moving the piston at specific distances in a cylindrical component. Electro-spun 

membranes placed on the aluminum ring with adhesive tape guarantees the wrinkle-less 

and undisturbed mounting of the specimens in holder. After the installation of membrane 

specimens, the holder unit was coupled with a tube with a clay seal covered with masking 

tape to ensure the proper acoustic seal. 

The transfer function method was used for the acoustic characterization of the 

composites mounted in impedance tube set-up. The approach is straightforward and 

requires less space, wherein it can be implemented easily for impedance tube testing, which 

requires a small sample size. The absorption coefficient value can be determined at all 

frequencies in less time than the standing wave ratio method, where coefficient value is 

determined at each frequency separately [178].  
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Figure 3.8: (a) Impedance tube experimental set-up schematics and (b) Pictorial 

demonstration of laboratory-scale set-up. 

A loudspeaker is connected at one end of the tube with a signal generator through an 

amplifier & stereo system for volume and power control. The sample is placed on the other 

end of the tube with proper acoustic sealing. When the plane waves generated by the 

speaker incidents on the sample, the microphones mounted at three positions measures the 

sound pressures at those locations. The signals from the microphones transfer to the signal 

conditioner, which smoothens the rough signals and sends them to the Data Acquisition 

(DAQ) system, which digitizes the analog signal and transfers the data to the PC. The 

transfer function was determined for the two sets of the microphones chosen for different 

frequency range, and the corresponding reflection coefficient value is determined using 

Equation 3.1 [176]; 

𝑅 =
𝐻₁₂−𝐻I

𝐻R−𝐻₁₂
 𝑒2𝑗𝑘x                                                 (3.1) 

The absorption coefficient can be determined using Equation 3.2; 

𝛼 = 1 − |𝑅|²                                                      (3.2) 
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Where,  

H12 = Transfer function between mic 1 to mic 2 

HI = (𝑒−𝑗𝑘s) = Transfer function of the incident wave 

HR = (𝑒𝑗𝑘s) = Transfer function of reflected wave 

x = Distance between sample & adjacent microphone, 𝑗 =  √−1 

k = 
2𝜋𝑓

𝑐
 = wave number; f is the frequency in Hz and c is the speed of sound 

s = spacing between the microphones. 

The maximum frequency measures by the impedance tube set-up with corresponding tube 

diameter is given by [178]; 

𝐹 =
1.84𝐶

𝜋𝑑
                                                         (3.3) 

Where d is tube diameter in meters. 

Three microphones were mounted in the drilled holes on the tube to determine 

coefficient values from two mic configurations limited to specific frequency zones [Table 

3.4]. The frequency ranges for different configuration of mic position selected depends on 

the spacing between them, and the upper & lower range is given by [178]; 

𝑓ı =
0.05𝐶

𝑠
                                                         (3.4) 

𝑓u =
0.45𝐶

𝑠
                                                         (3.5) 

Table 3.4: Description of coefficient measurement frequency range. 

Distance between 

microphones (cm) 

Frequency measurement range 

Low-frequency range 

(Hz) 

High-frequency range 

(Hz) 

M1-M2 7.3 234 2000 

M2-M3 10 171 1543 

M1-M3 17.3 99 892 

Lab-view and MATLAB software was used to function the impedance tube and white 

noise [Figure 3.9(a-b)]. The software codes were developed in the same regard to 
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computing the acoustic performance factors such as sound reflection coefficient and sound 

absorption coefficient of manufactured membranes specimens. Before starting the acoustic 

test for samples, the microphone calibration was carried out by performing the correction 

of phase mismatch. The speaker unit was powered ON for 10 minutes before the acoustic 

testing of the samples for temperature stability inside the impedance tube [179]. The 

corresponding pressure signal was used as input in developed MATLAB code to calculate 

absorption or reflection coefficient value. The graphical representation of the absorption 

coefficient value with respect to the frequency was plotted using the Microsoft Excel 

software. 

 

Figure 3.9: a) Lab-view software for pressure signal measurement and b) MATLAB 

software for pressure signal and absorption coefficient measurement. 
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3.5.3 Impedance Tube Validation Study 

The validation of the tube set-up design was carried out by determining the reflection 

coefficient measurements of the tube with an open end, and the coefficient values were 

compared with the theoretical value of the open end tube (non-flanged) given by Equation 

3.6 [180]; 

𝑅𝑡ℎ = exp{−(𝑘𝑎)2} [1 +
1

6
(𝑘𝑎)4 {𝑙𝑜𝑔

1

𝛾𝑘𝑎
+

19

12
}]                     (3.6) 

Where (a) is the radius of the pipe, k = 2π/λ and γ = 3.77746. As shown in Figure 3.10, 

the absorption coefficient measurements are in good agreement with the theoretical 

measurements with respect to the calculated frequency range. 

 

Figure 3.10: Comparison of the reflection coefficient experimental value with the 

theoretical value for open-end test for validation. 

3.6 Filtration Characterization 

3.6.1 Introduction 

The filtration performance of the mask significantly depends on the breathability or 

the air permeability of the filter medium, which can be determined by measuring the 

pressure drop across the surface of the mask material at specific ambient conditions of 

temperature, humidity, and airflow rate [137]. The differential pressure measurement se-

up was developed following EN 14683:2019+AC:2019 (E) [Medical face masks – 

Requirements and test methods] to determine the pressure drop across various filter 
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samples. The standard is required for the medical masks that shield the human nose, mouth, 

and chin with the material and blocks the infective agents from transmission from one 

person to another. The standard test method and requirements mentioned in this standard 

or equivalent standard ASTM F2100-11 should be complied with by the medical face mask 

provided in the 93/42 directive or UE/2017/745 regulations [181]. 

3.6.2 Differential Pressure Measurement Experimental Set-Up 

Differential pressure (ΔP) measurement was carried out in the laboratory scale 

pressure drop experimental set-up [Figure 3.11 (a-b)]. The instrument comprises of 

following components: a) An electric vacuum pump (RS-1.5 - Norman Vacuum Pump) of 

force air displacement 4CFM with an ultimate vacuum capacity of 30Pa that draws out air 

from the metal block opening of defined surface area with constant air flowing through the 

channel, b) Digital differential manometer (Perfect Prime – AR1890) that determines the 

differential pressure across the surface of a face mask material, c) Mass flow meters (RMB-

52D-SSV flow meter, 5-50 SCFH/2-23 LPM AIR by Dwyer) to measure the airflow rate 

through the channel and sample holders, d) Sample holding unit designed following 

respective standards was made of aluminum with in-built extruded metal ring for proper 

sealing, e) Clamping mechanism consists of screw tightened top holders on a moving 

station for which a lever can manually control the movement, and the bottom holder was 

screwed to the stationary clamping base. During the test, the sample can be placed between 

these holders, and the clamping will ensure zero air leakage from the holding set-up. 

Before starting the test, the top and bottom holders are clamped together with no 

specimen in between, and the vacuum pump was started with an 8LPM flow rate 

maintained to zero the differential pressure gauge. Figure 3.11 (b) demonstrates the lab-

scale experimental set-up for the breathability test. The breathability testing starts by 

powering the vacuum pump. The flowmeter regulates the air suction flow of 8LPM from 

the sample holder molds, wherein the air suction takes place from the top holder through 

the bottom. The mask material was placed in between the top and bottom mold of the 

sample holder unit. The differential pressure gauge measures the pressure difference across 

the sample when connected to either end of the pipe linings [Figure 3.11 (b)]. The internal 

diameter of the top and bottom holder in the contact area of the filter material was designed 
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with a 25±1 mm cylindrical hole. A 3mm thick metallic ring is engraved on the top holder 

to ensure the proper seal and leak-proof set-up. The push-to-connect tube fitting was used 

to provide leak-proof pipe lining connections [Figure 3.11 (b)].   

The test sample of mask materials was placed flat between the holders, and the 

pressure drop measurements were carried out on three different spots with a single 

specimen's respective surface test area cover. The average pressure drop of three to five 

samples was reported in the study at room temperature and humidity. The differential 

pressure per unit area was calculated using Equation 3.7; 

∆𝑃 =
𝑃1−𝑃2

4.9
                                                      (3.7) 

Wherein, (𝑃1 − 𝑃2) is the pressure difference measured by digital manometer from 

the difference of low-pressure side to the high-pressure side (near the vacuum pump side) 

of connection ports, 4.9 is the surface area in cm2 of the specimen under test, and ∆𝑃 is 

defined as the differential pressure measured per unit surface area in Pa. 

 

Figure 3.11: Experimental set-up for differential pressure (ΔP) measurement; (a) 

Schematic description and (b) Laboratory-scale set-up with exploded view of sample 

holder and mask placement between the mold. 
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3.7 Modelling and Optimization of Electrospinning Parameters for Manufacturing 

of PVP Fibers 

3.7.1 Introduction  

In this study, the polymeric nanofibers of PVP were manufactured using the 

electrospinning technique. The electrospinning process parameters such as voltage, 

concentration, the rotational speed of collecting drum, collecting distance, and flow rate 

were studied utilizing the experimental design technique of Taguchi’s. The effects of these 

parameters on the fiber diameter, membrane thickness, and weight as output responses 

were investigated by ANOVA and Taguchi’s array design. Furthermore, a mathematical 

model was generated using RSM and GP to model the electrospinning process. 

The parametric assessment of the selected governing electrospinning parameters was 

performed using the ANOVA to evaluate the statistical significance of process variables. 

The resultant output responses such as fiber diameter, thickness, and weight tabulated using 

Taguchi’s design was used for ANOVA study wherein the significant electrospinning 

factors were determined at different confidence and risk levels. The analysis involves 

statistical computations of data variance, sum of squares, and F-test values for the 

individual factors at different levels to determine the optimum conditions and significance 

on designed output responses. 

RSM is statistical regression-based tool used in this study to empirically analyze and 

manifest the relationship between the corresponding input variables and output response. 

It is a practical modelling-based technique that involves polynomial regressions instead of 

approximations associated with output response and input variables. The objective of 

implementing RSM was to improve the output response model that was regulated by five 

different independent electrospinning variables. This statistical tool provides the benefit of 

reducing the repeated experimental trials at different factor levels to save time and cost. 

GP is artificial intelligence-based technique which is considered as the most powerful 

for modelling in different engineering applications. GP consists of several programming 

units, making it a tree structure with functions and terminals as basic building blocks of 

each program, known as genotype. Terminals of the programs are leaves and program 

functions are programming and mathematical functions with arithmetic operations. The 
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empirical models of the process were generated based on these input variables and 

functions where each model is classified as single chromosome which is evaluated by the 

fitness function. The possible error between the input variables or training data and output 

is estimated by this function for each model. The two significant factors such as mutation 

and crossover are known as the genetic operators which are responsible for generating new 

chromosomes. In this study, Eureqa software was used to create empirical models for three 

output responses such as, fiber diameter, thickness, and weight.  

3.7.2 Experimental Methodology 

The polymeric solution was prepared via mixing PVP powders in ethanol at different 

concentrations of; 8, 10, and 12 wt.% by magnetic stirring for 24 hours at ambient 

temperature. PVP fiber membranes were prepared using the electrospinning experimental 

set-up. The measurements of PVP fiber diameter and its distribution in a test sample were 

carried out using the SEM images in ImageJ software. The fiber diameter measurements 

were carried out at least 50 fibers scattered at different spots in a test specimen. The 

deposited nanofiber membrane thickness was evaluated by calculating the average of 30 

measurements taken at different locations of the test specimen using DM. 

The selected values of the five electrospinning parameters are given in Table 3.5. Each 

parameter was assigned with a three-level variation. Taguchi’s method, being robust and 

straightforward, was used in this study to design experiments and optimization. The design 

consists of 27 rows and 13 columns (max) with three-level variation [182]. The mean 

output performance and variation were studied with the applied Taguchi’s quality loss 

function design. Table 3.7 shows the design of experiments where the columns indicated 

the process parameters and the rows indicates the designated values. 

Table 3.5: Electrospinning control factors and levels 

Control Factors Symbol Level 1 Level 2 Level 3 

High Voltage (KV) A 10 13 15 

Concentration (Wt. %) B 8 10 12 

Rotational Speed (RPM) C 500 1000 1500 

Collecting Distance (cm) D 10 13 15 

Flow Rate (ml/h) E 0.6 0.8 1 
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3.7.3 Results and Discussion 

3.7.3.1 Morphological Characterization of Electro-Spun PVP Fibers 

The nanofiber characteristics, fiber shape, diameter, and distribution are affected 

significantly by the change in electrospinning parameters [183]. This phenomenon is 

explained in the SEM micrographs of PVP nanofibers which suggests visually that high 

voltage (10-15KV) and concentration (8-12wt.%) has a significant effect on the fiber 

diameter [Table 3.6]. The minimum fiber diameter value of 0.536μm was observed at the 

lowest concentration (8wt.%)  and highest voltage (15KV). The maximum fiber diameter 

value of 2.54μm was obtained at the highest concentration (12wt.%) and lowest voltage 

(10KV).  The analysis shows that the average fiber diameter value decreases with a 

decrease in the polymer concentration and an increase in the supplied voltage. This may be 

attributed because if the polymer solution concentration is very low, the viscoelastic forces 

would not be sufficient to escape columbic repulsion force that breaks up the jet to form 

fibers, and hence it results in beads. It was noticed that to achieve uniform bead-less fibers, 

the viscoelastic force should be sufficient to break the polymer jet with higher columbic 

stress that influences the jet elongation. Hence, with the further increase in concentration, 

the fiber diameter of the resultant fiber reduces [162]. If the solution concentration is high, 

the fiber diameter will increase substantially. If the concentration is too high, it will restrict 

the continuous flow and block the needle [53].  

The fiber diameter value decreases with an increase in high voltage because the 

amount of charge flowing in a jet increases, increasing the repulsion force. The increased 

repulsion force increases the stretching force acting on the polymer jet leading to the 

development of thinner fibers [184]. At 8wt% concentration, a substantial number of thin 

uniform fibers of average diameter less than 0.7μm were observed with a narrow range of 

diameters. On the other hand, at higher concentrations of 10-12wt.%, an adequate amount 

of mixed fibers, thin and thick, were observed with an increase in applied voltage. A similar 

phenomenon is also reported in few works that studied electrospinning of PVP [185,186]. 

The broader distribution may be attributed because of increased electric field intensity that 

influences thin fiber generation. At higher concentrations, fibers were stretched out in 

different shapes, and some were twisted to each other in various patterns [53,162,184]. The 
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difference in stretching force on polymer jet and electrostatic force of attraction between 

fibers exposed to higher electric field is the main reason behind this phenomenon [70,187]. 

Moreover, the higher surface tension of the polymer solution prevents the decrease in the 

size of jet extruding out from the needle, and fibers subside on each other when the solvent 

dries up [162]. 

Table 3.6: SEM images to study fiber morphology at different parametric levels. 

 

3.7.3.2 Design of Experiments (DOE) Using Orthogonal Array 

The average value and the standard deviation of the obtained fiber diameters, 

thickness, and weight for each trial are given in the far-right column in Table 3.7. The 

reported fiber diameter is the average of at least twenty fiber diameter measurements at 

different locations on the nanofiber mat [Figure 3.12(a-b)]. The average thickness 

measurements of fabricated nanofiber membrane were reported by precisely calculating 

the size at 30 different spots or locations of a membrane. 

 

Figure 3.12: SEM image of the PVP nanofibers at (a) 5000X (Scale: 5μm) and (b) 

50000X (Scale: 0.5μm). 
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The results of the fiber diameter measurements suggest that the least fiber diameter 

values were achieved with the experimental run numbers 12, 19, and 20, namely, at the 

lower concentrations and higher voltage values. The least fiber diameter value was 

observed at the experimental run 19 that resulted in a diameter value of 536nm at a polymer 

concentration of 8wt %, an applied voltage of 15KVs, a 500 collector RPM, a 10cm 

collecting distance, and a low flow rate of 0.6ml/hr. The corresponding fiber diameter 

values range from 536nm to 598nm and the highest diameter observed was 2.54µm, as 

mentioned in Table 3.7. 

Table 3.7: Experimental plan for parametric analysis of PVP nanofibers using L27 

Orthogonal array. 

Run# A B C D E 
Avg. Fiber 

Diameter (µm) 
Avg. Thickness 

(µm) 
Weight 

(g) 

1 10 8 500 10 0.6 0.662 ± 0.14 122.47 ± 7.72 0.2287 

2 10 8 1000 13 0.8 0.933 ± 0.15 145.97 ± 8.45 0.054 

3 10 8 1500 15 1 0.744 ± 0.13 152.28 ± 10.71 0.3544 

4 10 10 500 13 1 1.253 ± 0.19 165.58 ± 15.99 0.3604 

5 10 10 1000 15 0.6 1.243 ± 0.23 94.93 ± 10.32 0.3119 

6 10 10 1500 10 0.8 1.527 ± 0.34 106.43 ± 9.85 0.4258 

7 10 12 500 15 0.8 1.865 ± 0.33 170.62 ± 17.42 0.413 

8 10 12 1000 10 1 2.54 ± 0.348 143.80 ± 15.44 0.4496 

9 10 12 1500 13 0.6 1.507 ± 0.58 137.05 ± 15.76 0.3714 

10 13 8 500 10 0.6 0.605 ± 0.10 112.26 ± 9.66 0.2764 

11 13 8 1000 13 0.8 0.819 ± 0.12 151.05 ± 7.32 0.2558 

12 13 8 1500 15 1 0.570 ± 0.39 154.04 ± 7.36 0.3053 

13 13 10 500 13 1 1.091 ± 0.61 224.77 ± 16.70 0.4341 

14 13 10 1000 15 0.6 1.048 ± 0.39 94.12 ± 7.82 0.3677 

15 13 10 1500 10 0.8 0.879 ± 0.61 140.72 ± 16.30 0.432 

16 13 12 500 15 0.8 2.075 ± 0.38 228.44 ± 26.82 0.4039 

17 13 12 1000 10 1 1.29 ± 0.75 208.40 ± 24.31 0.4709 

18 13 12 1500 13 0.6 1.12 ± 0.67 237.22 ± 17.68 0.4053 

19 15 8 500 10 0.6 0.536 ± 0.15 92.86 ± 5.79 0.291 

20 15 8 1000 13 0.8 0.598 ± 0.11 97.54 ± 6.01 0.3164 

21 15 8 1500 15 1 0.921 ± 0.21 144.26 ± 8.92 0.343 

22 15 10 500 13 1 0.668 ± 0.43 188.78 ± 14.99 0.4231 

23 15 10 1000 15 0.6 1.074 ± 0.16 152.62 ± 5.43 0.4028 

24 15 10 1500 10 0.8 0.926 ± 0.34 209.57 ± 12.51 0.4033 

25 15 12 500 15 0.8 1.465 ± 0.47 305.26 ± 24.99 0.422 

26 15 12 1000 10 1 1.486 ± 0.66 276.61 ± 11.34 0.3174 

27 15 12 1500 13 0.6 1.56 ± 0.54 287.95 ± 25.42 0.4223 
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3.7.3.3 Evaluation of Electrospinning Parameters: ANOVA Study 

The evaluation of the control factors and their significance was carried out using 

ANOVA software. The mean output response for individual trial at each level was 

investigated and shown in Table 3.8. It was observed that the high voltage (A) and polymer 

concentration (B) introduced significant effects on the fiber diameter. The corresponding 

F-test values confirm the significance of high voltage at 95% confidence level and 

concentration at 99% confidence level (i.e. looking at Table 3.8, F)A> F)2,16@90% and 

F)2,16@95%, and similarly F)B> F)2,16@90%, F)2,16@95% and F)2,16@99%). On the 

other hand, the parameters such as collector RPM, needle-collector distance, and flow rate 

had the least effects. They were considered to be insignificant because of their minimum 

statistical summation of diameter values, i.e., 0.63, 0.82 & 1.2. 

Table 3.8: Fiber diameter ANOVA results 

ANOVA: Fiber Diameter (μm) 

A1 12.274 B1 6.388 C1 10.22 D1 10.451 E1 9.355 SST 6.2912 

A2 9.497 B2 9.709 C2 11.031 D2 9.549 E2 11.087     

A3 9.234 B3 14.908 C3 9.754 D3 11.005 E3 10.563     

SSA 0.6305 SSB 4.0981 SSC 0.0928 SSD 0.12 SSE 0.1753 SSError 1.1745 

VA 0.3152 VB 2.0491 VC 0.0464 VD 0.06 VE 0.0877 VError 0.0734 

F)A 4.2943 F)B 27.914 F)C 0.6321 F)D 0.8175 F)E 1.1942     

pA 0.0321 pB 0.0001 pC 0.5442 pD 0.4592 pE 0.1758     

  

F)2,16 @ 90% confidence level 2.66   

F)2,16 @ 95% confidence level 3.63   

F)2,16 @ 99% confidence level 6.22   

The ANOVA illustration in Table 3.9. shows that high voltage supply - A and 

polymeric concentration – B are the two factors that influenced the nanofiber membrane 

thickness at different confidence levels. F-test analysis of high voltage factor was observed 

with high significance at a confidence level of 90% [F)A > F)2,16 – 90% (2.66)] with an 

associated higher risk factor of [p)A < 0.05]. Contrastingly, the polymer concentration was 

observed to be highly significant when compared with voltage, at 99% confidence level 

[F)B > F)2,16 @ 99%] with significantly lower risk levels of 0.0006 [p)D > 0.05], which 

stipulates the highest significance of the polymer concentration on thickness. Other 
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parameters like RPM, needle to collector distance, and feed rate were observed to have a 

minimal effect on thickness.  

Table 3.9: Thickness ANOVA results 

ANOVA: Thickness (μm) 

A1 1239.1 B1 1172.7 C1 1611 D1 1413.1 E1 1331.5 SST 95174 

A2 1551 B2 1377.5 C2 1365 D2 1635.9 E2 1555.6     

A3 1755.5 B3 1995.4 C3 1569.5 D3 1496.6 E3 1658.5     

SSA 15024 SSB 40754 SSC 3853.8 SSD 2815.4 SSE 6214 SSError 26513 

VA 7512.1 VB 20377 VC 1926.9 VD 1407.7 VE 3107 VError 1657.1 

F)A 4.5334 F)B 12.297 F)C 1.1628 F)D 0.8495 F)E 1.875     

 p)A 0.0276 p)B 0.0006 p)C 0.3377 p)D 0.446 p)E 0.1855     

F)2,16 @ 90% confidence level  2.66   

F)2,16 @ 95% confidence level  3.63   

F)2,16 @ 99% confidence level  6.22   

ANOVA study investigated in Table 3.10. shows PVP concentration - B to be the most 

significant parameter with a strong influence on the weight of the PVP fiber membrane 

samples manufactured at different experimental runs.  Statistical summation study-based 

F-test confirms the highest significance at 99% confidence level and lowest risk levels of 

p<0.001. The respective F-test value for concentration was observed to be; F)B (15.8) was 

reported to be considerably greater than F)2,16 @ 99% confidence level.  Remaining 

factors like high voltage (A), collector speed (C), collector-needle distance (D), and 

solution feed rate (E) demonstrates the least effect on nanofiber weight with measurements 

of F)A, F)C, F)D, and F)E considerably lower than F)2,16 @ 90%. 

Table 3.10: Weight ANOVA results  

ANOVA: Weight (g) 

A1 2.9692 B1 2.425 C1 3.2526 D1 3.2951 E1 3.0775 SST 0.2004 

A2 3.3514 B2 3.5611 C2 2.9465 D2 3.0428 E2 3.1262     

A3 3.3413 B3 3.6758 C3 3.4628 D3 3.324 E3 3.4582     

SSA 0.0105 SSB 0.1062 SSC 0.015 SSD 0.0053 SSE 0.0095 SSError 0.0538 

VA 0.0053 VB 0.0531 VC 0.0075 VD 0.0027 VE 0.0048 VError 0.0034 

F)A 1.5673 F)B 15.794 F)C 2.227 F)D 0.7905 F)E 1.418     

 p)A 0.239 p)B 0.0002 p)C 0.1402 p)D 0.4705 p)E 0.271     

F)2,16 @ 90% confidence level  2.66   

F)2,16 @ 95% confidence level  3.63   

F)2,16 @ 99% confidence level  6.22   
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3.7.3.4 Effect of Electrospinning Designed Parameters on Fiber Diameter, 

Weight and Thickness 

The graphical representation of the summation values of fiber diameter is plotted with 

the corresponding control variable/factor in Figure 3.13. A substantial variation in diameter 

values was observed for the different levels of concentration and high voltage, which 

indicates the high significance of these factors compared to others. There are many 

controversial results on the effect of high voltage on fiber diameter as there are reports that 

say it increases with an increase in voltage for PVA polymer solution [187]. On the other 

hand, few reports on electrospinning on PVP investigated that the fiber diameter decreases 

with an incentive increase in voltage that enhances the repulsion force. Further increase in 

electric field intensity increases the diameter, which may be because of high electrostatic 

force [162] [188–190]. The effect of forces like; Repulsion and electrostatic might be the 

reason for conflict in the variation of diameter with voltage. The high voltage compared 

with the other factors like flow rate, needle-collector distance, and collector rpm had a 

significant effect on diameter. This phenomenon is in close agreement with the work where 

PVP fiber diameter decreases with voltage increase to 15KV except for the increase in 

diameter with further voltage increment [162]. Hence, voltage affects diameter, but its 

significance depends on the variation level, polymer, and concentration [191]. With the 

increase in the high voltage supply from A1 to A3 and the decrease in the concentration 

from B3 to B1, the fiber diameter values decreased to a minimum value. This may be 

because a higher voltage increases the repulsive forces, increasing the polymer solution 

stretching, resulting in a smaller fiber diameter [66,67]. A higher fiber diameter variation 

was observed with an increase in concentration because of an increase in the amount of 

polymer content in the extruded jet from the Taylor cone. At this point thicker jet is excited 

towards the collector end that leads to the thicker fibers and sometimes beads [192]. 

Further, the differences between the maximum and minimum summation values for the 

factors, applied voltage and concentration, were observed to be 3.04 & 8.52, respectively, 

which were the highest compared with those of the other factors, i.e., 1.28, 1.456 & 1.732. 

The analysis confirms that the polymer concentration is the most prominent factor with the 

highest variability effect whereas the other factors, namely RPM, flow rate, and distance 

do not seem to have any significant effect on the diameter values. 
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Figure 3.13: Graphical representation of main effects of electrospinning control factors 

on fiber diameter. 

As shown in Figure 3.14., the highest variability of the polymer concentration from 

B1 to B3 was evident through the summation point of thickness values. The highest 

significance of the respective parameter was stipulated through these thickness 

measurements compared with other parameters with low variability. The summation spots 

clarify that the PVP fiber-based membrane thickness increases with increased 

concentration values from B1 to B3. A higher difference between the extreme level 

summation point of polymer concentration (B: 822.6) confirms the substantial effect on 

thickness value. On the contrary, other parameters like high voltage (A), rotation speed 

(C), needle-collector distance (D), and feed rate (E) demonstrates lower variability with the 

minor effect of these parameters on output response. 

 

Figure 3.14: Graphical representation of main effects of electrospinning control factors 

on membrane thickness. 
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Figure 3.15: Graphical representation of main effects of electrospinning control factors 

on nanofiber weight. 

In figure 3.15., a higher influence of a single factor: PVP polymer concentration (B), 

was reported with higher variability of the summation points at different levels of control 

factor. The summation study observed that the PVP nanofiber membrane weight increases 

with an increase in concentration level from B1 to B3. Furthermore, the highest difference 

at extreme summation points of level variation confirms the higher significance of the 

respective factor (B: 1.25), whereas the other parameters remain to have a lower effect on 

weight with lower variability when compared with concentration. 

3.7.3.5 Electrospinning Process Modelling Using RSM 

The significance of individual factors influencing the output response was investigated 

using multiple regression techniques. The mathematical model was developed for the fiber 

diameter, thickness, and weight response using RSM to predict the accuracy of the 

electrospinning model. The study investigates the effect of five parameters with three 

levels, leading to 35 = 243 trials for the complete analysis, but orthogonal array design 

reduces it to 27 trials. The mathematical model developed for the single effect of the 

process variables on output response (fiber diameter, thickness, and weight) is represented 

by the following three Equations (3.8 – 3.10); 

Fiber Diameter = 5.6522 - 0.5087A - 0.2850B + 0.0008C – 0.5591D + 5.3488E + 0.0176A2 

+ 0.0260B2 – 4.6e-7C2 + 0.0228D2 – 3.1333E2                                                              (3.8) 
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Thickness = -250.5700 + 12.4507A – 91.8828B – 0.2048C + 81.8174D + 360.1778E – 

0.0388A2 + 5.7367B2 + 0.0001C2 – 3.1985D2 – 168.3333E2                                         (3.9) 

Weight = -0.8859 + 0.0818A + 0.3184B – 0.0003C – 0.1242D – 0.5238E – 0.0029A2 – 

0.0142B2 + 1.8e-7C2 + 0.0049D2 + 0.3934E2                                                               (3.10) 

The average model accuracy of the model can be calculated as follows: 

Accuracy (A) = [1 – ABS
(Yexp.−Y) 

𝑌𝑒𝑥𝑝.
] * 100                         (3.11) 

 

Figure 3.16: Mathematical model validation with experimental results for fiber diameter 

measurements. 

 

Figure 3.17: Mathematical model validation with experimental results for thickness 

measurements. 
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Figure 3.18: Mathematical model validation with experimental results for membrane 

weight measurements. 

The graphical representation shown in Figures 3.16, 3.17, and 3.18 compares the 

mathematical model with the experimental results to analyze the model accuracy of three 

outputs. The average model accuracy of 84.7%, 82.0%, and 84.2% were obtained for the 

entire experimental trials, whereas a model accuracy of (90-98) % was observed for the 

few individual runs. The calculated average accuracy is considered as the acceptable range 

for model verification. The three-dimensional surface and contour plots were developed 

using these RSM models [Appendix (D1)]. 

3.7.3.6 Electrospinning Process Modelling Using GP 

Genetic Programming (GP) was used to empirically model the fiber diameter, 

thickness, and nanofiber weight of the PVP membrane. Equation 3.12 shows the developed 

model for the PVP fiber diameter. It can be noticed that a good agreement was found 

between the experimental and predicted results. The fiber diameter output response was 

observed with average model accuracy of 88.5% [Figure 3.19]. The fiber membrane 

thickness was modeled using Equation 3.13, wherein an average model accuracy of 91.6% 

was noticed [Figure 3.20]. Regarding the nanofiber weight measurements, an acceptable 

agreement has been noticed with an average model accuracy of almost 80.1% [Figure 3.21]. 

The developed model for the nanofiber weight is provided in Equation 3.14.  

Fiber Diameter = 0.0517*E*B2 + 0.0006*D*E*A2 - 0.1846 - 0.03150*A - 5.7462e-6*D*B4 

- 0.0318*A*B*E2                                                                                                          (3.12) 
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Thickness = 1136.3181 + 668.0433*E + -7185.6879*E/D + 0.4108*A*B2 - 31.3939*A - 

34.4828*D - 73.4696*B                                                                                                (3.13) 

Weight = 0.3853*E + 0.2830*B + 0.0405*A + 0.0002*C*E - 1.7256 - 7.3247e-6*A*C - 

0.0322*A*E - 0.0123*B2                                                                                              (3.14) 

The three-dimensional surface and contour plots were developed using these GP models 

[Appendix (D2)]. The optimization criteria and S/N ratio conversion is provided in 

Appendix E. 

 

Figure 3.19: Experimental values of fiber diameter versus modeled value using GP at 27 

experimental runs. 

 

Figure 3.20: Experimental values of PVP fiber membrane thickness versus modeled value 

using GP at 27 experimental runs. 
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Figure 3.21: Experimental values of PVP membrane weight versus modeled value 

using GP at 27 experimental runs 

3.7.4 Conclusions 

In this work, an attempt has been made to investigate the electrospinning process of 

fabricating PVP nanofibers, and the parametric study of the process was investigated. The 

effects of five major parameters were studied using Taguchi L27OA with three levels at 

each parameter. The parametric evaluation was carried out to study the effect of 

electrospinning variables on three output responses; fiber diameter, thickness, and weight. 

For the 27 experimental trails, the electro-spun PVP average fiber diameter was observed 

to be 536nm to 2.54μm, the thickness was observed to be in the range of 94.12μm to 

237.22μm, and weight was noticed in the range of 0.054g to 0.4709g. ANOVA study 

confirms the higher significance of high voltage and polymer concentration at 95% and 

99% confidence levels. On the other hand, thickness and weight measurements were 

observed to be controlled by polymer concentration at higher significance levels of 99% 

and low-risk levels. The mathematical model developed using RSM predicted the average 

model accuracy of 84.7%, 82.0%, and 84.2% for diameter, thickness, and weight 

measurements for the range of chosen control parameters. Furthermore, empirical models 

were generated using GP for the same designed output responses, i.e., diameter, thickness, 

and weight measurements. High average model accuracies of 92.8% (fiber diameter), 

86.7% (thickness), and 80% (weight) were observed when compared with RSM, which 

indicates the acceptable range for model verification. 
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3.8 Modelling and Optimization of Electrospinning Parameters for Manufacturing 

of PVDF Fibers 

3.8.1 Introduction 

Polymeric nanofibers of PVDF-based solution were manufactured utilizing the 

electrospinning process. The control parameters of the electrospinning process, including 

high voltage, the concentration of a polymeric solution, collector rotational speed, the 

distance between needle and collector surface, and the flow rate of polymer solution, were 

investigated in this study utilizing Taguchi’s experimental design methodology. The 

parametric study was carried out to examine the effect of electrospinning parameters on 

fiber diameter, membrane thickness, and membrane weight as three output responses. The 

experimental investigation based on Taguchi’s experimental design involves parametric 

assessment and modeling using statistical tools like ANOVA and GP. 

3.8.2 Experimental Methodology 

The PVDF-based liquid polymeric solution was produced by mixing polymer pellets 

into DMF at different concentrations of; 20wt.%, 22wt.%, and 25wt.% by non-stop 

magnetic stirring at 70°C for straight 24 hours. The production of PVDF nanofibers was 

executed utilizing the electrospinning experimental set-up. 

The morphological attributes of the electro-spun PVDF fibers were analyzed utilizing 

the SEM micro-graphs. The fiber diameter study was carried out by precisely measuring 

the fiber size of a single fiber scattered at different spots using ImageJ software. The 

average diametric calculation of 50 fibers was reported in the study, and an exploded view 

of fiber diameter calculation is presented in Figure 3.22 (a-b). A thin fibrous sheet of 

nanofiber membrane was safely placed in a microscope glass slide for thickness 

measurements [Figure 3.23 (a)]. The average thickness measurements of fabricated 

nanofiber membrane were reported by precisely calculating the size at 30 different spots 

or locations of a membrane [Figure 3.23 (b-c)]. 

The five governing control parameters of the electrospinning process selected for this 

experimental study were V, C, S, D, and F in Table 3.11. These control factors were varied 

at three different levels of X1, X2, and X3. 
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Figure 3.22: SEM micro-graphs (Scale 10μm at 5000X) of: (a) PVDF based electro-spun 

nanofibers and (b) Fiber diameter measurements. 

 

Figure 3.23: Microscopic images of; (a) Membrane sample, (b) Thickness 

calculation at different spots, and (c) Exploded view of measurements. 

Table 3.11: Electrospinning process parameters at different control levels. 

Symbol Parameters Units 
Level 1: 

X1 

Level 2: 

X2 

Level 3: 

X3 

V Voltage KV 14 18 22 

C Polymer Concentration Wt.% 20 22 25 

S Rotational Speed of Drum RPM 500 1000 1500 

D Needle Tip-Collector Distance cm. 10 13 15 

F Solution Flow Rate ml./h. 0.6 0.8 1 

3.8.3 Results and Discussion 

3.8.3.1 Morphological Characterization of Electro-Spun PVDF Fibers 

The electro-spun PVDF nanofibers fabricated at different levels of electrospinning 

variables possess distinctive morphological features. The characterization of fiber 

morphology and features were examined using SEM micro-graphs taken at different 

experimental trials. Table 3.12 demonstrates the morphological attributes of nine different 

samples produced at varying levels of electrospinning factors. PVDF nanofibers fabricated 
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at reported variables possess a random arrangement of smooth and long nanofibers with 

the very least appearance of conventional bead deformity. The corresponding description 

also illustrates the average fiber diameter, thickness, and weight measurement values. The 

visual representation of the fibers shows that the average fiber diameter value increases 

with the increase in PVDF concentration at all levels of voltage and feed rate. The highest 

diameter value of 0.192μm was observed at the highest weight percentage concentration of 

25. Thus, the polymer concentration predominantly affects the diameter shape and size of 

the produced fibers. On the contrary, the high voltage variation results in diameter 

fluctuations in a random fashion, making it a non-significant parameter in diameter 

regulation. Lower concentration of 20wt.% with a voltage varying from 14KV to 22KV 

results in thin and smooth fibers. The presence of sturdy and thin fibers was reported at 

higher concentrations (C3: 25wt.%), resulting in broader fiber distribution comparatively 

with variation from 14 to 22 KV’s.  

The morphological attributes of the fibers were significantly affected by polymer 

concentration because the associated viscoelastic force of the solution varies with 

concentration. The solution has to overcome this force to split up in the forms of fibers 

under the influence of columbic repulsion forces generated due to the electrostatic charge 

present in the jet. Generation of the deformities like beads or lumps is evident with very 

low concentration wherein the viscous force is not adequate for droplet elongation or 

stretching. Conversely, at very high concentrations, the polymer solution flow reduces 

significantly due to higher viscosities resulting in needle blockage at the tip [193,194]. The 

optimum polymer concentration with optimally increased viscoelastic force is required to 

generate smooth fibers where polymer jet stretching/elongation is dominant. The droplet 

gets away from the initial split-up (that results in beads of spraying) and repulsive force 

between the charges present in the polymer stream. The fiber diameter measurements 

increase with higher concentration variations, and the distribution broadens itself with 

voltage variation because of stretching force fluctuations on electro-statistically charged 

polymer stream [195,196]. The existence of a similar experimental phenomenon has been 

pointed out in few research works of literature studying the morphological effect of 

electrospinning parameters on polymeric fibers [193,194,197]. 



95 

 

Table 3.12: SEM micro-graphs of PVDF nanofibers fabricated at different levels. 

 

3.8.3.2 Design of Experiments (DOE) Using Orthogonal Array 

The evaluation of five selective electrospinning parameters was carried out utilizing 

the ANOVA technique, and the corresponding data for such statistical analysis was 

obtained from Taguchi’s design of experiment L27 configuration. The average 

measurements of fiber diameter, thickness, and nanofiber weight and respective standard 

deviations were reported in extreme right columns of Table 3.13. The average fiber 

diameter values computed in 27 experimental trials show that the minimum diameter of 

0.112μm and 0.128μm was reported at 3rd, 11th, and 24th experimental trials with lower 

concentration level variation of X1 and X2. The least experimental value of 0.112μm with 

a standard deviation of 0.031 was reported at a PVDF concentration of 20wt.%, 14KV 

supply voltage, 1500 collector-drum RPM, 1ml/hr. solution feed rate and 15cm needle to 

drum collection distance. The average fiber diameter measurements were observed in the 

range of 0.112μm to 0.240μm. The nanofiber samples fabricated at these trials reached the 

highest thickness of 654.04μm with 13.59 standard deviation at the 22nd experimental trial. 

The maximum thickness was reported with the highest voltage level of 22KV, and a low 

concentration of 22wt.% (X2) with the respective rpm value of 500, 13cm distance, and 

1ml/hr of feed rate. The experimental thickness values vary in the range of 40.39μm to 

V1: 14 V2: 18 V3: 22

0.135μm | 356.84μm | 0.1827g 0.132μm | 344.28μm | 0.5111g 0.142μm | 353.67μm | 0.3941g

0.139μm | 245.14μm | 0.2956g 0.173μm | 405.76μm | 0.6252g 0.128μm | 640.50μm | 0.6367g 

0.178μm | 310.18μm | 0.3813g 0.192μm | 340.37μm | 0.6879g 0.182μm | 269.43μm | 0.6441g 

Polymer 

Concentration 

(PVDF)- Wt.%

High Voltage Supply - KV
PVDF Solution 

Feed Rate - ml/h

*Average Fiber diameter - μm | Average Thickness - μm | Nanofiber Weight - g

 RPM: 500 & Needle to collector Distance: 10cm

 RPM: 1500 & Needle to collector Distance: 10cm

 RPM: 1000 & Needle to collector Distance: 10cm

C1: 20 F1: 0.6

F2: 0.8C2: 22

C3: 25 F3: 1.0
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654.04μm. Maximum average thickness measurements were noticed broadly at a higher 

voltage of 22KV. Higher nanofiber weight values of 0.6879g, 0.6618g, and 0.6441g were 

observed in 17th, 27th, and 26th trials at higher levels of voltage and concentration variation 

X2 and X3. A maximum weight of 0.6879g was observed at 18KV’s, 25wt.% PVDF 

concentration, 1000RPM, 13cm distance, and 1ml/hr. feed rate. It was generally observed 

that higher nanofiber weight measurements were observed at a higher voltage level. 

Table 3.13: Experimental scheme for parametric analysis following Taguchi’s orthogonal 

array (L-27) configuration. 

Exp. 

Trial

s 

V C S D F 
Fiber Diameter 

(µm) 

Thickness 

(μm) 

Nanofiber 

Weight 

(g) 

1 14 20 500 10 0.6 0.135 ± 0.069 356.84±04.85 0.1827 

2 14 20 1000 13 0.8 0.138 ± 0.048 073.22±02.83 0.1268 

3 14 20 1500 15 1 0.112 ± 0.031 040.39±04.28 0.0704 

4 14 22 500 13 1 0.202 ± 0.131 141.20±02.78 0.1389 

5 14 22 1000 15 0.6 0.139 ± 0.059 94.77±05.07 0.1351 

6 14 22 1500 10 0.8 0.139 ± 0.056 245.14±08.86 0.2956 

7 14 25 500 15 0.8 0.160 ± 0.048 125.50±03.89 0.1672 

8 14 25 1000 10 1 0.178 ± 0.075 310.18±06.69 0.3813 

9 14 25 1500 13 0.6 0.157 ± 0.061 200.58±13.53 0.2064 

10 18 20 500 10 0.6 0.132 ± 0.072 344.28±18.02 0.5111 

11 18 20 1000 13 0.8 0.128 ± 0.048 213.80±06.81 0.2850 

12 18 20 1500 15 1 0.137 ± 0.048 310.49±08.27 0.1992 

13 18 22 500 13 1 0.144 ± 0.061 289.56±05.44 0.3183 

14 18 22 1000 15 0.6 0.198 ± 0.059 296.43±07.83 0.2980 

15 18 22 1500 10 0.8 0.173 ± 0.118 405.76±02.83 0.6252 

16 18 25 500 15 0.8 0.211 ± 0.115 333.65±03.88 0.4672 

17 18 25 1000 10 1 0.192 ± 0.107 340.37±04.08 0.6879 

18 18 25 1500 13 0.6 0.193 ± 0.102 329.68±08.19 0.5021 

19 22 20 500 10 0.6 0.142 ± 0.067 353.67±11.37 0.3941 

20 22 20 1000 13 0.8 0.176 ± 0.159 353.93±04.05 0.3960 

21 22 20 1500 15 1 0.169 ± 0.106 257.72±08.94 0.4229 

22 22 22 500 13 1 0.204 ± 0.126 654.04±13.59 0.6236 

23 22 22 1000 15 0.6 0.149 ± 0.053 452.45±08.15 0.5301 

24 22 22 1500 10 0.8 0.128 ± 0.042 640.50±15.10 0.6367 

25 22 25 500 15 0.8 0.240 ± 0.180 209.65±04.10 0.5699 

26 22 25 1000 10 1 0.182 ± 0.087 269.43±19.89 0.6441 

27 22 25 1500 13 0.6 0.194 ± 0.128 327.58±04.73 0.6618 
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3.8.3.3 Evaluation of Electrospinning Parameters: ANOVA Study 

The assessment of the selective electrospinning parameters and their importance on 

the output variables was investigated by employing the ANOVA technique on results 

obtained in preceding trials. This statistical analysis involves the evaluation of the mean 

output response received at discrete trails for single-level variation at a time. The ANOVA 

study described in Table 3.14 shows the parametric impact on the diameter size of PVDF 

nanofibers. The PVDF concentration was observed to be a significant factor that regulates 

the fiber diameter measurements. The respective F-test analysis confirms its significance 

at a higher confidence level of 99% with lower risk levels of 0.0027. The confidence and 

risk level of concentration factor was decided from the F and p values reported as F)C  and 

p)C in the table where F)C >  F)2,16 (6.22) signifies 99% confidence and p)C < 0.01 means 

higher significance at lower risk level. Contrastingly, other parameters like voltage, drum 

speed, distance, and feed rate were observed as non-significant parameters with minimal 

effect on the diameter values. The F-test values of these parameters were reported to be 

F)V: 2.36, F)S: 1.28, F)D: 0.96, and F)F: 0.31, which is lesser than the reported F)2,16 – 90% 

confidence level value (2.66) [Table 3.14]. 

Table 3.14: ANOVA study for fiber diameter measurements. 

ANOVA Study: Fiber Diameter (μm) 

V1 1.36 C1 1.269 S1 1.57 D1 1.401 F1 1.439 SST 0.026449 

V2 1.508 C2 1.476 S2 1.48 D2 1.536 F2 1.493   

V3 1.584 C3 1.707 S3 1.402 D3 1.515 F3 1.52   

SSV 0.002884 SSC 0.010669 SSS 0.001571 SSD 0.001173 SSF 0.000378 SSError 0.009775 

VV 0.001442 VC 0.005334 VS 0.000785 VD 0.000586 VF 0.000189 VError 0.000611 

F)V 2.359916 F)C 8.73129 F)S 1.285441 F)D 0.959716 F)F 0.309357   

 p)V 0.1264 p)C 0.0027 p)S 0.3036 p)D 0.4040 p)F 0.7382   

F)2,16 @ 90% confidence level  2.66  

F)2,16 @ 95% confidence level  3.63  

F)2,16 @ 99% confidence level  6.22  
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In Table 3.15, High voltage supply and collection distance were noticed to have a 

major effect on the thickness measurements but at different confidence levels. The F-test 

analysis validates the higher significance of the applied voltage at 99% confidence level 

[F)V > F)2,16 – 99% (6.22)] and lower risk factor [p)V < 0.01]. On the other hand, the 

needle to collector surface distance was observed to be less significant than voltage 

comparatively, with a 90% confidence level [F)D > F)2,16 @ 90%] with higher risk levels 

of 0.0676 [p)D > 0.05] which indicates the non-significance of the respective parameter. 

The remaining three parameters, such as; concentration, RPM, and feed rate, were observed 

to have the minimal effect of thickness and were appeared to be insignificant with F)C, F)S, 

and F)F values lower than 90% confidence level values. 

Table 3.15: ANOVA study for average thickness measurements. 

ANOVA Study: Thickness (μm)  

V1 1587.82 C1 2304.34 S1 2808.39 D1 3266.17 F1 2756.28 SST 538635.3 

V2 2864.02 C2 3219.85 S2 2404.58 D2 2583.59 F2 2601.15   

V3 3518.97 C3 2446.62 S3 2757.84 D3 2121.05 F3 2613.38   

SSV 214332.8 SSC 53936.55 SSS 10755.94 SSD 73746.61 SSF 1653.159 SSError 184210.2 

VV 107166.4 VC 26968.27 VS 5377.971 VD 36873.31 VF 826.5796 VError 11513.14 

F)V 9.308187 F)C 2.342392 F)S 0.467116 F)D 3.202716 F)F 0.071794   

 p)V 0.0021 p)C 0.1282 p)S 0.6351 p)D 0.0676 p)F 0.9310   

F)2,16 @ 90% confidence level  2.66  

F)2,16 @ 95% confidence level  3.63  

F)2,16 @ 99% confidence level  6.22  

As shown in Table 3.16, three control variables, high voltage, PVDF concentration, 

and distance, were observed to be the most significant factors that significantly affect the 

weight of the PVDF nanofiber membrane produced at reported experimental trials.  The F-

test study based on statistical summation confirms the highest significance of these three 

variables at 99% confidence level and lowest risk levels of p<0.001. The corresponding F-

test values; F)V (51.00 approx.), F)C (14.11), and  F)D (11.63) were reported to be 

considerably greater than F)2,16 @ 99% confidence level. The associated lowest risk 
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levels;  p)V, p)C, and p)D signifies higher statistical significance. The other factors like 

collector speed and solution feed rate demonstrate the least effect on nanofiber weight with 

measurements of F)S and F)F considerably lower than F)2,16 @ 90%. 

Table 3.16: ANOVA study for membrane weight (g) measurements. 

ANOVA Study: Weight (g)  

V1 1.7044 C1 2.5882 S1 3.373 D1 4.3587 F1 3.4214 SST 0.97994 

V2 3.894 C2 3.6015 S2 3.4843 D2 3.2589 F2 3.5696   

V3 4.8792 C3 4.2879 S3 3.6203 D3 2.86 F3 3.4866   

SSV 0.586827 SSC 0.162478 SSS 0.003409 SSD 0.133881 SSF 0.001226 SSError 0.092119 

VV 0.293413 VC 0.081239 VS 0.001704 VD 0.06694 VF 0.000613 VError 0.005757 

F)V 50.96237 F)C 14.11022 F)S 0.296045 F)D 11.62675 F)F 0.106475   

 p)V 0.0001 p)C 0.0003 p)S 0.7477 p)D 0.0008 p)F 0.8996   

F)2,16 @ 90% confidence level  2.66  

F)2,16 @ 95% confidence level  3.63  

F)2,16 @ 99% confidence level  6.22  

3.8.4.4 Effect of Electrospinning Designed Parameter on Fiber Diameter, Weight 

and Thickness of Electro-Spun Membrane 

The graphical plot of the average fiber diameter summation measurements with 

respect to electrospinning variables at each level variation is demonstrated in Figure 3.24. 

The summation points displayed in the graph represent every single fiber diameter 

measurement at that respective level of the parameter in consideration. The diameter output 

response was observed to have the highest variation with the change in PVDF 

concentration levels from C1 to C3, indicating the higher significance of the concentration 

factor over the other variables comparatively. The summation points also suggest that the 

lower fiber diameter measurements can be achieved at a lower concentration level (C1) as 

diameter increases with an increase in PVDF concentration. Additionally, the difference 

between the maximum and minimum control level summation points further validates the 

variable significance and its effect on output response. A higher difference of 0.44 for 
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polymer concentration variation was noted when compared with other parameters at the 

difference of 0.224 (V), 0.168 (S), 0.114 (D), and 0.081 (F). 

 

Figure 3.24: Significant effect of electrospinning process variables on average fiber 

diameter 

 

Figure 3.25: Significant effect of electrospinning process variables on the average 

thickness 

As shown in Figure 3.25, The thickness summation spots reveal the highest variability 

for the two factors, high voltage (V) and distance (D). It indicates the higher significance 

of these two parameters on thickness measurements over the other factors with lower 

variability. The summation points clarify that the thickness values increase with an increase 

in voltage supply. On the contrary, an opposite trend was observed with collection distance. 

The thickness was increasing with a decrease in the distance, which means a closer needle 

position to the collector surface at higher voltages will provide more fiber accumulation 

leading to a high thickness of nanofiber membranes. A higher difference between the 

1.2

1.3

1.4

1.5

1.6

1.7

1.8

V1 V2 V3 C1 C2 C3 S1 S2 S3 D1 D2 D3 F1 F2 F3

A
v
er

ag
e 

F
ib

er
 d

ia
m

et
er

 

S
u
m

m
at

io
n
 (

μ
m

) 

Levels of designed process parameters

1500

2000

2500

3000

3500

V1 V2 V3 C1 C2 C3 S1 S2 S3 D1 D2 D3 F1 F2 F3

A
v
er

ag
e 

T
h
ic

k
n
es

s 

S
u
m

m
at

io
n
 (

μ
m

)

Levels of designed process parameters



101 

 

extreme level summation point of voltage (V: 1931.15) and collection distance (D: 

1145.12) confirms the substantial effect on thickness value. On the contrary, the difference 

of 142.28, 50.55, and 142.90 was observed for concentration, rotation speed, and feed rate, 

demonstrating the least effect of these parameters on output response. 

 

Figure 3.26: Significant effect of electrospinning process variables on PVDF nanofiber 

membrane 

Stronger influence of three factors: voltage (V), concentration (C), and distance (D), 

was clearly reported with higher variability of the summation points at different levels of 

control factor in Figure 3.26. The nanofiber weight of the PVDF-based membrane was 

reported to increase with an increase in voltage and concentration level. In contrast, the 

decrease in needle point to collector surface distance resulted in higher weight 

measurements. Furthermore, the higher difference at extreme points of level variation 

confirms the higher significance of these factors (V: 3.17, C: 1.69, and D: 1.49), whereas 

the other parameters remain to have a lower weight effect with the lower difference of 0.25 

(S) and 0.06 (F).  

3.8.3.5 Electrospinning Process Modelling Using RSM 

Multiple regression techniques were used in investigating the significance of 

individual factors influencing the output response of PVDF nanofiber diameter, thickness, 

and weight. The mathematical model was developed for the three individual responses 

using RSM to predict the accuracy of the electrospinning model. The study investigates the 

effect of five parameters with three levels, leading to 35 = 243 trials for the complete 

analysis, but orthogonal array design reduces it to 27 trials. The mathematical model 
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developed for the single effect of the process variables on output response (fiber diameter, 

thickness, and weight) is represented by the following three Equations [3.15 – 3.17]; 

Fiber Diameter = -0.72211 + 0.01211V + 0.03623C – 0.00002S + 0.03336D + 0.0825F – 

0.00025V2 – 0.00058C2 – 0.00123D2 – 0.0375F2                                                         (3.15) 

Thickness = -8286.0415 + 104.4778V + 718.6601C – 0.3421S – 23.3675D – 411.6055F – 

2.1571V2 – 15.8999C2 + 0.0001S2 – 0.0831D2 + 232.4444F2                                      (3.16) 

Weight = -4.9069 + 0.1946V + 0.3156C + 0.00002S – 0.1261D + 0.5318F – 0.0041V2 – 

0.0062C2 + 1e-8S2 + 0.00372D2 – 0.32111F2                                                                (3.17) 

The average model accuracy of the model can be calculated as follows: 

Accuracy (A) = [1 – ABS
(Yexp.−Y) 

𝑌𝑒𝑥𝑝.
] * 100                               (3.18)        

The graphical representation shown in Figures 3.27, 3.28, and 3.29 compares the 

mathematical model with the experimental results to analyze the model accuracy of three 

outputs. The average model accuracy of 90.8%, 71.0%, and 84.0% were obtained for the 

entire experimental trials, whereas a model accuracy of (90-98) % was observed for the 

few individual runs. The calculated average accuracy is considered as the acceptable range 

for model verification. The three-dimensional surface and contour plots were developed 

using these RSM models [Appendix (D3)]. 

 

Figure 3.27: Mathematical model validation with experimental results for PVDF 

nanofiber diameter measurements. 
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Figure 3.28: Mathematical model validation with experimental results for PVDF 

membrane thickness measurements. 

 

Figure 3.29: Mathematical model validation with experimental results for PVDF 

membrane weight measurements. 

3.8.3.6 Electrospinning Process Modelling Using GP 

GP was used to empirically model the fiber diameter, thickness, and nanofiber weight. 

Equation 3.19 shows the developed model for the fiber diameter. It can be noticed that a 

good agreement was found between the experimental and predicted results. The average 

model accuracy for the fiber diameter model was about 92.8% [Figure 3.30]. Equation 3.20 

shows the developed model in terms of membrane thickness, where an average accuracy 

of 86.7% was noticed [Figure 3.31]. Regarding the nanofiber weight, an acceptable 

agreement has been noticed with an average model accuracy of almost 80% [Figure 3.32]. 

The developed model for the nanofiber weight is provided in Equation 3.21. 
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Fiber Diameter = 0.2135 + 0.0411*E + 0.0013*A*D + -0.0499*E/C + 1.6135e-7*C*B^2 - 

0.0101*D - 0.0127*A - 8.3543e-6*C*D                                                                        (3.19) 

Thickness = 25297.7783 + 2591.1964*A + 1.1508*B^3 + -37584.5145*A/B - 34.6556*D 

- 1710.4827*B - 1.7251*A*B^2                                                                                   (3.20) 

Weight = 0.1045*A + 10.5551/D + 0.0022*A*D + 0.0021*A*B + 8.9782e-6*A*C - 

2.3849 - 0.0002*C - 0.0039*A^2                                                                                  (3.21) 

The three-dimensional surface and contour plots were developed using these GP models 

[Appendix (D4)]. The optimization criteria and S/N ratio conversion is provided in 

Appendix E. 

 

Figure 3.30: Experimental fiber diameter value versus modeled value at 27 trials. 

 

Figure 3.31: Experimental thickness value versus modeled value at 27 trials. 
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Figure 3.32: Experimental weight value versus modeled value at 27 trials. 

3.8.4 Conclusions 

In this experimental study, PVDF nanofibers was manufactured by employing an 

electrospinning technique wherein the parametric assessment of the control parameters was 

carried out utilizing Taguchi’s orthogonal array design. The experimental investigation of 

five selected parameters was executed at three different variation levels with an L27 design. 

Parametric assessment utilizing statistical methodologies was performed to study the effect 

of electrospinning variables on fiber diameter, thickness, and weight as output response. 

PVDF nanofibers obtained trials had the diameter in the range of 0.112μm – 0.240μm, 

thickness in the range of 40.39μm – 654.04μm, and weight in the range of 0.0704g – 

0.6879g. According to the ANOVA study, PVDF concentration was observed to be the 

significant factor regulating the fiber diameter at a 99% confidence level (Risk level: 

0.0027). On the contrary, the average thickness of membranes was controlled by the input 

high voltage at a 99% confidence level (Risk level: 0.0021). Nanofiber weight 

measurements of the respective membranes were observed to be controlled by three 

significant factors; concentration, voltage, and distance at a 99% confidence level with 

respective risk levels of 0.0001, 0.0003, and 0.0008. Mathematical models generated using 

RSM resulted in average model accuracy of 90.8%, 70.1%, and 84.0%. The empirical 

model developed using GP for three designed output responses was observed with higher 

average model accuracies of 92.8% (fiber diameter), 86.7% (thickness), and 80% (weight) 

when compared with RSM, which indicates the acceptable range for model verification. 
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Chapter 4. Sound Absorption Performance of Nanofiber Composites 

4.1 Introduction 

The sound absorption performance of pure and filler infused fiber membranes was 

investigated at different back cavities and layering patterns. Fiber membranes were 

manufactured from two different polymeric bases: PVP and PVDF. When the plane sound 

waves interact with these fibers-based membranes or layers, the air molecules surrounding 

the fibers vibrate. The vibration causes the movement between the pores and fiber, resulting 

in sound energy loss to heat. The energy dissipation leads to absorption of sound and is 

measured in terms of sound absorption coefficient (α). The coefficient measurements of 

several combinations of PVP and PVDF-based membranes were studied in this section. 

Different filler like CNT, GN, FS, FG, and MC were used to manufacture membranes 

composites. These small particles stick to the fiber structure and modify the surface cover 

for acoustic wave interaction. The effect of different types of fillers added to the polymeric 

base fibers was investigated in this section. Filler-loaded fiber membranes manufactured 

at different concentrations possess unique tortuous structures. These membranes were 

further layered in various patterns to improve sound absorption in lower frequency range. 

4.2 Sound Absorption Characteristics of PVP Fibers and Its Composites 

4.2.1 Acoustic Sample Formulation 

The acoustic ready samples of electro-spun PVP fiber membranes were prepared in 

the following layering order, a) Single membrane, b) Two membranes, c) Four membranes, 

d) Eight membranes, e) Sixteen membranes, and f) Twenty membranes. The composites 

were tested at different Back Cavities (BC’s) of 0cm, 3cm, and 5cm [Figure 4.1 (a-b)]. 

Layers Polymer Layers 

 

1 PVP 
2 PVP 
4 PVP 
8 PVP 
16 PVP 
20 PVP 

Figure 4.1: a) PVP membrane layering order and b) Schematics of layering pattern. 

a) b) 
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4.2.2 Sound Absorption Performance (SAP) of Single PVP Fiber Membrane 

The SAP of a single PVP membrane tested in the frequency range of 99Hz to 2000Hz 

at different back cavities is shown in Figure 4.2 (a). Schematic description of layering 

arrangement and cavity variation is displayed in Figure 4.2 (b). Lower coefficient values 

less than 0.3 were observed with the single thin membrane of 356.64μm thick in the entire 

frequency range when the specimen was touching the piston surface inside the tube unit, 

i.e., with 0cm BC. Sharp absorption peaks were observed with the increase in BC to 3cm, 

wherein the sample is not touching any surface from both sides. The maximum absorption 

peak was observed with an α value of 0.8 at 1159Hz of frequency and other small peaks at 

different frequencies. Furthermore, the peak appearances increased with an increase in BC 

to 5cm in the low-frequency range. Higher coefficient values of 0.7, 0.6, and 0.7 were 

noticed at multiple frequencies of 748, 1036, and 1698Hz.  

  

Figure 4.2: a) Sound absorption coefficient of single PVP fiber membrane at three 

discrete BC’s and b) Schematics of layering configuration. 

Sharp absorption peak occurrence with a high coefficient due to increased BC can be 

attributed to the fiber membrane's relative thickness. This traditional methodology of 

integrating air cavity is an economical approach for improving low-frequency absorption 

[198]. The vibration of air molecules and fiber surface with the sound wave propagation 

dissipates energy resulting in sound absorption. The wave interaction with fiber cover 

doesn’t occur efficiently when the specimen is placed in surface contact with the piston 

wall, i.e., 0cm BC. The BC provides room for the membrane to vibrate and dissipate 

energy, resulting in better SAP. Multiple sharp peaks with thin specimens can be due to the 

a) b) 
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resonant frequency of the membranes [199]. These peaks are the classic response of thin, 

flexible fiber membranes, and the absorption value depends on the discrete frequency. 

4.2.3 SAP of Multiple Layers of PVP Membrane at 3 Discrete BC 

4.2.3.1 SAP of Two Layers 

The sound absorption coefficient of two combined layers of PVP membranes was 

determined at different BC’s in Figure 4.3 (a-b). The twin layered composite was observed 

with the lower coefficient less than 0.3 with 0cm BC for the entire frequency range. The 

coefficient reached to the maximum of 0.55, enveloping the broader frequency range from 

1000–1200Hz at 3cm BC. Absorption coefficient ranging from 0.45 – 0.50 was observed 

to be shifted towards a lower frequency range of 700-1000Hz with further increase in BC 

to 5cm. The combined thickness of the material was 538μm which was higher than the 

single membrane. Layering combinations of twin layers resulted in the disappearance of 

multiple sharp peaks that occurred due to the resonance effect with a single membrane. The 

effect decreases with a higher value of thickness and specific mass [200]. Low-frequency 

absorption depends significantly on the material thickness, wherein the coefficient 

increases with thickness, but the effect is minor for high-frequency absorption [201]. The 

absorption peak shift towards the lower frequency range was observed with a higher BC 

due to increased thickness and higher energy interaction of low-frequency waves [118].   

  

Figure 4.3: a) Sound absorption coefficient of two layers of PVP fiber membranes at 

three discrete BC’s and b) Schematics of layering configuration. 

a) b) 
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4.2.3.2 SAP of Four Layers 

The acoustic response of the four layers of PVP membrane composite stacked in 

surface contact with each other is shown in Figure 4.4 (a-b) for discrete BC’s. The 

composite of thickness 914μm was observed with a very low coefficient less than 0.3 for 

the entire frequency range with 0cm BC. On the other hand, bell-shaped absorption peaks 

were marked with a maximum coefficient value of 0.88 at 1053Hz frequency with 

increased BC to 3cm. A higher absorption peak was shifted towards a lower frequency of 

733Hz with a maximum coefficient of 0.72 as the BC increased to 5cm. The SAP of the 

four-layered composite was observed to be improved compared with the previous 

composites. The improvement could be attributed to the higher thickness of membrane 

comprising nanofibers that increases low-frequency wave energy interaction. The 

increased tortuosity of the designed composite favors higher interaction with fibers and 

respective pores, which increases energy dissipation due to frictional losses [202]. 

  

Figure 4.4: a) Sound absorption coefficient of four layers of PVP fiber membranes at 

three discrete BC’s and b) Schematics of layering configuration. 

4.2.3.3 SAP of Eight Layers 

The progressive layering of the PVP fiber membrane was carried out to improve the 

SAP in the low-frequency range. The SAP of eight layered composite of 2028.51μm 

thickness was investigated at different BC’s in Figure 4.5 (a-b). The sound absorption 

coefficient for 0cm BC resulted in a similar absorption phenomenon as preceding samples 

(α<0.3). A maximum coefficient of 0.87 was observed at lower frequencies of 700-750Hz 

with an increase in BC to 3cm. The BC supplement of 5cm resulted in a higher coefficient 

a) b) 
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value of 0.83 at a reduced frequency of 550Hz. The phenomenon of maximum absorption 

peaks shifting towards the lower frequency side, with the same coefficient value, was 

evident with higher back cavities and layer thicknesses. The fiber activation and air-

induced vibrations between the layers increase with higher layers, leading to the 

entrapment of sound waves that further increases the visco-thermal losses [202]. 

  

Figure 4.5: a) Sound absorption coefficient of eight layers of PVP fiber membranes at 

three discrete BC’s and b) Schematics of layering configuration. 

4.2.3.4 SAP of Sixteen Layers 

The SAP of sixteen layered stacked composite was investigated at the designed BC’s 

in Figure 4.6 (a-b). A higher coefficient value of 0.93 at a frequency of 1695Hz was 

observed at 0cm BC. The acoustic performance of the current sixteen layered composite 

was remarkably high compared with the preceding two, four, and eight-layered composites. 

The substantial increase in coefficient value of the composite is mainly due to increased 

thickness of 3688μm and weight 3.5g of the specimen. A higher absorption coefficient of 

0.98 was achieved at a lower frequency of 537Hz that appeared with a bell-shaped 

absorption peak at 3cm BC. With the BC extension to 5cm, the highest absorption 

coefficient value of 0.985 was observed at a lower frequency of 400Hz. The sixteen layered 

specimen resulted in the highest acoustic performance at a lower frequency range. The 

absorption curve shifted from 537Hz to 400Hz with the highest coefficient value of 0.985. 

With the increase in the electro-spun layers, the sound wave propagation passage through 

these high surface cover nanofibers increases, which in turn increases the energy loss by 

contact friction [203]. 

a) b) 
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Figure 4.6: a) Sound absorption coefficient of sixteen layers of PVP fiber membranes at 

three discrete BC’s and b) Schematics of layering configuration. 

  

Figure 4.7: a) Sound absorption coefficient of twenty layers of PVP fiber membranes at 

three discrete BC’s and b) Schematics of layering configuration. 

4.2.3.5 SAP of Twenty Layers 

The SAP of the twenty-membrane layered composite was investigated at different 

BC’s in Figure 4.7 (a-b). A maximum coefficient value of 0.88 was observed at 1560Hz at 

0cm BC. The absorption coefficient value reduced from 0.9 to 0.88 compared with a 

sixteen layered composite, whereas the peak shifted from 1695Hz to 1560Hz. With the BC 

extension to 3cm, a maximum coefficient of 0.87 was observed at a significantly lower 

frequency of 390Hz. The acoustic behavior of these thin (4414μm) and light weighted 

(4.4g) membrane composite was observed to be exceptionally better than preceding 

composites in the lower frequency range. The maximum absorption coefficient of 0.9 was 

a) b) 

a) b) 
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achieved at a frequency of 368Hz with a BC of 5cm. The curve was also observed with a 

secondary peak and a coefficient of 0.73 at even a lower frequency of 236Hz. 

4.2.3.6 Sound Absorption Coefficient Variation with Change in Thickness at 

Different Frequency Bands (1/3 Octave Plots) 

The graphical plot of sound absorption coefficient percentage increase with the 

variation in thickness of layered membrane from 356.34μm to 4414.33μm was investigated 

at the discrete frequency band of 1/3 octave plots [Figure 4.8]. The coefficient variation 

and absorption peak shift regarding the thickness variation was studied using this analysis 

at different BC’s [Table 4.1]. 

 

Figure 4.8: Sound absorption coefficient percent increase with thickness variation at 

discrete BC’s for PVP layers. 

Table 4.1: Percentage increase data for different frequency bands (1/3 - Octave plot). 

BC 
Percent increase in α at discrete octave frequency (Hz) 

125 157 198 250 315 397 500 630 794 1000 1260 1587 

0cm -99 -34 -27 5 2 25 72 70 89 324 854 739 

3cm -70 -21 88 434 515 1038 1148 424 342 54 -46 -27 

5cm -32 51 408 921 862 1080 508 159 36 -32 -19 -1 

The experimental investigation on SAP shows that the absorption peaks shifted 

towards the lower frequency region, maintaining the higher coefficient values, increasing 

the BC and thickness. In the case of 0cm BC, an increase of 853% was observed at a 

frequency of 1587Hz. The highest percentage improvement of 1148% was noticed for 3cm 

BC at a lower frequency band of 500Hz. In the case of 5cm BC, 50.81%, 408.39%, 
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921.41%, and 1079.57%, improvement was observed at lower frequencies of 157Hz, 

198Hz, 250Hz, and 397Hz. The absorption peaks of the bell-shaped structure can be 

regulated persistently by tuning the composite material thickness and adjusting the BC. 

The peak shift in the low-frequency zone was reported following the same phenomenon 

reported in other works [202]. At 0cm BC, the absorption peaks drifted from 2000Hz to 

1560Hz at higher thicknesses with a 0.9 α-value. A substantial peak shift from 1155Hz to 

390Hz with 0.88 α-value was observed at 3cm BC. Additional BC extension of 5cm 

resulted in a noteworthy peak shift with 0.9 α-value to the lowest frequency of 366 Hz. 

4.3 Sound Absorption Characteristics of PVDF Fibers and Its Composites 

4.3.1 Acoustic Sample Formulation 

The acoustic ready specimens of PVDF-based composites were fabricated in the 

following order; a) Single membrane, b) Double layer composite, c) Four-layer composite, 

d) Eight-layer composite, e) Sixteen-layer composite, and d) Twenty-layer composite 

[Figure 4.9 (a-b)].  

Layers Polymer Layers 

 

1 PVDF 
2 PVDF 
4 PVDF 
8 PVDF 
16 PVDF 
20 PVDF 

Figure 4.9: a) PVDF membrane layering order and b) Schematics of layering pattern. 

4.3.2 SAP of Single PVDF Fiber Membrane at Three Discrete BC 

The SAP of a single PVDF membrane loaded with nanofibers of diameter ranging 

200nm to 400nm was tested at different BC’s in Figure 4.10 (a-b). In the case of 0cm BC, 

the coefficient values were observed to be less than 0.3 in the complete frequency range. 

On the contrary, multiple absorption peaks with α-value of 0.5 and 0.6 were observed at 

different higher frequencies of 991, 1207, and 1481Hz with an increased BC to 3cm. The 

SAP was observed with multiple peaks attributed to the resonance of the membrane that 

further depends on the material’s flexibility. An additional increase in BC to 5cm resulted 

a) b) 
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in higher absorption peaks with coefficient values of 0.83 and 0.84 at frequencies of 758 

and 1004Hz, which was moved from higher frequency range of 1200-1400Hz. 

  

Figure 4.10: a) Sound absorption coefficient of single PVDF fiber membrane at three 

discrete BC’s and b) Schematics of layering configuration. 

4.3.3 SAP of Multiple Layers of PVDF Membrane at Three Discrete BC 

4.3.3.1 SAP of Two Layers 

The acoustic behavior of two PVDF membrane layered composite was investigated in 

Figure 4.11 (a-b) at different BC’s. With zero air gap, the membrane resulted in similar 

acoustic behavior observed in preceding specimens with lower absorption for the designed 

frequency zone. The coefficient values of 0.64 and 0.67 was reported at frequencies of 

767Hz and 1081Hz with dual absorption peaks at 3cm BC. These nanofiber composites 

998μm thick exhibits better absorption in lower frequencies when compared with double 

PVP membrane configuration. Further addition of BC to 5cm resulted in sharp peaks of α-

value 0.78 and 0.67 at lower frequencies of 642Hz and 866Hz. 

a) b) 
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Figure 4.11: a) Sound absorption coefficient of two layers of PVDF fiber membranes at 

three discrete BC’s and b) Schematics of layering configuration. 

4.3.3.2 SAP of Four Layers 

The sound absorption performance of four layered composite was presented at 

different cavities at reported thickness of 2091.27μm in Figure 4.12. The thickness of the 

composites was higher than the PVP four layered composite and even the fiber diameter 

range was smaller relatively. Higher absorption peak of 0.78 coefficient value at higher 

frequency of 1950-2000Hz was observed with PVDF composite which was absent in the 

preceding specimens with layers less than sixteen. It could be due to the relatively higher 

thickness of the membrane loaded with smaller fibers comparatively. Substantial increase 

in coefficient value to 0.85 was reported at lower frequency of 754 Hz with 3cm air cavity. 

Such a significant increase with 3cm BC was reported in eight layers of PVP at 

approximately similar thickness of 2000-2500μm but PVDF composites it has moved to 

even lower frequencies. Furthermore, with an addition in back cavity to 5cm, the four 

layered composite had the ability to achieve coefficient of 0.84 and 0.92 at lower 

frequencies of 384 and 584Hz which was the lowest when compared with similar layered 

composite of PVP membranes. These thin and light weighted membrane can be used as a 

better sound absorbing material in low frequency range which will save significant amount 

of time and space for construction. 

a) b) 
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Figure 4.12: a) Sound absorption coefficient of four layers of PVDF fiber membranes at 

three discrete BC’s and b) Schematic of layering configuration. 

4.3.3.3 SAP of Eight Layers 

The acoustic behavior of eight layered composite with a micro-scaled thickness of 

3545μm was investigated in Figure 4.13 (a-b) at different BC’s. With a 0cm air cavity, the 

highest coefficient value of 0.98 was achieved at a frequency of 1635Hz. With the BC 

extension of 3cm, multiple peaks of higher coefficient values, 0.88, 0.87, and 0.91, were 

reported at different frequencies of 359, 479, and 572Hz, which covers the relatively broad 

range 350-600Hz. The BC extension of 5cm resulted in a significant rise in coefficient 

value from 0.80 to 0.96 covering even lower frequencies of 230-430Hz than 3cm BC. The 

composite achieved a higher absorption with a relatively smaller number of layers when 

compared with PVP membrane composites. 

  

Figure 4.13: a) Sound absorption coefficient of eight layers of PVDF fiber membranes at 

three discrete BC’s and b) Schematics of layering configuration. 

a) b) 

a) b) 
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4.3.3.4 SAP of Sixteen Layers 

The SAP of sixteen layered membrane composite was investigated at different BC 

combinations in Figure 4.14 (a-b). The composite resulted in a maximum coefficient of 

0.95 at 1032Hz frequency, a significant frequency sweep from 2000Hz observed with a 

four layered composite at 0cm BC. The composite with a thickness of 6000μm resulted in 

a maximum coefficient value of 0.99 at 367Hz with increased BC to 3cm. Multiple 

absorption peaks were observed in the lower frequency range of 270-370Hz with an α-

value higher than 0.8. With the BC addition of 5cm, the absorption curve shifted 

significantly towards the lower frequency range of 240-330Hz, maintaining the highest 

coefficient values of 0.98. 

  

Figure 4.14: a) Sound absorption coefficient of sixteen layers of PVDF fiber membranes 

at three discrete BC’s and b) Schematics of layering configuration. 

  

Figure 4.15: a) Sound absorption coefficient of twenty layers of PVDF fiber membranes 

at three discrete BC’s and b) Schematics of layering configuration. 

a) b) 

a) b) 
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4.3.3.5 SAP of Twenty Layers 

The acoustic performance of twenty membranes was investigated in Figure 4.15 (a-b) 

at different BC’s. The maximum coefficient of 0.96 was observed at a frequency of 894Hz. 

The peak moved from 1000Hz observed in sixteen layered composites maintaining the 

same coefficient value with an increased thickness of 6869μm. With the increase in BC to 

3cm, two absorption peaks were observed in two different frequency ranges. The composite 

was observed with an α-value of 0.88-0.90 at 250-350Hz and a coefficient value of 0.9 at 

1900Hz. The dual-frequency absorption behavior of PVDF membrane composites was 

observed only with a twenty-layer composite. The BC extension of 5cm resulted in a very 

sharp peak of 0.999 α-value at 256Hz and 0.85 at 1900Hz range. These thin and lightweight 

composites possess exceptionally better sound absorption behavior in both high and low-

frequency ranges. Such absorption peaks in the high-frequency range are generally noticed 

with thick traditional materials.   

4.3.3.6 Sound Absorption Coefficient (α) Variation with Change in Thickness at 

Different Frequency Bands (1/3 Octave Plots) 

Graphical representation of the sound absorption coefficient percentage increase with 

change in composite thickness from 344.28μm to 6869.96μm was investigated in Figure 

4.16 for discrete BC’s at frequency bands of 1/3 octave plot. The study of coefficient 

variation and absorption peak curve movement with thickness was examined using this 

analysis in Table 4.2. The experimental investigation on SAP shows the presence of 

absorption peaks at two extremes of the frequency range. These peaks were observed with 

higher coefficient values for twenty layered composites. With 0cm BC, the highest 

percentage increase of 1502% was marked at 1000Hz, and a rise of 500% was noticed at 

794Hz. On the contrary, a percentage increase of 1177% was reported with 3cm BC at a 

lower frequency of 315Hz. With further expansion in BC, the percentage improvement 

ranging from 500-1500% was noticed at even lower frequency bands of 157-397Hz. It was 

evident from the experimental coefficient measurements that the higher coefficient values 

of 0.8-0.9 can be achieved with an increase in layer thickness and back cavity. In the case 

0cm BC, the absorption peak was noticed in the frequency range of 1900-2000Hz, but the 

peaks drifted to 894Hz, maintaining the α-value of 0.9 with the increase in material 
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thickness. With BC extension to 3cm, the composites resulted in an α-value of 0.9 with a 

substantial peak shift from 754Hz to 268Hz. With further addition in BC to 5cm, 

composites resulted in a noteworthy shift in absorption peak (α value – 0.99) to the lowest 

frequency of 261Hz.  

Table 4.2: Percentage increase data for different frequency bands (1/3 - Octave plot). 

BC 
Percent increase in α at discrete octave frequency (Hz) 

125 157 198 250 315 397 500 630 794 1000 1260 1587 

0cm -20 -11 -1 -6 2 13 41 184 920 1502 754 200 

3cm 42 251 219 650 1178 1104 327 173 90 -56 -69 -8 

5cm 263 508 520 1506 454 688 43 39 -42 -76 -51 78 
 

 

Figure 4.16: Sound absorption coefficient percent increase with thickness variation at 

discrete BC’s for PVDF layers. 

4.4 Sound Absorption Characteristics of Combined PVP and PVDF Composites 

PVP based membranes have fiber diameter ranging from 0.536μm to 2.54μm, whereas 

the fiber diameter of the PVDF membrane varies in the range of 0.112μm to 0.240μm. The 

resultant composite consists of alternate layers of both membranes, and the SAP of 

respective components was tested in this section.  

4.4.1 Acoustic Sample Formulation 

The acoustic ready samples of two polymeric based membranes were stacked together 

in the following manner; a) Single membrane of PVP and PVDF, b) Alternate layers of 

two PVP and PVDF membrane, c) Alternate layers of four PVP and PVDF membranes, d) 

a) b) 
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Alternate layers of eight PVP and PVDF membranes, and e) Alternate layers of ten PVP 

and PVDF membrane [Figure 5.17 (a-b)]. The resultant composites have a total of the 

following layers for each combination; 2, 4, 8, 16, and 20. 

Layers Polymer Layers 

 

2 PVP(1)+PVDF(1) 

4 PVP(2)+PVDF(2) 

8 PVP(4)+PVDF(4) 

16 PVP(8)+PVDF(8) 

20 PVP(16)+PVDF(16) 

Figure 4.17: a) PVP and PVDF membrane layering order and b) Schematics of layering 

pattern. 

4.4.2 SAP of Alternate Layers of PVP and PVDF Membrane at Three Discrete BC 

4.4.2.1 SAP of Two Layers 

The SAP of combined alternate layers of single PVP and PVDF membrane has been 

investigated in Figure 4.18 (a-b). With 0cm BC, absorption peaks were observed with lower 

coefficient values less than 0.3 for the entire frequency range. Conversely, with 3cm BC, 

numerous absorption peaks were observed with a maximum α-value of 0.78 at 1081Hz. 

With an additional increase in BC to 5cm, multiple peaks increased more towards the lower 

frequency region with the maximum α-value of 0.75 at 830Hz. 

  

Figure 4.18: a) Sound absorption coefficient of two alternate layers of PVP and PVDF 

fiber membranes at three discrete BC’s and b) Schematics of layering configuration. 

a) b) 
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Figure 4.19: a) Sound absorption coefficient of four alternate layers of PVP and PVDF 

fiber membranes at three discrete BC’s and b) Schematics of layering configuration. 

4.4.2.2 SAP of Four Layers 

The four-layered alternate PVP and PVDF membrane composite was tested at 

different BC’s in Figure 4.19 (a-b). At 0cm BC, the absorption peak was observed in the 

frequency range of 2000Hz with a maximum α-value of 0.9. On the other hand, the 

coefficient value of 0.82 was marked at a lower frequency of 857Hz. Further expansion in 

BC to 5cm resulted in absorption peak shift towards the lower frequency side, maintaining 

an α-value of 0.8 at 648Hz. 

4.4.2.3 SAP of Eight Layers 

The combined alternate layers of four PVP and PVDF membranes were investigated 

at different BC’s in Figure 4.20 (a-b). The composite of thickness 2794.61μm resulted in a 

higher coefficient of 0.96 at 1948Hz, which initially appeared at 1600Hz for pure PVDF 

eight-layered composite. Sharp absorption peaks were observed with an α-value 0.95 at 

566Hz with an increase in BC to 3cm. The results show that the coefficient of 0.95 can be 

achieved in the low-frequency range with a lower thickness of material made from two 

different fibers. With the 5cm BC extension, the peak with a coefficient value of 0.94 

drifted more towards a lower frequency of 427Hz. Higher absorption close to 0.9 can be 

achieved with alternately layered composite in the frequency range of 400-600 Hz, but to 

reach the same absorption at a frequency less than 350Hz pure PVDF membrane 

composites are required. 

a) b) 
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Figure 4.20: a) Sound absorption coefficient of eight alternate layers of PVP and PVDF 

fiber membranes at three discrete BC’s and b) Schematics of layering configuration. 

4.4.2.4 SAP of Sixteen Layers 

The SAP of sixteen layered composite prepared from alternate stacking of eight PVP 

and PVDF layers was investigated at three discrete BC’s in Figure 4.21 (a-b). The 

combined membrane with a thickness of 5472.13μm was reported with a coefficient value 

of 0.93 at 1261Hz, wherein this peak was not evident in the preceding combinations at 0cm 

BC. With a 3cm BC extension, the absorption peak moved towards the lower frequency of 

415Hz with the highest α-value of 0.98. Furthermore, the BC variation of 5cm resulted in 

higher absorption of 0.96 at a lower frequency of 333Hz which was moved from 415Hz 

reported at 3cm BC. 

  

Figure 4.21: a) Sound absorption coefficient of sixteen alternate layers of PVP and PVDF 

fiber membranes at three discrete BC’s and b) Schematics of layering configuration. 

a) b) 

a) b) 
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4.4.2.5 SAP of Twenty Layers 

The SAP of twenty combined membranes with ten layers of PVP and PVDF was 

investigated at three discrete BC’s in Figure 4.22 (a-b). The sound absorption coefficient 

value reached its peak of 0.94 at 1078Hz with zero BC. The absorption peak shifted to 

1078Hz from 1952Hz observed at eight-layered composite. With a 3cm BC, the coefficient 

value of 0.83 was observed at 399Hz, and an α-value of 0.68 was also observed beyond 

1900Hz. Further extension of 5cm in BC resulted in absorption peak shift with an α-value 

of 0.92 at 263Hz frequency, and the second peak was noticed with a 0.75 coefficient value 

beyond 1800Hz. 

  

Figure 4.22: a) Sound absorption coefficient of twenty alternate layers of PVP and PVDF 

fiber membranes at three discrete BC’s and b) Schematics of layering configuration. 

4.4.2.6 Sound Absorption Coefficient (α) Variation with Change in Thickness at 

Different Frequency Bands (1/3 Octave Plots) 

The sound absorption coefficient percent increase with change in composite thickness 

from 450.80μm to 6459.07μm was described in Figure 4.23 for discrete BC’s at frequency 

bands of 1/3 octave plot. The experimental analysis on α-variation with peak drifting 

towards lower frequency was studied using this analysis in Table 4.3. With the twenty 

layered composite, absorption peaks were reported to appear at frequency extremes, but 

the coefficient values at the peak were slightly lower than twenty layered pure PVP and 

PVDF composites. In the case of 0cm BC, the maximum increase of 1844% and 904% was 

observed at 1000Hz and 1260Hz. In contrast, the percentage increase of 968% and 819% 

was observed with 3cm BC at lower frequency bands of 315Hz and 397Hz. With the further 

a) b) 
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5cm BC extension, absorption increase ranging from 283-1010% was noticed at even lower 

frequency bands of 125-397Hz. The experimental α-value of these composites indicates 

that the value of 0.8-0.9 can be achieved with a higher layer thickness and tuning BC. With 

0cm BC, the absorption peak was noticed at 1900-2000Hz frequency, but the peaks moved 

to 1078Hz, maintaining the α-value of 0.9 with the increase in material thickness. In the 

case of 3cm BC extension, resultant composites were noticed with significant peak shifts 

from 840Hz to 383Hz with a 0.9 α-value. With further addition in BC to 5cm, composites 

resulted in a noteworthy shift of absorption peak to 262Hz with an α-value of 0.91. 

 

Figure 4.23: Sound absorption coefficient percent increase with thickness variation at 

discrete BC’s for PVP and PVDF combined layers. 

Table 4.3: Percentage increase data for different frequency bands (1/3 - Octave plot). 

BC 
Percent increase in α at discrete octave frequency (Hz) 

125 157 198 250 315 397 500 630 794 1000 1260 1587 

0cm -50 -31 -30 26 -28 -11 3 20 132 1844 905 288 

3cm 21 152 134 442 968 819 292 46 -40 -78 -74 -13 

5cm 283 343 307 1011 665 240 27 -43 -69 -75 -53 49 

4.5 Sound Absorption Characteristics of Filler Infused PVP Fibers and Its Composites 

4.5.1 Acoustic Sample Formulation 

The acoustic test-ready samples were tested in two stages; the first stage involves 

combining different concentration layers of each filler-infused membrane that were added 

for up to a total of four layers. The second stage involves acoustic testing of multiple layers 
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of filler infused membranes wherein four layers of each filler composites prepared in the 

first stage was stacked to form seven, ten, thirteen, and sixteen layered filler composites. 

Filler Infused Membrane Layering Pattern 
Layers 2 3 4 7 10 13 16 

CNT (C) 
P+C1             
P+C1+C2           
P+C1+C2+C3         

GN (G) 
P+G1             
P+G1+G2           
P+G1+G2+G3         

FS (S) 
P+S1             
P+S1+S2           
P+S1+S2+S3         

FG (F) 
P+F1             
P+F1+F2           
P+F1+F2+F3         

MC (M) 
P+M1             
P+M1+M2           
P+M1+M2+M3         

C+G P+(C1+C2+C3)+(G1+G2+G3)       
C+G+S P+(C1+C2+C3)+(G1+G2+G3)+(S1+S2+S3)     

C+G+S+F P+(C1+C2+C3)+(G1+G2+G3)+(S1+S2+S3)+(F1+F2+F3)   
C+G+S+F+M P+(C1+C2+C3)+(G1+G2+G3)+(S1+S2+S3)+(F1+F2+F3)+(M1+M2+M3) 

Figure 4.24: Filler infused PVP membranes layering blocks. 

4.5.2 SAP of Multiple Layers of Filler Infused PVP Membranes at 3 Discrete BC 

4.5.2.1 SAP of CNT Based Layers 

The SAP of two, three, and four-layered CNT infused composite was investigated at 

different BC’s in Figure 4.25 (a-c). With 3cm BC, multiples peaks were observed in the 

frequency range of 700-1300Hz with an α-value of 0.70-0.75 at 767-797Hz [Figure 4.25 

(a)]. The material thickness varies from 646-1163μm with this configuration. With the 

further extension of 5cm in BC, similar absorption peaks appeared at 640-900Hz, which 

means peaks moved to the lower frequency side with higher BC and reached the α-value 

of 0.7 at 854Hz [Figure 4.25 (b)]. The absorption peaks were observed to appear in the 

lower frequency range of 700-800Hz, whereas with four-layered pure PVP composite, it 

appeared in a slightly higher range of 800-1000Hz. 
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Figure 4.25: Sound absorption coefficient of CNT infused PVP membrane layers at 

different BC’s: a) 3cm and b) 5cm; and c) Schematics of layering configuration. 

4.5.2.2 SAP of GN Based Layers 

The SAP of GN infused PVP membrane layered composites were studied at different 

BC’s in Figure 4.26 (a-c). The BC extension of 3cm resulted in a similar occurrence of 

peaks as CNT-based composites. In this case, the absorption peaks were observed in a 

broader frequency range of 700-1300Hz compared to the previous composite. A coefficient 

value of 0.7 was observed at 830Hz with both three, and four-layered composites, whereas 

the CNT-based peaks appeared in lower frequency relatively [Figure 4.26 (a)]. Further 

increase in 5cm BC resulted in similar peaks for all three composites in the frequency range 

of 600-830Hz with an α-value of 0.66 [Figure 4.26 (b)].  

   

Figure 4.26: Sound absorption coefficient of GN infused PVP membrane layers at 

different BC’s: a) 3cm and b) 5cm; and c) Schematics of layering configuration. 
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4.5.2.3 SAP of FS Based Layers 

The acoustic response of FS-infused membrane layers was investigated in Figure 4.27 

(a-c). The respective layered membranes were marked with thickness ranging from 538-

932μm. At 3cm BC, sharp absorption peaks were noticed in the range of 700-1300Hz. The 

coefficient value reached the maximum of 0.75 at 900Hz for both three and four-layered 

configurations [Figure 4.27 (a)]. With the increase in BC to 5cm, similar absorption peaks 

with coefficient values of 0.7 were observed in a slightly lower frequency range of 600-

900Hz [Figure 4.27 (b)]. A maximum coefficient value of 0.72 was observed at 725Hz for 

FS-based four-layered composite. 

   

Figure 4.27: Sound absorption coefficient of FS infused PVP membrane layers at 

different BC’s: a) 3cm and b) 5cm; and c) Schematics of layering configuration. 

4.5.2.4 SAP of FG Based Layers 

The acoustic behavior of FG-infused layered composites was investigated in Figure 

4.28 (a-c) at different BC’s. At 3cm BC, multiple peaks were observed in the frequency 

range of 750-1200Hz, which was slightly higher than all preceding samples. A coefficient 

value of 0.64 was observed with four layers at 872Hz [Figure 4.28 (a)]. Further expansion 

in BC to 5cm resulted in a similar curve but with sharp peaks of α-value 0.6 at a lower 

frequency range of 640-840Hz [Figure 4.28 (b)]. 
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Figure 4.28: Sound absorption coefficient of FG infused PVP membrane layers at 

different BC’s: a) 3cm and b) 5cm; and c) Schematics of layering configuration. 

   

Figure 4.29: Sound absorption coefficient of MC infused PVP membrane layers at 

different BC’s: a) 3cm and b) 5cm; and c) Schematics of layering configuration. 

4.5.2.5 SAP of MC Based Layers 

The SAP of MC-based membrane layers was investigated in Figure 4.29 (a-c). 

Absorption peaks with the highest coefficient value of 0.86, was observed with three and 

four-layered composites at 906Hz and 923 Hz. The MC-based composite was observed 

with the highest absorption peaks in the frequency range of 700-1300Hz compared with all 

preceding specimens at 3cm BC [Figure 4.29 (a)]. With 5cm BC, the absorption peaks 

shifted towards a lower frequency range of 500-900Hz with the maximum α-value of 0.83 

at 635Hz for four-layer and 0.77 at 774Hz for three-layer [Figure 4.29 (b)]. 
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4.5.2.6 Sound Absorption Coefficient (α) Variation with Change in Thickness at 

Different Frequency Bands (1/3 Octave Plots) 

The graphical plots of percentage increase in the sound absorption coefficient of the 

filler-infused membrane composites with thickness variation were plotted in Figure 4.30 

(a-b) at different BC’s for designed frequency bands of 1/3 octave plots. The experimental 

analysis on coefficient variation and absorption peak shift was studied using Table 6.4 for 

3cm BC. At 3cm BC, a significant increase of 112%, 181%, and 178% in α-value was 

observed in the frequency range of 500, 630, and 794Hz with MC-based composites. 

Followed by MC composites, FS composites offer an increase of 118% and 148% at 630Hz 

and 794Hz. These composites follow the descending coefficient peaks in the following 

order; MC, FS, CNT, FG, and GN in the respective frequency range [Figure 4.30 (a)]. An 

addition of BC to 5cm resulted in an increase of 131% at 500Hz for MC-based composite, 

which moved from 794Hz observed with 3cm BC [Figure 4.30 (b)]. The coefficient 

increase follows the descending trend in order of; MC>FS>GN>CNT>FG. It was evident 

from the investigation that the MC composites offered a better coefficient value of 0.85 in 

the lower frequency range of 600Hz with a four-layer membrane. 

   

Figure 4.30: Sound absorption coefficient percent increase with thickness variation at 

discrete BC’s for filler-infused PVP membrane layers. 
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Table 4.4: Percent increase data for different frequency bands (1/3-Octave plot) 3cm BC. 

Fillers 
Percent increase in α at discrete octave frequency (Hz) for BC: 3cm 

125 157 198 250 315 397 500 630 794 1000 1260 1587 

CNT -17 -3 13 14 38 -2 49 69 109 31 -33 -30 

GN -33 -20 -7 -17 12 9 64 72 90 19 -34 -31 

FS -15 -5 -12 4 5 16 64 118 149 28 -27 -22 

FG -39 -27 -21 -20 -19 13 32 44 97 15 -27 -21 

MC 17 11 20 19 23 48 113 181 179 36 -10 -14 

4.5.3 SAP of Combined Layers of Filler Infused PVP at Varying BC 

The progressive layering of the filler-based membranes was performed in the 

following order; a) Seven-layers composite with PVP, three CNT, and GN infused layers, 

b) Ten-layers with three FS-infused layers on stack prepared in (a), c) Thirteen-layers with 

three FG layers on stack (b), and d) Sixteen-layers with three MC layers assembled on (c). 

4.5.3.1 SAP of progressive layering of filler infused PVP membrane at discrete BC’s 

The SAP of combined multiple layers of filler-infused PVP membranes was 

investigated at different BC’s in Figure 4.31 (a-d). In the case of 0cm BC, peaks were 

observed near the frequency range of 1900-2000Hz, wherein, with an increase in layers to 

sixteen, the peaks shifted to a low-frequency range of 1600-1800Hz. The absorption 

coefficient of 0.85 and 0.94 was observed at 2000Hz for seven-layer and ten-layer 

composite, respectively. The thirteen and sixteen layered composites reached the maximum 

coefficient value of 0.82 at 1950Hz and 0.95 at 1650Hz [Figure 4.31 (a)]. With a BC 

extension of 3cm, multiple peaks with α-value ranging from 0.8-0.96 were observed in the 

lower frequency range of 400-800Hz. The α-value of 0.85 and 0.93 were observed at 753Hz 

and 619Hz for seven and ten layered composites. The maximum coefficient value of 0.96 

was marked at 570Hz with the FG layer added to the stack. The α-value of 0.96 was shifted 

to 503Hz for sixteen layers [Figure 4.31 (b)]. With 5cm BC, the absorption peaks moved 

to a lower frequency range of 300-600Hz, maintaining high α-values. The coefficient of 

0.77 was observed with a seven-layer composite at 576Hz. Ten-layer composite resulted in 

α- value of 0.93 at 495Hz, and with further addition, the α-value of 0.98 was achieved at 

478Hz. With the sixteen layers, the highest coefficient value of 0.99 was achieved at 

387Hz, which is considered an exceptionally significant absorption in the low-frequency 
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range [Figure 4.31 (c)]. These filler-based composites have an overall thickness lesser than 

all preceding layered composites.  

  

Figure 4.31: Sound absorption coefficient of filler-infused PVP membranes multiple 

layers at BC’s: a) 0cm, b) 3cm, and c) 5cm; and d) Schematics of layering configuration. 

4.5.3.2 Sound Absorption Coefficient (α) Variation with Change in Thickness at 

Different Frequency Bands (1/3 Octave Plots) 

The sound absorption coefficient variation as a function of composite thickness from 

seven to sixteen layers at three discrete BC’s is shown in Figure 4.32. This peak shift and 

coefficient variation with thickness and BC was studied utilizing this analysis [Table 4.5]. 
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With 0cm BC, an α-value increment of 320%, 388%, and 561% was reported at frequency 

bands of 1000, 1260, and 1587Hz. At 3cm BC, the coefficient values improved 

significantly on the low-frequency side, which was a significant drift observed with BC 

variation. An α-value increase of 116% to 320% was observed at 198-500Hz frequency 

band. With the expansion of 5cm BC, the maximum increase in absorption value of 100% 

to 370% was noticed at even lower frequency bands of 157-397Hz. 

 

Figure 4.32: Sound absorption coefficient percent increase with thickness variation at 

discrete BC’s for filler-infused PVP membrane multiple layers. 

Table 4.5: Percent increase data for different frequency bands (1/3-Octave plot) 3cm BC. 

BC 
Percent increase in α at discrete octave frequency (Hz) 

125 157 198 250 315 397 500 630 794 1000 1260 1587 

0cm 34 15 19 -24 35 33 56 35 70 321 389 562 

3cm 52 46 117 171 424 323 222 -4 -47 -48 -24 -2 

5cm 55 108 225 292 378 105 -8 -35 -32 -32 -9 10 

4.6 Sound Absorption Characteristics of Filler-Infused PVDF Fibers and Its 

Composites 

4.6.1 Acoustic Sample Formulation 

The PVDF specimens were prepared following section 4.5.1 [Figure 4.33].  

4.6.2 SAP of Multiple Layers of Filler Infused PVDF Membranes at 3 Discrete BC 

SAP of multiple layers of each filler infused PVDF membrane with two, three, and 

four layers were investigated in this section. 

 



133 

 

Filler Infused Membrane Layering Pattern 
Layers 2 3 4 7 10 13 16 

CNT (C) 
P+C1             
P+C1+C2           
P+C1+C2+C3         

GN (G) 
P+G1             
P+G1+G2           
P+G1+G2+G3         

FS (S) 
P+S1             
P+S1+S2           
P+S1+S2+S3         

FG (F) 
P+F1             
P+F1+F2           
P+F1+F2+F3         

MC (M) 
P+M1             
P+M1+M2           
P+M1+M2+M3         

C+G P+(C1+C2+C3)+(G1+G2+G3)       
C+G+S P+(C1+C2+C3)+(G1+G2+G3)+(S1+S2+S3)     

C+G+S+F P+(C1+C2+C3)+(G1+G2+G3)+(S1+S2+S3)+(F1+F2+F3)   
C+G+S+F+M P+(C1+C2+C3)+(G1+G2+G3)+(S1+S2+S3)+(F1+F2+F3)+(M1+M2+M3) 

Figure 4.33: Filler infused PVDF membranes layering blocks. 

4.6.2.1 SAP of CNT Based Layers 

The acoustic response of the CNT filler-based layers was investigated at different BC’s 

in Figure 4.34 (a-c). The four-layered composite was observed with a coefficient value of 

0.92 at 2000Hz for zero air cavity. At 3cm BC, sharp peaks drifted to the lower frequency 

range of 600-1200Hz. The coefficient values of 0.68, 0.78, and 0.75 were observed for two, 

three, and four-layered composite at 925Hz, 860Hz, and 761Hz, which was higher than the 

CNT-infused PVP composites [Figure 4.34 (a)]. With 5cm BC, absorption peaks were 

observed in the lower frequency range of 500-700Hz. The α-value of 0.7 was marked with 

four layers at a frequency of 724Hz [Figure 4.34 (b)]. 
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Figure 4.34: Sound absorption coefficient of CNT infused PVDF membrane layers at 

different BC’s: a) 3cm and b) 5cm; and c) Schematics of layering configuration. 

4.6.2.2 SAP of GN Based Layers 

The SAP of GN-based layered composites was investigated at different BC’s in Figure 

4.35 (a-c). The four-layered composite was observed with a coefficient value of 0.94 at 

2000Hz for zero air cavity. At 3cm BC, sharp absorption peaks were observed at a lower 

frequency of 700-1200Hz, which was similar in range with CNT composites. The 

coefficient value of 0.62, 0.73, and 0.78 was observed with two, three, and four-layered 

composite at 958Hz, 854Hz, and 768hz [Figure 4.35 (a)]. With 5cm BC, peaks with 

coefficient values of 0.6, 0.7, and 0.8 were noticed at 768Hz, 622Hz, and 558 Hz for three 

designed layered configurations [Figure 4.35 (b)]. 

    

Figure 4.35: Sound absorption coefficient of GN infused PVDF membrane layers at 

different BC’s: a) 3cm and b) 5cm; and c) Schematics of layering configuration. 
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4.6.2.3 SAP of FS Based Layers 

The SAP of FS infused PVDF layered composites were investigated at discrete BC’s 

in Figure 4.36 (a-c). The four-layered composite was observed with a similar α-value of 

0.94 at 2000Hz for zero air cavity. The absorption peaks with an α-value of 0.9 were not 

observed in PVP filler-based layered composites and not reported until eight layered PVP 

or PVDF composites. At 3cm BC, sharp absorption peaks were observed in the frequency 

range of 700-1200Hz. The maximum coefficient value of 0.74 was marked with a four-

layered composite at 741Hz [Figure 4.36 (a)]. With 5cm BC, these absorption peaks moved 

to the frequency range of 500-700Hz with an α-value of 0.7 at 692Hz and 534Hz for two 

and four-layered composites [Figure 4.36 (b)]. 

4.6.2.4 SAP of FG Based Layers 

The acoustic behavior of FG infused PVDF composite was tested at different BC’s in 

Figure 4.37 (a-c). According to an existing trend, absorption peaks moved to a similar 

frequency range of 700-1200Hz with increased BC to 3cm. The maximum coefficient value 

of 0.8 was observed for four layers at 772Hz [Figure 4.37 (a)]. The maximum α-value of 

0.7 was observed at 558Hz for four-layered composite at 5cm BC [Figure 4.37 (b)]. 

   

Figure 4.36: Sound absorption coefficient of FS infused PVDF membrane layers at 

different BC’s: a) 3cm and b) 5cm; and c) Schematics of layering configuration. 
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Figure 4.37: Sound absorption coefficient of FG infused PVDF membrane layers at 

different BC’s: a) 3cm and b) 5cm; and c) Schematics of layering configuration. 

4.6.2.5 SAP of MC Based Layers 

The SAP of MC filler-based PVDF layered composite was investigated at three BC’s 

in Figure 4.38 (a-c). At 3cm BC, sharp peaks were noticed in the frequency range of 600-

1000Hz, with a maximum α-value of 0.87 at 733Hz for four-layered composite [Figure 

4.38 (a)]. The MC-based four-layered composite showed better absorption than all previous 

samples in the specified frequency range. The addition of BC to 5cm resulted in higher 

absorption peaks with a shifted frequency range of 500-700Hz. The maximum coefficient 

of 0.78 was observed at 545Hz for four-layered composite [Figure 4.38 (b)].  

    

Figure 4.38: Sound absorption coefficient of MC infused PVDF membrane layers at 

different BC’s: a) 3cm and b) 5cm; and c) Schematics of layering configuration. 
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4.6.2.6 Sound Absorption Coefficient (α) Variation with Change in Thickness at 

Different Frequency Bands (1/3 Octave Plots) 

The percentage increase in absorption measurements of all consecutive filler-based 

layered composites with thickness variation was represented in Figure 4.39 (a-b) at 

different BC’s. The coefficient variation and absorption peak shift as a function of thickness 

was studied utilizing this analysis in Table 4.6. The highest increase in absorption of 136% 

and 203% was observed with MC-based composites at frequency bands of 500Hz and 

630Hz. The variation in coefficient percent increase at frequency bands ranging from 500-

800Hz follows descending order as follows; MC>CNT>FG>GN>FS [Figure 4.39 (a)]. 

With 5cm BC, the highest SAP was reported with MC-based composites with a maximum 

increase of 160% at 315Hz and 500Hz [Figure 4.39 (b)]. It was evident that the MC-based 

composites had a higher absorption increase with change in thickness and BC compared 

with preceding specimens. In general, it was noticed that PVDF based filler composites 

offered better absorption in low frequency than filler infused PVP composites. 

  

Figure 4.39: Sound absorption coefficient percent increase with thickness variation at 

discrete BC’s for filler-infused PVDF membrane layers. 

Table 4.6: Percent increase data for different frequency bands (1/3-Octave plot) 3cm BC. 

Fillers 
Percent increase in α at discrete octave frequency (Hz) for BC: 3cm 

125 157 198 250 315 397 500 630 794 1000 1260 1587 

CNT -45 -35 -18 26 14 17 97 149 72 -28 -46 -21 

GN -32 -25 -11 -21 4 19 88 115 88 -8 -34 -23 

FS -76 -49 -36 -49 6 -12 81 106 33 -44 -58 -33 

FG 100 18 9 48 11 101 79 138 77 -23 -41 -26 

MC -22 1 -2 6 55 61 136 204 67 -29 -44 -18 
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4.6.3 SAP of Combined Layers of Filler Infused PVDF at Varying BC 

The progressive layering of the filler-based membranes was performed in the 

following order; a) Seven-layers composite with PVDF, three CNT, and GN infused layers, 

b) Ten-layers with three FS-infused layers on stack prepared in (a), c) Thirteen-layers with 

three FG layers on stack (b), and d) Sixteen-layers with three MC layers assembled on (c). 

4.6.3.1 SAP of progressive layering of filler infused PVDF membrane at discrete BC 

The SAP of combined multiple layers of filler-infused PVDF membranes was 

investigated at different BC’s in Figure 4.40 (a-d). At 0cm BC, multiple sharp peaks were 

observed near the higher frequency range of 1170-1950Hz. The absorption coefficient 

values of 0.98, 0.98, 0.96, and 0.93 were observed for seven, ten, thirteen, and sixteen 

layered composites at 1950Hz, 1685Hz, 1413Hz, and 1200Hz [Figure 4.40 (a)]. The SAP 

of PVDF filler composites was better in the low-frequency range than PVP filler 

composites. With 3cm BC, sharp peaks were noticed with high coefficient values of more 

than 0.9 in the drifted frequency range of 400-527Hz. The absorption coefficients of 0.93, 

0.98, 0.99, and 0.93 were observed for each progressive layer at 581Hz,  496Hz, 447Hz, 

and 406Hz, respectively [Figure 4.40 (b)]. Sixteen layered filler-based PVP composite 

reached the α-value of 0.98 at 488 Hz with a lesser thickness of 3760µm, whereas sixteen-

layer filler PVDF composite reached 0.99 at 447Hz with a thickness of 6496µm. It means 

that a higher thickness of composite has been compromised to maintain similar coefficient 

values for a little shift in respective frequencies. With 5cm BC, absorption peaks 

corresponding to all progressive layers moved towards a lower frequency range of 300-

400Hz.  The maximum absorption coefficients of 0.98 and 0.96 were observed at 347Hz 

and 309Hz for thirteen and sixteen layered composites [Figure 4.40 (c)].  



139 

 

  

Figure 4.40: Sound absorption coefficient of filler-infused PVDF membranes multiple 

layers at BC’s: a) 0cm, b) 3cm, and c) 5cm; and d) Schematics of layering configuration. 

4.6.3.2 Sound Absorption Coefficient (α) Variation with Change in Thickness at 

Different Frequency Bands (1/3 Octave Plots) 

The SAP of these progressively layered composites was studied in terms of percentage 

increase in coefficient as a function of composite thickness at different BC’s in Figure 4.41. 

The acoustic characterization carried out on composites indicates the movement of 

absorption peaks to low-frequency regions with a change in BC and layer thickness. The 
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improvement in α-value with thickness variation at three discrete BC was studied in Table 

4.7. With 0cm BC, an increase of 109%, 694%, and 576% in the α-value was reported at 

frequency bands of 794, 1000, and 1260Hz. At 3cm BC, an increase of 163%, 270%, and 

166% was noticed in lower frequency bands of 250Hz, 315Hz, and 397Hz. Higher 

percentage increments moved from 1260Hz to 315Hz with a change in BC to 3cm from 

0cm, signifying the high importance of BC variation for low-frequency sound absorption. 

With 5cm BC variation, an increase of 218%, 193%, 176%, 257%, and 134% was observed 

in relatively lower frequency bands ranging from 125Hz to 315Hz. 

 

Figure 4.41: Sound absorption coefficient percent increase with thickness variation at 

discrete BC’s for filler-infused PVDF membrane multiple layers. 

Table 4.7: Percent increase data for different frequency bands (1/3-Octave plot) 3cm BC. 

BC 
Percent increase in α at discrete octave frequency (Hz) 

125 157 198 250 315 397 500 630 794 1000 1260 1587 

0cm 0.4 1 0 -1 2 2 7 43 110 695 576 44 

3cm 82 85 55 163 270 167 -18 -61 -60 -47 -20 4 

5cm 218 193 177 257 134 -23 -53 -55 -48 -36 -6 11 

 

4.7 Summary and Conclusions 

The experimental investigations suggest that the maximum coefficient values of 0.95, 

0.98, and 0.99 were observed at 1663, 526, 406Hz with a pure PVP-based sixteen-layer 

composite at different BC’s of 0, 3, and 5cm. On the other hand, twenty layers resulted in 

a maximum coefficient value of 0.92 at the lowest frequency of 363Hz at 5cm BC [Table 

4.8]. The acoustic response of PVDF fiber membranes was generally observed to be better 
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than PVP membranes due to variation in thickness. Maximum α-values of 0.96, 0.99, 0.99 

were observed at lower frequencies of 1028, 363, and 238Hz, which was very close to PVP 

composites, but the frequency range was observed on the lower frequency side. Similarly, 

for twenty layers, the highest coefficient value of 0.98 was observed at an even lower 

frequency of 259Hz at 5cm BC [Table 4.9]. The PVP and PVDF layers' combination 

resulted in a maximum coefficient of 0.94, 0.99, and 0.98 at 1249, 406, and 322 Hz. These 

peaks were observed in the mid-frequency range of the PVP and PVDF sixteen layers 

pattern [Table 4.10]. 

Table 4.8: Maximum α-values at respective frequencies for PVP nanocomposites. 

 

Table 4.9: Maximum α-values at respective frequencies for PVDF nanocomposites. 

 

 

 

 

 

 

f (Hz) α f (Hz) α f (Hz) α

L-1 2000 0.32 1157 0.86 1709 0.77

L-2 2000 0.37 1300/1727 0.53 1066 0.46

L-4 2000 0.52 1027 0.89 721 0.73

L-8 2000 0.48 724 0.89 563 0.86

L-16 1663 0.95 526 0.98 406 0.99

L-20 1536 0.88 435 0.88 229/363 0.74/0.92

Max. Absorption Peak

BC: 3cm BC: 5cm

Max. Absorption PeakPVP 

Layers

BC: 0cm

Max. Absorption Peak

f (Hz) α f (Hz) α f (Hz) α

L-1 2000 0.37 1260 0.71 758/1004 0.83/0.84

L-2 2000 0.83 1075 0.68 642 0.78

L-4 1985 0.82 743 0.86 383/578 0.85/0.94

L-8 1624 0.99 364/565 0.87/0.93 236/423 0.82/0.99

L-16 1028 0.96 273/363 0.82/0.99 238/321 0.99/0.96

L-20 892 0.96 291/2000 0.92 259/2000 0.98/0.85

PVDF 

Layers

Max. Absorption Peak Max. Absorption Peak Max. Absorption Peak

BC: 0cm BC: 3cm BC: 5cm
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Table 4.10: Maximum α-values for combined PVP and PVDF nanocomposites. 

 

The experimental investigation shows that the PVP filler-based composites resulted in 

a maximum coefficient of 0.86 with MC-based four-layered composite 947µm thick at 

907Hz (3cm BC) and 636Hz (5cm BC). The MC-based four-layered composites resulted 

in a slightly higher coefficient value at the reduced frequency when compared with pure 

PVP four-layered membrane of a similar thickness at different BC’s. Similarly, for the 

PVDF filler-based layered composites, the maximum coefficient values of 0.88 and 0.80 

were observed with four-layered MC-based composites 1731µm thick at 710Hz (3cm BC) 

and 530Hz (5cm BC). PVDF MC-based four-layered composites resulted in a slight 

frequency shift from 743 to 710Hz -3cm BC and from 578 to 530Hz -5cm BC with an α-

value of 0.87 compared with pure PVDF four-layered composite 2091µm thick. 

Experimental investigations for the PVP filler-based progressive layering composites 

resulted in higher coefficient values of 0.96 (0cm BC), 0.99 (3cm BC), and 0.99 (5cm BC) 

at lower frequencies of 1689, 483, and 392Hz, respectively for sixteen layered composite 

- 3769µm thick. With filler-based sixteen layers, α-values greater than 0.96 were observed 

at lower frequencies than pure PVP-based sixteen layered composite where α>0.96 was 

reported at 526Hz and 406Hz for 3cm and 5cm BC’s. The PVP-based filler composites 

achieved the maximum sound absorption coefficient value of 0.99 at different BC’s for the 

frequency range of 390-500Hz [Table 4.11]. The acoustic response of the PVDF filler-

based progressive layering composites resulted in α-values of 0.94, 0.95, and 0.97 at even 

lower frequencies of 1189 (0cm BC), 399 (3cm BC), and 305Hz (5cm BC) for sixteen 

layers - 6496µm thick when compared with PVP filler-based composites. Higher α-values 

of 0.98 and 0.99 were achieved with thirteen layers, but the peaks were present in a slightly 

higher frequency range of 560Hz and 460Hz. The PVDF filler-based layered composites 

f (Hz) α f (Hz) α f (Hz) α

L-2 2000 0.35 1085 0.79 829 0.78

L-4 2000 0.91 849 0.85 628 0.82

L-8 1937 0.98 556 0.96 417 0.95

L-16 1249 0.94 406 0.99 322 0.98

L-20 1075 0.94 384 0.86 257 0.94

PVP/PVDF 

Layers

Max. Absorption Peak Max. Absorption Peak Max. Absorption Peak

BC: 0cm BC: 3cm BC: 5cm
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achieved coefficient values greater than 0.96 in the lower frequency range of 300-450Hz 

at different BC’s [Table 4.12].  

Table 4.11: Maximum α-values for PVP-Filler-based composites. 

 

Table 4.12: Maximum α-values for PVDF-Filler-based composites. 

 

 

  

f (Hz) α f (Hz) α f (Hz) α

L-7 2000 0.85 729 0.87 566 0.78

L-10 2000 0.94 623 0.92 474 0.96

L-13 1948 0.82 560 0.98 460 0.99

L-16 1689 0.96 483 0.99 392 0.99

BC: 0cm BC: 3cm BC: 5cm

PVP+Filler 

Layers

Max. Absorption Peak Max. Absorption Peak Max. Absorption Peak

f (Hz) α f (Hz) α f (Hz) α

L-7 1937 0.99 565 0.94 469 0.8

L-10 1686 0.98 478 0.99 382 0.94

L-13 1398 0.98 449 0.99 342 0.98

L-16 1189 0.94 399 0.95 305 0.97

BC: 0cm BC: 3cm BC: 5cm

PVDF+Filler 

Layers

Max. Absorption Peak Max. Absorption Peak Max. Absorption Peak
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Chapter 5. Filtration Characteristics of Electro-Spun Nanofiber 

Composites 

5.1 Introduction 

The filtration characteristics of the electro-spun PVDF nanofiber membranes, its 

filler composites, conventional masks, and nanofiber loaded surgical masks were 

investigated in this section. The breathability of these membranes and their composites was 

tested in a laboratory-scale pressure drop measurement experimental set-up. The 

morphological attributes of the nanofiber membranes were carried out using the SEM 

micrographs. These membranes were fabricated to prevent or filter the micro or nano-scale 

bacteria, viruses, pollutants, or aerosols. The fillers chosen for this study includes CNT, 

GN, TiO2, and Cu NP’s. These fillers exhibit anti-bacterial or anti-viral behavior wherein 

the positively charged ions of these substance attacks the exterior layer of bacteria or virus 

and deactivates them by breaking their protein structure. Nanofiber membranes were 

designed to achieve the pressure drop rating of these N-95 medical-grade masks wherein 

readily available surgical masks with microfibers were modified with nanofiber layers to 

filter our particles nano-scale, maintaining the N-95 level pressure drop. 

5.2 Experimental Methodology 

5.2.1 Filtration-Ready Specimen Formulation 

The filtration characterization of designed filter media was carried out in five stages: 

1) Stage 1 includes testing of different conventional masks including Surgical Masks (SM) 

and different grade N-95 masks used by front liners, manufacturing industry, and COVID 

healthcare professionals, 2) Stage 2 involves testing of PVDF nanofiber samples 

manufactured from varying concentrations of; 0.25wt.%, 0.5wt.%, and 1.0wt.% at different 

electrospinning time of 6, 8, and 10 minutes, 3) Stage 3 includes testing of filler infused 

nanofiber samples manufactured from four different fillers (0.25wt.%) at designed 

electrospinning times, 4) Stage 4 involves the testing of nanofiber membranes 

manufactured at different times to reach the N-95 ΔP equivalency, and 5) Stage 5 includes 

testing of resultant nanofiber membranes layered on microfiber loaded SM to reach N-95 

pressure drop barrier level rating and to filter out particles at nano-scale level [Table 5.1]. 
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Table 5.1: Description of various filtration-ready specimens. 

Filtration-Ready Specimen Formulation 

Stage 

1 

Conventional masks 

1 2 3 4 5 

Surgical 

Mask 

N-95 

(8200) 

N-95 

(8110S) 

N-95 

(1860) 

N-95 

(9500) 

Stage 

2 

PVDF nanofibers at varying concentrations 

C1 C2 C3 

20wt.% 22wt.% 25wt.% 

Stage 

3 

PVDF + Varying fillers nanofibers 

Filler 1 Filler 2 Filler 3 Filler 4 

CNT GN TiO2 Cu NP’s 

Stage 

4 

Nanofibers at varied electro-spin times (343Pa) 

PVDF (C1|C2|C3) PVDF + Fillers 

Stage 

5 

Nanofiber layering with surgical masks 

PVDF (C1|C2|C3) PVDF + Fillers 

5.2.2 Fabrication of Filter-Ready Electro-Spun Samples 

Polymeric solution of PVDF was prepared at three different concentrations of 20, 22, 

and 25wt.% in DMF solution at 75°C for 24 hours utilizing the magnetic stirrer. Similarly, 

the filler-based solutions were prepared by mixing filler micro/nano particles in polymeric 

solution using the ultrasonic mixer for 30min. The prepared solution was transformed into 

nanofibers utilizing a lab-scale electrospinning set-up [Figure 5.1]. All the filtration-ready 

membranes manufactured at different electrospinning times of 6, 8, and 10min were 

extracted in rectangular mask sheet form using masking tapes. The extraction process 

ensures the membrane structural integrity while testing and provides the wrinkle-free 

surface for further analysis.  

,  

Figure 5.1: Demonstration of the time-controlled electrospinning process for 

manufacturing of filtration-ready nanofiber membranes. 
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5.2.3 Characterization and Testing of Filter Media 

Nanofiber membrane-based filter materials were produced with precise time-

controlled electrospinning to regulate the specific weight of the sheets. In order to ensure 

the homogenous nanofiber layering pattern, the precise needle movement was regulated by 

the Arduino-powered stepper motor. The homogenous layering pattern ensures the pressure 

drop data repeatability at different spots on a mask material. Figure 5.2 (a) shows the 

nanofiber membrane samples produced for pressure drop testing. The red dotted circles 

show the testing locations on the membrane surface. Figure 5.2 (b-d) shows the real-time 

pictures of the testing. The pressure drop measurements were carried out at three locations 

of a filter material sheet, and the average pressure drop data of three sheets were reported 

in further sections. Morphological attributes of these nanofiber filter membranes were 

studied using the SEM micrographs. The average of at least fifty fibers was taken at 

different locations of a sample in SEM images. 

 

Figure 5.2: (a) Filter-ready nanofiber membrane samples with dotted red circles 

representing testing locations, and Pressure drop testing of single specimen at spot 1 (b), 

spot 2 (c), and spot 3 (d). 

5.3 Results and Discussion 

5.3.1 Morphological Characterization of Electro-Spun Filter Samples 

The fiber-based filter media's filtration characteristics depend on the fiber morphology 

of the samples wherein fiber diameter and distribution play a significant role in regulating 

the filtration properties [204]. The nanofiber samples manufactured from the process of 

electrospinning consist of very thin fiber with a high ratio of surface area to volume and 
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pores, which can intercept the micro/nano particles [205]. Figure 5.3 (a-f) demonstrates the 

fiber diameter measurements and distribution of PVDF nanofibers manufactured at a 

different polymeric concentration of 20, 22, and 25wt.%. Figure 5.3 (a) shows the SEM 

micrograph of the PVDF 20wt.% nanofiber membrane. Figure 5.3 (b) shows the diametric 

distribution of the fibers, and it shows that the average fiber diameter was approximately 

0.132μm with a standard deviation of 0.054. Fibers at PVDF20 appear to be thin and 

smooth, with very small gaps in between when compared to other concentration 

configurations. High density of smaller fibers with a narrow fiber diameter distribution 

range of 0.100μm to 0.200μm was observed for PVDF20. Figure 5.3 (c) describes the fiber 

structure of PVDF 22wt.%, and Figure 5.3 (d) shows the respective distribution. It was 

observed the fibers were relatively bigger than the previous configuration with an average 

diameter of 0.167 ± 0.069μm. The distribution shows that membranes comprise fibers lying 

in the range of 0.150μm and SEM image visual appearance indicates higher air gaps. Figure 

5.3 (e) shows the SEM representation of PVDF 25wt.% with diameter distribution 

determined in Figure 5.3 (f). The diametric measurements indicate the higher diameter 

value of 0.301 ± 0.138μm when compared with other configurations. The mixed 

combination of thick and thin fibers scattered in broader distribution was observed with the 

current configuration. The visual appearance of fibers indicates a higher air gap between 

the fiber structures. Fiber structure with the least diameter and low air gap results in higher 

pressure drop due to less space for the air to travel. Larger fibers with comparatively high 

air gaps reduce the pressure drop by providing more passage for the air and particulates to 

travel. Higher filtration efficiencies can be achieved with the least fiber diameter and small 

air gaps, but the breathability is compromised with higher pressure drop [137,205].  
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Figure 5.3: SEM micrographs with fiber diameter and distribution for samples; PVDF 

20wt.% (a-b), PVDF 22wt.% (c-d), and PVDF 25wt.% (e-f). 

Filtration characteristics of filler infused PVDF membranes were investigated in this 

section [Figure 5.4 (a-h)]. The inclusion of various metal and non-metal-based fillers was 

carried out to de-activate the virus/bacterial attack on the structure. These micro/nano 

particles adhere to the fiber structure without affecting the charge bearing capacity of 

electro-spun fibers (classic behavior) and without any change in the structural integrity of 

the fibers [206]. Addition of various filler particles like Carbon Nanotubes (CNT) [171], 

Graphene (GN) [207], Titanium Oxide (TiO2) [155,204,206], and Copper Nano-Particles 

(CuNP’s) [206] have been reported in several studies investigating filtration characteristics 

of filler infused nanofiber membranes. Figure 5.4 (a) shows the diametric measurements 

of CNT (0.25wt.%) infused PVDF nanofibers, and Figure 5.4 (b) shows the respective fiber 

diameter distribution. It was observed that with the addition of CNT particles in PVDF 

20wt% solution, the average fiber diameter increased to 0.251μm with a standard deviation 

of 0.108. Fibers were scattered in a narrow range of 0.200-0.300μm with this configuration. 

CNT infused fibers were observed to be smooth and long, with very few beads present on 
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the structure. The electrospinning of the CNT added PVDF solution was complicated 

compared with other filler-based solutions due to the solution viscosity and corresponding 

electric field action.  Figure 5.4 (c) demonstrates the fiber diameter and structure of the GN 

(0.25wt.%) infused fibers with the corresponding fiber distribution chart described in 

Figure 5.4 (d). Average fiber diameter measurements of 0.220 ± 0.055μm were observed 

with current configuration with a narrow distribution of fibers, lying in the range of 0.200-

0.250μm. GN infused fibers were observed to carry the fibers thinner than the CNT infused 

fibers with lesser air gap comparatively, which can be attributed to the high surface area, 

smaller size, and better electro-spin ability graphene infused polymers [208]. The fibers 

were observed with very few beads and smooth and long structures with comparatively 

thinner fibers on the surface. Figure 5.4 (e) shows the diametric measurements of TiO2 

(0.25wt.%) infused PVDF fiber. Figure 5.4 (f) shows the fiber diameter distribution. The 

fibers diameters were observed to be very close in measurement with GN nanofibers with 

an average diameter value of 0.219 ± 0.106μm, wherein the fibers were observed in the 

range of 0.200-0.250μm. Smooth fibers with very few beads on structure were observed 

with a broader distribution range of diameters than preceding samples. Reduced diameter 

measurements (compared with CNT-based fibers) of TiO2 infused fibers could be 

attributed to the high surface area and smaller TiO2 particles [209]. Figure 5.4 (g) shows 

the SEM micrograph of the copper nanoparticles (0.25wt.%) infused PVDF nanofibers. 

The diametric measurements and their distribution were explained in Figure 5.4 (h). The 

average fiber diameter was observed to be 0.229 ± 0.110μm, which was slightly higher 

than GN, and TiO2 infused nanofibers. CuNP infused nanofibers were observed to be 

loaded with few beads (comparatively higher than all preceding samples) with broader 

distribution of fiber measurements. The visual appearance of the Cu-infused nanofiber 

membranes was brown, which was different from all other samples, and the particles had 

no significant effect on the diameter measurements [210]. 
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Figure 5.4: SEM micrographs with fiber diameter and distribution for samples; CNT 

0.25wt.% (a-b), GN 0.25wt.% (c-d), TiO2 0.25wt.% (e-f), and CuNP’s 0.25wt.% (g-h). 
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5.3.2 Pressure Drop (ΔP) Measurements of Conventional Masks 

Pressure drop measurements of various conventional mask specimens were tested in 

this section, and the pressure drop data for each sample was compared with technical data 

available for the respective masks. Different types of masks currently used by frontline 

workers and the ordinary public were tested. The test results were very close to the 

available technical data issued by the company. Figure 5.5 shows the samples of 

conventional used for the test, and Table 5.2 below provides the detailed description of the 

mask.  

 

Figure 5.5: Description of the various conventional mask samples. 

Table 5.2: Detailed description of masks represented by symbols (A-F).  

Sample Name Sample 

A Surgical Face Mask-1 Blue-3Ply-Universal-With ear loops 

B Surgical Face Mask-2 Blue-3Ply-Universal-With ear loops 

C N-95 Particulate Respirator – 8200 

D N-95 Particulate Respirator - 8110S 

E N-95 Healthcare Particulate Respirator & Surgical Mask - 1860 

F N-95 Particulate Respirator - 9500 

The conventional Surgical Masks (SM) were observed to have a low-pressure drop of 

approximately 194Pa (Sample A). The least pressure drop of 106Pa was observed with 

sample B. SM’s are generally used by most public and are comparatively comfortable for 

long duration wear ability. These masks offer comfort, but the layered microfibers are not 

sufficient to prevent us from nano-scale viral/bacterial infections. Different grade of N-95 

masks was tested, and measurements show that the mask currently in use by the COVID 

ward frontline workers (Sample E) has the highest pressure drop of 344Pa. This is very 
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close to the pressure drop data issued by the company (343Pa approx.). On the other hand, 

the surgical face mask has the lowest pressure drop compared to different N-95 masks. 

This can be attributed because the N-95 mask has more layers densely packed together with 

higher thickness. These N-95 masks are currently NIOSH approved for medical use, but it 

provides discomfort to the users because of tight enclosure and elastic straps. The average 

pressure drop data for these masks calculated in this section also validates measurement 

accuracy compared with the available technical data [Figure 5.6]. 

 

Figure 5.6: Average pressure drop measurements of various conventional masks. 

5.3.3 Effect of Polymer Concentration on ΔP Measurements of Nanofiber Samples 

The pressure drop measurements of the polymeric nanofiber membranes 

manufactured at different electrospinning times were investigated in Figure 5.7 (b), (d), 

and (f) along with their respective SEM micrographs [Figure 5.7 (a), (c), and (e)]. Pressure 

drop measurements for PVDF 20wt.% were observed to be the highest among all 

configurations. The pressure drop values were reported to be 188, 246, and 338Pa for 6, 8, 

and 10min time [Figure 5.7 (b)]. The pressure drop values increased with an increase in 

electro-spin time as it changes the weight and deposition amount of fibers on the surface. 

More fibers were present on the membrane surface with higher time, which prevents the 

air flow and the pressure drop reduces. Low fiber diameter measurements of 0.132μm were 

observed for PVDF 20, with a more significant number of smaller fibers present on the 

surface [Figure 5.7 (a)]. Polymer concentration plays an essential role in regulating the 

fiber diameter and structures wherein higher concentration results in higher fiber diameter 
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[182,211]. With the further increase in polymer concentration to 22wt.%, the pressure drop 

remains almost similar for 6min spun membrane (190Pa). In contrast, it decreases slightly 

to a lower value of 244Pa (8min) and 301Pa (10min) [Figure 5.7 (d)]. The visual attributes 

of this configuration shows larger fibers with more air gaps in between compared with 

PVDF20. The average fiber diameter value was 0.167μm, which was higher than PVDF20. 

With bigger fibers and larger pore sizes, it's relatively easier for the air to pass through the 

channels, further reducing the pressure drop through the material thickness [204,205]. 

Higher concentration of 25wt.% results in minimum pressure drop with lowest values of 

128, 162, and 192 Pa which was a significant drop in pressure across the surface compared 

to other configurations [Figure 5.7 (f)]. The corresponding membrane has an average 

diameter of 300μm with broader distribution of fibers [Figure 5.7 (e)]. It was evident from 

the experimental investigations that with increased concentration, the fiber diameter was 

increasing with broader distribution of fiber sizes and pore gaps, resulting in a significant 

drop in pressure measurements.  

   

   

188.89

246.67

338.89

0

50

100

150

200

250

300

350

400

6 8 10

P
re

ss
u
re

 D
ro

p
 (

P
a)

Electropinning Time (Min.)

b) PVDF 20

190.00 

244.44 

301.11 

0

50

100

150

200

250

300

350

400

6 8 10

P
re

ss
u
re

 D
ro

p
 (

P
a)

Electropinning Time (Min.)

d) PVDF 22



154 

 

   

Figure 5.7: SEM micrographs and ΔP measurements at different electrospinning times for 

configurations; PVDF 20wt.% (a-b), PVDF 22wt.% (c-d), and PVDF 25wt.% (e-f). 

The electrospinning time regulates the number of fibers accumulated on the collector 

screen, and the extracted membrane weight changes with variation in time. Figure 5.8 

shows the variation in nanofiber membrane specific weight with time. It was evident that 

with an increase in electrospinning time, the basis weight was increasing, which is due to 

the increased amount of fiber deposition in a specific area. It was observed that with 

concentration change from 20wt.% to 25wt.%, the basis weight increased significantly, 

which can be due to the change in single fiber weight as the fiber diameter increased from 

0.132μm to 0.301μm. The higher fiber diameter carried more material per unit length 

affecting the pressure drop across these membranes. 

 

Figure 5.8: Variation in the specific weight of PVDF nanofiber membrane at different 

electrospinning times for varying polymeric concentrations. 
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The effect of fiber diameter variation on pressure drop with change in time and 

concentration was investigated in Figure 5.9. The minimum and maximum pressure drop 

of 128.89Pa and 338.89Pa were observed for 6min PVDF 25 and 10min PVDF20 samples. 

With the smallest fiber diameter of 0.132μm, higher pressure drop values were noticed, 

and with a high fiber diameter of 0.300μm, the lowest pressure drop values were observed. 

Higher pressure drop measurements corresponding to the lowest diameter confirm the high 

density of small nano-scale fibers present in a volume that can prevent particulates of that 

size or even smaller to infiltrate past the membrane.  

 

Figure 5.9: Fiber diameter versus pressure drop of nanofiber membranes produced at 

different electrospinning times and concentrations. 

5.3.4 Effect of Filler Infusion on ΔP Measurements of Nanofiber Samples 

The pressure drop measurements of the filler-infused nanofiber membranes 

manufactured at different electrospinning times were investigated in Figure 5.10 (b, d, f, 

and h). The fiber morphology of the respective samples was analyzed using SEM images 

in Figure 5.10 (a, c, e, and g). Figure 5.10 (b) shows the pressure drop measurements of 

CNT infused PVDF20 membrane, and it shows the least pressure drop among all samples 

tested in this chapter. The lowest pressure drops of 100, 112, and 158Pa were reported at 

6, 8, and 10min electrospinning time. Nanofibers were observed with an average diameter 

of 0.251μm. The lowest pressure drop could be attributed due to the complexity in 

electrospinning of CNT added viscous solution. Membranes infused with CNT were 

thinner with comparatively larger air gaps than other samples leading to the significant 

pressure drop [Figure 5.10 (a)]. On the contrary, GN infused membranes resulted in higher 
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pressure drop of 162, 200, 253Pa at respective electrospinning time, which was higher than 

the CNT-based membranes [Figure 5.10 (d)]. Graphene has a higher surface area and 

solubility with polymeric solution, resulting in smooth electrospinning of nanofibers with 

smaller diameters [212]. GN infused membranes show smooth and thinner fibers oriented 

in random order. The fiber diameter of 0.220μm was observed, with the majority of the 

fibers lying in the range of 0.220-0.250μm [Figure 5.10 (c)]. TiO2 infused membranes 

exhibit similar pressure drop behavior as the GN infused membranes with approximate 

values of 160, 197, and 251Pa at respective electro-spun times [Figure 5.10 (e)].  The 

corresponding fiber diameter measurements had a similar diametric average of 219μm 

compared with GN-based membranes. The fibers also appeared smooth, long, and with 

very few beads on the fiber structure [Figure 5.10 (c)]. On the contrary, CuNP infused 

membranes result in a slightly lower pressure drop of 151, 190, and 240Pa than GN and 

TiO2 membranes [Figure 5.10 (h)]. A marginally higher diameter value of 0.229μm with 

broader fiber distribution was observed with CuNP’s infused membranes [Figure 5.10 (g)]. 

It was generally observed that with the increase in diameter values, the pressure drop values 

were decreasing because of associated air gaps. 
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Figure 5.10: SEM micrographs and ΔP measurements at different electrospinning time 

for configuration; CNT 0.25wt.% (a-b), GN 0.25wt.% (c-d), TiO2 0.25wt.% (e-f), and 

CuNP’s 0.25wt.% (g-h). 

The basis weight measurements of the filler infused membranes were investigated in 

Figure 5.11. Lower basis weight was observed with CNT-infused membrane when 

compared with other filler membranes. CNT-based membranes were loaded with the 

higher fiber diameter values of 0.251μm. GN and TiO2 based membranes were observed 

with similar basis weight values. Both GN and TiO2 exhibit a large specific surface area 

and better polymer interaction when mixed with a solution making it easy to electro-spin. 

The filler particles attach to the fiber surface without significantly affecting the structure 

[208,209,213]. On the other hand, copper nano-particles infused membranes had the 

highest basis weight compared with other fillers and had higher fiber diameter 

measurements of 0.229μm than GN and TiO2 nanofibers.  
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Figure 5.11: Specific weight of filler infused membranes produced at different 

electrospinning times. 

The relationship between the fiber diameter measurements and respective ΔP values 

was established in Figure 5.12. The lowest pressure drop values were observed with CNT-

based membranes at all electro-spin times. This can be attributed to the highest diameter 

measurements (0.251μm) and the lowest basis weight compared with other specimens. GN 

and TiO2 based membranes were observed with similar diameter measurements of 

0.220μm and 0.219μm. The corresponding pressure drop values were approximately close 

to each other. On the other hand, CuNP infused nanofiber membranes were observed with 

a higher fiber diameter value of 0.229μm, resulting in lower pressure drop values than GN 

and TiO2 membranes.  

 

Figure 5.12: Fiber diameter versus pressure drop of filler infused nanofiber membranes 

produced at different electrospinning times. 
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5.3.5 Effect of Electrospinning Time on ΔP Measurements of Nanofiber Samples to 

Reach N-95 Equivalency 

The pressure drop measurements of the conventional high-grade N-95 medical-grade 

mask have a pressure rating of approximately 344Pa with thick layers of melt-blown PP 

fibers. Single nanofiber membrane-based filters with significantly lower thickness than 

traditional N-95 mask layers were observed with similar pressure drop ratings when 

manufactured at higher electrospinning time.  Figure 5.13 demonstrates the electrospinning 

time required for PVDF-based filter membranes to reach the pressure drop equivalency of 

the N-95 medical-grade mask. The pressure drop measurement shows that; it requires lesser 

time for low diameter configurations to reach the pressure drop value of 340Pa. It was 

observed that the electrospinning time increases with an increase in diameter and its 

distribution, with an exception for CNT-infused membrane configuration. The highest 

electro-spin time of 19 minutes was observed for the CNT-infused membrane to reach the 

N-95 grade equivalency, whereas the lowest time of 10 minutes was recorded for the 

PVDF20 membrane.  

 

Figure 5.13: Electrospinning time required to reach the N-95 ΔP equivalency. 

5.3.6 Effect of Electro-Spun Membrane Layering on ΔP Measurements of Surgical 

Masks (SM) 

Surgical Masks (SM) are thin, light-weighted, and less bulky in structure compared 

with N-95 masks. They are readily available and provide better wear-ability comfort for a 

longer time duration. Microfiber-loaded SM consists of more significant pore gaps and can 
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only filter out larger particles. Owing to their smaller thickness and fiber size, they were 

observed with very low-pressure drops. In this section, the conventional SM’s were layered 

with PVDF-based nanofiber membranes to prevent nano-scale particle bypassing and reach 

the N-95 medical-grade pressure drop equivalency. Figure 5.14 shows the step-wise 

methodology of nanofiber membrane layering on SM’s in the following order; a) First step 

involves dismantling of surgical mask in various parts splitting three main layers 

containing microfibers and other fixtures like ear loops and face fittings, b) Second step 

involves carefully handling the thin nanofiber membranes ensuring no surface wrinkles on 

placement with SM’s, c) Third step involves careful sandwiching of the membrane between 

the top and middle layer ensuring zero damage on layers, d) Careful placement of the 

fabricated layers between the top and bottom holder of pressure drop measurement set-up 

for final testing [Figure 5.14 (a-d)]. 

 

Figure 5.14: Step-wise nanofiber layering methodology on SM; a) Layer-wise 

dismantling of SM, b) Membrane handling, c) Nanofiber membrane sandwiching; and d) 

Placement of sandwiched layer for final testing. 

The pressure drop measurements of SM and its nanofiber layered configuration were 

investigated in Figure 5.15. Table 5.4 shows the different electro-spun timed membrane 

layering with respective pressure drop data. SM’s were observed to have the least pressure 

drop of 100Pa approximately, but the pressure drop rating increased from 100Pa to 340Pa 

roughly with a thin nanofiber layer addition. The nanofiber layer sandwiched between the 

SM layers can filter out nano-scale range particles maintaining the pressure drop 

requirements. These nanofiber filters also exhibit anti-bacterial and anti-viral properties. 

For the composites fabricated with PVDF20 and PVDF22 based nanofiber layer 
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sandwiching, only 6min electro-spun layers were sufficient to reach the ΔP of 336Pa and 

340Pa, respectively. SM composites loaded with 6min spun membranes had lower fiber 

diameters compared to other filter samples. PVDF20 and CNT infused nanofiber sample 

required 10min electro-spun layer to reach the N-95 pressure drop equivalency. These two 

samples were observed with higher fiber diameters, and the CNT-based layer was 

comparatively thinner, due to which higher spinning time was required. The SM’s were 

modified with the anti-bacterial/viral filler-infused nanofiber layers. The samples with GN, 

TiO2, and CuNP sandwiched nanofiber-SM layer required 8min spun samples to reach the 

N-95 pressure drop equivalency. These samples comprised approximately similar fiber 

diameters with a respective pressure drop value of 337Pa roughly. The ΔP value of SM 

increased from 100Pa to 340Pa roughly with the addition of the nanofiber layers to SM. 

The layering of membranes will provide several benefits over traditional SM’s; a) Nano-

scale fiber-based sheets provide more hindrance to contaminants of smaller size, b) Tiny 

air gaps and pores prevents contaminant by-passing, c) Electrostatically charged sheets can 

trap more contaminants by electrostatic attraction, improving viral/bacterial filtration 

efficacy, and d) Anti-bacterial and biocide fillers can be loaded on nanofibers without 

affecting the morphology of fibers which in turn will boost the efficiency of SM equivalent 

to N-95 mask.  

 

Figure 5.15: ΔP measurements of SM’s and respective nanofiber layered configurations.   
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Table 5.3: ΔP measurements with the electro-spun time of nanofiber layered SM’s. 

Sample Electrospinning Time (Min.) Pressure Drop (Pa) 

PVDF20 SM | SM+6min. 110 | 336.67 ± 25.44 

PVDF22 SM | SM+6min. 96.67 | 340.00 ± 11.05 

PVDF25 SM | SM+10min. 116.67 | 336.67 ± 4.71 

PVDF20 CNT0.25 SM | SM+10min. 103.33 | 343.33 ± 4.72 

PVDF20 GN0.25 SM | SM+8min. 103.33 | 336.67 ± 4.71 

PVDF20 TiO20.25 SM | SM+8min. 96.67 | 336.67 ± 4.71 

PVDF20 CuNP0.25 SM | SM+8min. 100 | 337.50 ± 10.88 

5.3.7 Particle Filtration Efficiency (PFE) of Electro-Spun Membrane Layered SM’s 

In this section, the experimental Particle Filtration Efficiency (PFE) test of SM and its 

nanofiber layered configuration was carried out on the NW261 PFE tester located in 

Melt95, Bolton, ON. The PFE was determined at different particulate sizes of NaCl aerosol, 

such as 0.3, 0.5, 1.0, 2.5, 5.0, 10.0µm at a flow rate of 32LPM for 10 seconds [Figure 5.16]. 

Table 5.4 shows the different electro-spun timed membrane SM layering with respective 

PFE data. The experimental PFE results shown in Figure 5.16 reveal that SM's filtration 

efficiency was the lowest compared to all electro-spun layered SM composites with PFE 

of 34.8%, being the least at 0.3µm and 85.16% at 10.0µm. The electro-spun membrane 

layering with SM improved the PFE by 60-64%, approximately in the particle range of 

0.3µm, incorporating nano-scale fibers in the diameter range from 132nm to 250nm. Figure 

5.17 shows the PFE centered at a fine particulate size of 0.3µm for all layered 

configurations. The measurements reveal that with the decrease in fiber diameter value, the 

PFE increases. For PVDF20 composite, a high PFE of 97.8% was observed with fibers of 

132nm diametric scale, which further got reduced to 87.23% with increased concentration 

to PVDF25 composite fabricated at a higher diameter of 300nm. The inclusion of fillers to 

the pure composite resulted in even better PFE’s of 96%, 98%, 99%, and 92% compared 

with other composites in CNT, GN, TiO2, and CuNP based layers, respectively. For all the 

filler-infused layered composite, the PFE reached the maximum of approximately 100% 

for a particulate size higher than equal to 1.0µm.        
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Figure 5.16: PFE measurements of SM’s and respective nanofiber layered configurations 

at the particulate size of 0.3, 0.5, 1.0, 2.5, 5.0, and 10µm.   

 

Figure 5.17: PFE measurements of SM’s and respective nanofiber layered configurations 

at the particulate size of 0.3µm.   

Table 5.4: PFE measurements of nanofiber layered SM’s. 
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5.4 Summary and Conclusions 

In this chapter, electro-spun nanofiber membranes were produced from a PVDF base 

for filtration application. Pressure drop measurement lab-scale experimental set-up was 

developed following the standards. Traditional surgical and N-95 medical/industrial grade 

masks were tested based on pressure drop measurements. Pure polymeric and filler-infused 

nanofiber membranes were manufactured at three different electrospinning times and 

concentrations. The morphological attributes of these membranes were analyzed using the 

SEM micrographs. Relation between the basis weight with respect to electro-spin time and 

pressure drop versus fiber diameter was established. Electro-spun time of configurations 

producing a single nanofiber membrane was reported in terms of N-95 ΔP equivalency. 

Finally, the layering of nanofiber membranes with SM was carried out to reach the pressure 

drop equivalency of N-95 masks. 

Pressure drop measurement validation was carried for the existing experimental set-

up with reported values of medical-grade N-95 face masks and surgical masks. The 

measurements were in good agreement with the rated N-95 values. SM’s were observed 

with lower pressure drop barrier levels of 194Pa and 106Pa. The morphological attributes 

show that polymer concentration plays an essential role in regulating the fiber diameter of 

nanofibers. Pure PVDF nanofibers were observed with a diameter range from 0.132μm 

(PVDF 20wt.%) to 0.301μm (PVDF 25wt.%). SEM micrograph indicates more air gaps 

and thicker fibers with a higher PVDF concentration. Anti-viral/bacterial fillers, CNT, GN, 

TiO2, and CuNP, infused with PVDF fiber structure, show no significant effect on the 

morphology of nanofiber structures. Fiber diameter measurements of 0.251μm, 0.220μm, 

0.219μm, and 0.229μm with respective distribution were reported in the study. The highest 

pressure drop of 338.89Pa was observed with the lowest fiber diameter configuration of 

PVDF20 – 132nm at 10min electro-spin time. The basis weight and electro-spin time 

relation indicate that the membranes' specific weight increases with an increase in time due 

to high fiber accumulation in a specific volume. Pressure drop versus fiber diameter 

measurements confirms the rise in pressure values regarding low diameter fibers. The 

highest pressure drops were reported with GN and TiO2 based filler membranes. The 

diameter measurements for both fillers were smaller and similar to each other than CNT 
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and CuNP based nanofibers. Single nanofiber membrane electro-spun at 10 min. for 

PVDF20 configuration was observed to reach the N-95 ΔP equivalency with 338Pa. SM 

loaded with PVDF 20 membrane (6min) resulted in a higher pressure drop of 336.67Pa. 

The SM was modified with a nanofiber layer to prevent particles of 132nm or less from 

infiltrating. The anti-viral or anti-bacterial filler-loaded nanofiber membranes with SM 

achieved a higher N-95 pressure drop barrier level with 8min spun layers (GN, TiO2, and 

CuNP) and can prevent the infiltration of particles in size range of 220nm – 250nm or less. 

High PFE’s of 90-99% was observed at the particulate size of 0.3µm all configuration, and 

a further increase in particulate size to 1.0µm or more resulted in approximately 100%PFE. 

The layering was performed to improve the filtration efficacy of SM in terms of particulate 

size and achieve the N-95 pressure drop barrier level with anti-viral/bacterial fillers. 
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Chapter 6. Conclusions, Contributions, and Future Recommendations 

6.1 Summary 

Electro-spun nanofibers offer exceptional properties providing an efficient alternative 

solution to low-frequency noise mitigation and filtration problems. The greater surface area 

of electro-spun nanofibers in a confined volume results in higher exposure of sound waves 

with fibers and pores, leading to higher sound absorption. These nanofiber-based structures 

favor the sound absorption of low and medium-frequency sound waves. Several studies 

performed in the past focused on developing the sound absorptive fibers but these materials 

offered better acoustic properties in a high-frequency range greater than 1500Hz at the cost 

of the material thickness. Nano-scale fiber diameters and pores also prevent the infiltration 

of pollutants, bacteria, or viruses, making nanofiber membranes a better candidate for filter 

media applications. The nanofiber membranes were manufactured to improve filtration 

efficiency and pressure drop in several studies, but these membranes were not used to 

modify existing conventional SM’s. In this context, the present work was directed at 

manufacturing electro-spun nanofiber membranes with low fiber diameter and thickness 

for better low-frequency acoustic applications and improving filtration properties of 

conventional SM’s. These membranes were also reinforced with micro/nano-sized fillers 

to enhance acoustic and filtration characteristics. 

6.2 Thesis Contributions 

The main thesis contributions of the experimental study can be outlined as follows: 

• Development of statistical models for evaluating effects of five electrospinning 

process parameters on production of PVP and PVDF nanofiber membranes 

utilizing ANOVA, RSM, and GP. 

 

Polymeric nanofiber membranes of PVP and PVDF were manufactured using the 

electrospinning process. Five electrospinning control parameters were studied 

utilizing Taguchi’s L27 Orthogonal Array Design at three-level variation for each 

parameter. Parametric analysis was carried out to investigate the effect on three 

output responses: fiber diameter, membrane thickness, and membrane weight. The 
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experimental investigation involves parametric assessment and modeling using 

statistical tools like ANOVA, RSM, and GP. For the PVP nanofibers, the high 

voltage and polymer concentration were the most significant parameters with a 95% 

and 99% confidence level in regulating the fiber diameter measurements at lower 

risk levels. The thickness and weight measurements, on the other hand, were 

observed to be affected by polymer concentration at a high significance level of 

99%. The mathematical models generated for the respective three outputs using 

RSM predicted the average model accuracy of 84.7%, 82.0%, and 84.2%, which is 

considered the acceptable range for the model verification. The empirical model 

generated using GP improved the model accuracy to 88.5% - fiber diameter, 91.6% 

- thickness, and 80.1% - weight. 

For the PVDF nanofibers, polymer concentration was the most significant 

parameter in controlling the fiber diameter. For thickness measurements, high 

voltage was observed to significantly affect the thickness with a 99% confidence 

level at a low-risk factor. The membrane weight was observed to be regulated by 

the three parameters like high voltage, concentration, and needle-collector distance 

at high confidence levels of 99% with low associated risk factors. Mathematical 

modeling of the corresponding responses using RSM predicted the average model 

accuracy of 90.8%, 70.1%, and 84%. The empirical model generated using GP 

resulted in improved model accuracy of 92.8%, 79.7%, and 86.7%.  

 

• Development of multi-layered pure polymeric nanofiber-based composites in 

various combinations/patterns to enhance low-frequency sound absorption 

with the incorporation of three discrete BC’s. 

 

Polymeric nanofiber membranes of PVP and PVDF were prepared and stacked in 

different layering combinations. For PVP-based multi-layer composite, the 

maximum coefficient values of 0.95, 0.98, and 0.99 were observed with 16 layered 

composites 3688μm thick for frequencies of 1663, 526, and 406Hz at different BC’s 

0, 3, and 5cm, respectively. The peaks shifted to the lower frequency of 1536, 435, 

and 363Hz with coefficient values of 0.88, 0.88, and 0.92 for twenty-layered 

composite 4414μm thick. Higher coefficient values of 0.96, 0.99, and 0.99 were 
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observed with sixteen-layered PVDF composite 6000μm thick at even lower 

frequencies of 1028, 273, and 238Hz at three BC’s, respectively. The combined 

sixteen-layered combination of PVP and PVDF - 5472μm thick resulted in 

coefficient values 0.94, 0.99, and 0.98 at frequency range of 1249Hz (0cm), 406Hz 

(3cm), and 322Hz (5cm). These pure polymeric membrane nano-composites 

resulted in a higher coefficient value of 0.9 in the lower frequency range of 200-

300Hz. 

  

• Development of multi-layered filler-based polymeric nanofiber-based 

composites in various combinations/patterns to enhance low-frequency sound 

absorption with the incorporation of three discrete BC’s. 

 

Filler modified polymeric nanofiber membranes were prepared from two polymeric 

base materials, PVP and PVDF, wherein five fillers like CNT, GN, FS, FG, and 

MC were infused at different concentrations. For PVP filler-based composites, 

maximum absorption coefficient values of 0.96 (0cm BC), 0.99 (3cm BC), 0.99 

(5cm BC) were achieved with sixteen layered composite - 3769μm thick at a 

frequency range of 1689, 483, and 392Hz, respectively. For PVDF filler-based 

composites, the maximum coefficient values of 0.94, 0.95, and 0.97 were achieved 

at different BC’s of 0, 3, and 5cm for sixteen layered composite - 6496μm thick at 

even lower frequency range of 1189, 399, and 305Hz compared with PVP filler-

based membranes. These fillers-based composites achieved higher coefficient 

values greater than 0.9 at different BC’s for a lower frequency range of 300-500Hz. 

 

• Development of thin and lightweight nanofiber-based filtration membranes in 

several configurations to achieve pressure drop barrier level of medical grade 

N-95 masks and to improve filtration characteristics in terms of fiber size. 

 

Fiber diameter measurements of 132nm, 167nm, and 301nm were achieved at 20, 

22, and 22wt.% concentration of pure PVDF membrane with a pressure drop level 

of 338.89Pa, 301.11Pa, and 192.22Pa respectively, for a 10min membrane layer. 

Fiber diameter measurements of 251nm, 220nm, 219nm, and 229nm were observed 
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with CNT, GN, TiO2, and CuNp’s based filler membranes with pressure drops of 

158.89Pa, 253.33Pa, 251.11Pa, 240.00Pa for 10min membrane layer respectively. 

Relation between the basis weight of the membranes and electro-spin times was 

established wherein the weight was observed to increase with the increase in time 

due to higher fiber accumulation. Relation between the fiber diameter and the 

pressure drop was established for all configurations. Lower fiber diameter 

measurements and higher electro-spun timed membranes were observed with 

higher pressure drops. The thin membranes were observed in the basis weight range 

of 0.4g/m2 to 2.2g/m2. The nanofiber membranes of each configuration were 

layered with SM’s to reach the pressure drop barrier level equivalency of medical-

grade N-95 masks. The smallest fiber diameter (132nm) loaded membrane of 

PVDF20-6min reached the pressure drop level of 336.67Pa when layered with 

SM’s. Anti-viral/bacterial filler-loaded membrane with the least diameter value of 

219nm reached the pressure drop level of 336.67Pa with 8min spun membrane 

layering. These thin and lightweight electro-spun membranes achieved the high 

PFE’s of 90-99% in the fine particulate size of 300nm for all the layered 

configurations. 

6.3 Future Recommendations 

Future research can be directed with the following recommendations; 

• The acoustic response evaluation of nanofiber membranes from different polymeric 

and filler materials that possess more porous fiber structures and thinner diameters.  

• The evaluation of sound absorption coefficient of nanofiber membranes by 

developing statistical models concerning fiber diameter, thickness, and weight of 

membranes or composites. 

• Development of electrospinning experimental set-up with precise control on 

nanofiber alignment for sound absorption, and filtration applications.  

• Development of filtration efficiency measurement experimental set-up to 

characterize the nanofiber-based filter media with the inclusion of various other 

anti-bacterial/viral fillers.  
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Appendices 

Appendix A 

A1. TGA thermograph of pure PVP powders. 

 

A2. TGA measurements of PVP-based specimens. 

Polymer Sample 
Onset of 

Degradation (°C) 

Peak of 

d(weight)/d(time) vs 

temp (°C) 

Residue 

(%) 

PVP 405.17 428.68 1.505 

PVP 8 412.66 436.12 3.319 

PVP 10 412.13 436.61 2.630 

PVP 12 408.32 436.09 3.632 

PVP 8 -- CNT 0.25 412.75 437.64 5.925 

PVP 8 -- CNT 0.5 410.96 436.13 7.182 

PVP 8 – CNT 1 407.69 434.38 8.259 

PVP 8 -- GN 0.25 411.63 434.93 3.910 

PVP 8 -- GN 0.50 410.09 432.22 4.302 

PVP 8 -- GN 1 408.95 432.79 5.433 

PVP 8 -- FS 0.25 414.26 437.42 4.950 

PVP 8 -- FS 0.5 414.46 438.43 6.570 

PVP 8 -- FS 1 411.50 438.74 9.754 

PVP 8 -- FG 0.25 413.68 435.71 2.912 

PVP 8 -- FG 0.5 410.81 432.27 5.069 

PVP 8 -- FG 1 413.55 435.64 2.947 

PVP 8 -- MC 0.25 412.02 435.44 3.975 

PVP 8 -- MC 0.5 412.72 434.98 7.387 

PVP 8 -- MC 1 412.04 435.54 7.428 
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A3. TGA thermograph of pure PVDF pellets. 

 

A4. TGA measurements of PVDF-based specimens. 

Polymer Sample 
Onset of 

Degradation (°C) 

Peak of 

d(weight)/d(time) vs 

temp (°C) 

Residue 

(%) 

PVDF 452.67 464.74 29.780 

PVDF 20 456.01 467.07 27.790 

PVDF 22 454.40 466.82 28.450 

PVDF 25 455.01 467.65 28.570 

PVDF -- CNT 0.25 459.21 471.09 26.870 

PVDF -- CNT 0.5 455.62 468.22 30.390 

PVDF -- CNT 1 452.46 463.85 32.650 

PVDF -- GN 0.25 458.46 470.20 28.090 

PVDF -- GN 0.50 458.20 470.28 28.380 

PVDF -- GN 1 457.48 469.91 29.140 

PVDF -- FS 0.25 466.12 476.420 25.450 

PVDF -- FS 0.5 464.81 474.600 26.400 

PVDF -- FS 1 461.38 474.000 26.750 

PVDF -- FG 0.25 460.53 470.640 27.500 

PVDF -- FG 0.5 460.74 471.050 27.300 

PVDF -- FG 1 457.34 469.720 25.650 

PVDF -- MC 0.25 444.38 460.220 29.330 

PVDF -- MC 0.5 439.07 454.710 29.220 

PVDF -- MC 1 431.59 446.480 29.100 
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Appendix B 

B1. DSC thermograph of pure PVP powders. 

 

B2. DSC measurements of PVP-based specimens. 

Polymer Sample 
Glass Transition 

Temp. – Tg (°C) 

PVP 183.55 

PVP 8 142.22 

PVP 10 142.75 

PVP 12 145.41 

PVP -- CNT 0.25 145.45 

PVP -- CNT 0.5 145.23 

PVP -- CNT 1 143.52 

PVP -- GN 0.25 144.58 

PVP -- GN 0.50 141.47 

PVP -- GN 1 140.91 

PVP -- FS 0.25 147.90 

PVP -- FS 0.5 147.15 

PVP -- FS 1 148.41 

PVP -- FG 0.25 144.19 

PVP -- FG 0.5 143.36 

PVP -- FG 1 143.43 

PVP -- MC 0.25 146.24 

PVP -- MC 0.5 147.43 

PVP -- MC 1 145.44 

 



186 

 

B3. DSC thermograph of pure PVDF pellets. 

 

B4. DSC measurements of PVDF-based specimens. 

Polymer Sample 
Melting Temp. – 

Tm (°C) 
Crystallization 

Temp. - Tc (°C) 

PVDF 166.46 139.04  

PVDF 20 165.94 138.41  

PVDF 22 166.24 138.06  

PVDF 25 165.99 138.20  

PVDF -- CNT 0.25 167.43 146.49  

PVDF -- CNT 0.5 167.50 146.70  

PVDF -- CNT 1 167.68 147.21  

PVDF -- GN 0.25 166.64 141.29  

PVDF -- GN 0.50 167.11 144.05  

PVDF -- GN 1 167.25 145.73  

PVDF -- FS 0.25 166.28 139.80  

PVDF -- FS 0.5 166.20 140.54  

PVDF -- FS 1 165.77 140.22  

PVDF -- FG 0.25 166.49 140.37  

PVDF -- FG 0.5 166.49 139.91  

PVDF -- FG 1 166.35 138.60  

PVDF -- MC 0.25 166.46 138.85  

PVDF -- MC 0.5 166.23 139.09  

PVDF -- MC 1 166.19 139.18  
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Appendix C 

C1. DMA of pure PVP nanofiber membrane. 

 

C2. DMA measurements of PVP-based specimens. 

Polymer Sample 

Tensile Strength 

(Mpa) 
Elongation at break 

(%) 
Young's Modulus 

(Mpa) 

Avg. Std. Avg. Std. Avg. Std. 

  

PVP 8 1.91 0.03 2.35 0.38 0.93 0.076 

PVP 10 1.70 0.18 5.37 0.26 0.63 0.012 

PVP 12 0.59 0.02 4.35 0.27 0.17 0.008 

PVP8 CNT 0.25 0.50 0.03 2.83 0.05 0.22 0.009 

PVP8 CNT 0.5 0.32 0.00 1.41 0.02 0.21 0.003 

PVP8 CNT 1 0.69 0.02 3.50 0.30 0.19 0.004 

PVP8 GN 0.25 0.50 0.01 2.95 0.10 0.25 0.007 

PVP8 GN 0.50 0.33 0.03 2.38 0.05 0.17 0.009 

PVP8 GN 1 0.41 0.02 3.31 0.26 0.19 0.002 

PVP8 FS 0.25 0.42 0.02 1.24 0.22 0.34 0.016 

PVP8 FS 0.5 0.49 0.04 0.93 0.11 0.40 0.054 

PVP8 FS 1 0.50 0.01 0.75 0.03 0.60 0.005 

PVP8 FG 0.25 0.86 0.05 4.56 0.30 0.32 0.015 

PVP8 FG 0.5 0.89 0.02 4.49 0.28 0.33 0.002 

PVP8 FG 1 0.50 0.04 1.84 0.14 0.29 0.064 

PVP8 MC 0.25 0.58 0.03 2.20 0.26 0.34 0.024 

PVP8 MC 0.5 0.46 0.01 1.56 0.05 0.32 0.008 

PVP8 MC 1 0.40 0.02 2.07 0.14 0.24 0.005 
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C3. DMA of pure PVDF nanofiber membrane. 

 

C4. DMA measurements of PVDF-based specimens. 

Polymer Sample 

Tensile Strength 

(Mpa) 
Elongation at break 

(%) 
Young's Modulus 

(Mpa) 

Avg. Std. Avg. Std. Avg. Std. 

  

PVDF 20 1.75 0.16 83.09 8.88 0.06 0.003 

PVDF 22 1.83 0.41 65.79 6.30 0.04 0.007 

PVDF 25 3.53 0.12 87.97 3.08 0.08 0.003 

PVDF20CNT 0.25 1.20 0.04 94.62 2.21 0.03 0.001 

PVDF20 CNT 0.5 1.02 0.01 76.96 5.26 0.05 0.002 

PVDF20 CNT 1 0.57 0.02 36.84 1.45 0.05 0.002 

PVDF20 GN 0.25 1.73 0.16 107.70 5.76 0.04 0.005 

PVDF20 GN 0.50 1.52 0.15 97.01 10.79 0.04 0.004 

PVDF20 GN 1 1.47 0.15 65.49 8.16 0.05 0.001 

PVDF20 FS 0.25 1.85 0.00 99.15 3.25 0.04 0.001 

PVDF20 FS 0.5 1.60 0.12 89.72 9.80 0.04 0.004 

PVDF20 FS 1 1.42 0.05 86.96 4.18 0.04 0.002 

PVDF20 FG 0.25 3.51 0.36 132.20 4.92 0.08 0.007 

PVDF20 FG 0.5 2.84 0.23 116.77 2.03 0.05 0.004 

PVDF20 FG 1 2.87 0.09 99.11 14.00 0.07 0.007 

PVDF20 MC 0.25 2.41 0.11 102.23 2.14 0.06 0.006 

PVDF20 MC 0.5 2.23 0.05 100.40 2.41 0.05 0.003 

PVDF20 MC 1 1.87 0.21 68.29 9.96 0.05 0.018 
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Appendix D 

D1. Three-dimensional surface and contour plots demonstrating the effect of significant 

design parameters on fiber diameter, thickness, and weight of PVP nanofiber membranes 

using RSM models. 
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D2. Three-dimensional surface and contour plots demonstrating the effect of significant 

design parameters on fiber diameter, thickness, and weight of PVP nanofiber membranes 

using GP models. 
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D3. Three-dimensional surface and contour plots demonstrating the effect of significant 

design parameters on fiber diameter, thickness, and weight of PVDF nanofiber membranes 

using RSM models. 
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D4. Three-dimensional surface and contour plots demonstrating the effect of significant 

design parameters on fiber diameter, thickness, and weight of PVDF nanofiber membranes 

using GP models. 
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Appendix E 

E1. Modelling and Optimization Criteria for Electrospinning of Polymeric Materials 

Case 1: PVP 

a) Objective Function: 

Fiber 

Diameter 

RSM 
5.6522 - 0.5087A - 0.2850B + 0.0008C – 0.5591D + 5.3488E + 

0.0176A2 + 0.0260B2 – 4.6e-7C2 + 0.0228D2 – 3.1333E2 

GP 
0.0517*E*B2 + 0.0006*D*E*A2 - 0.1846 - 0.03150*A - 5.7462e-

6*D*B4 - 0.0318*A*B*E2 

Thickness 

RSM 

-250.5700 + 12.4507A – 91.8828B – 0.2048C + 81.8174D + 

360.1778E – 0.0388A2 + 5.7367B2 + 0.0001C2 – 3.1985D2 – 

168.3333E2 

GP 
1136.3181 + 668.0433*E + -7185.6879*E/D + 0.4108*A*B2 - 

31.3939*A - 34.4828*D - 73.4696*B 

Weight 

RSM 
-0.8859 + 0.0818A + 0.3184B – 0.0003C – 0.1242D – 0.5238E – 

0.0029A2 – 0.0142B2 + 1.8e-7C2 + 0.0049D2 + 0.3934E2 

GP 
0.3853*E + 0.2830*B + 0.0405*A + 0.0002*C*E - 1.7256 - 

7.3247e-6*A*C - 0.0322*A*E - 0.0123*B2 

 

b) Decision Variables and Constraints: 

High Voltage (KV) A 10≤A≤15 

08≤B≤12 

500≤C≤1500 

10≤D≤15 

0.6≤E≤1.0 

Polymer Concentration 

(Wt.%) 
B 

Collector Rotation (RPM) C 

Distance (cm) D 

Flow Rate (ml/hr) E 

  

Case 2: PVDF 

a) Objective Function: 

Fiber 

Diameter 

RSM 
-0.72211 + 0.01211V + 0.03623C – 0.00002S + 0.03336D + 

0.0825F – 0.00025V2 – 0.00058C2 – 0.00123D2 – 0.0375F2 

GP 
0.2135 + 0.0411*E + 0.0013*A*D + -0.0499*E/C + 1.6135e-

7*C*B^2 - 0.0101*D - 0.0127*A - 8.3543e-6*C*D 

Thickness 

RSM 

-8286.0415 + 104.4778V + 718.6601C – 0.3421S – 23.3675D – 

411.6055F – 2.1571V2 – 15.8999C2 + 0.0001S2 – 0.0831D2 + 

232.4444F2 

GP 
25297.7783 + 2591.1964*A + 1.1508*B^3 + -37584.5145*A/B - 

34.6556*D - 1710.4827*B - 1.7251*A*B^2 

Weight 

RSM 
-4.9069 + 0.1946V + 0.3156C + 0.00002S – 0.1261D + 0.5318F – 

0.0041V2 – 0.0062C2 + 1e-8S2 + 0.00372D2 – 0.32111F2 

GP 
0.1045*A + 10.5551/D + 0.0022*A*D + 0.0021*A*B + 8.9782e-

6*A*C - 2.3849 - 0.0002*C - 0.0039*A^2 
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b) Decision Variables and Constraints: 

High Voltage (KV) A 14≤A≤22 

20≤B≤25 

500≤C≤1500 

10≤D≤15 

0.6≤E≤1.0 

Polymer Concentration 

(Wt.%) 
B 

Collector Rotation (RPM) C 

Distance (cm) D 

Flow Rate (ml/hr) E 

  

E2. Signal-to-Noise (S/N) ratio 

 

1) Nominal-the-Best 

S/N = 10log10 [(Ӯ
2/S2) – (1/n)] 

Where, Ӯ = Average signal factors 

S2 = Variance or noise factors 

n = Number of measurements 

2) Smaller-the-Better 

S/N = -10log10 [(∑y2)/n] 

3) Larger-the-Better 

S/N = -10log10 [(∑1/y2)/n] 

In the present study, it should be stated that all three output responses followed the Smaller-

the-Better criteria. 
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E3. Signal-to-Noise (S/N) ratio and confirmation study for PVP 

Run FD (nm) S/NFD Thickness (μm) S/NT Weight (mg) S/Nw 

1 662 -56.42 122.47 -41.76 228.7 -47.18 

2 933 -59.39 145.97 -43.28 54.0 -34.65 

3 744 -57.43 152.28 -43.65 354.4 -50.99 

4 1253 -61.96 165.58 -44.38 360.4 -51.14 

5 1243 -61.89 94.93 -39.54 311.9 -49.88 

6 1527 -63.68 106.43 -40.54 425.8 -52.58 

7 1865 -65.41 170.62 -44.64 413.0 -52.32 

8 2540 -68.09 143.80 -43.15 449.6 -53.06 

9 1507 -63.56 137.05 -42.73 371.4 -51.39 

10 605 -55.64 112.26 -41.01 276.4 -48.84 

11 819 -58.27 151.05 -43.58 255.8 -48.16 

12 570 -55.12 154.04 -43.75 305.3 -49.695 

13 1091 -60.76 224.77 -47.03 434.1 -52.75 

14 1048 -60.41 94.12 -39.47 367.7 -51.31 

15 879 -58.88 140.72 -42.96 432.0 -52.71 

16 2075 -66.34 228.44 -47.17 403.9 -52.12 

17 1290 -62.21 208.40 -46.37 470.9 -53.46 

18 1120 -60.98 237.22 -47.51 405.3 -52.16 

19 536 -54.58 92.86 -39.35 291.0 -49.28 

20 598 -55.53 97.54 -39.78 316.4 -50.00 

21 921 -59.28 144.26 -43.18 343.0 -50.71 

22 668 -56.49 188.78 -45.51 423.1 -52.53 

23 1074 -60.62 152.62 -43.67 402.8 -52.10 

24 926 -59.33 209.57 -46.42 403.3 -52.11 

25 1465 -63.32 305.26 -49.69 422.0 -52.50 

26 1486 -63.44 276.61 -48.83 317.4 -50.03 

27 1560 -63.86 287.95 -49.18 422.3 -52.51 

 

Confirmation Experiments 

A B C D E FD S/N T S/N W S/N 

15 8 500 10 0.6 536 
-28.64 

92.86 
-21.08 

291.0 
-25.85 

15 8 500 10 0.6 498 88.24 251.2 

Error% 7.0895   4.98   13.677   
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E4. Signal-to-Noise (S/N) ratio and confirmation study for PVDF 

Run FD (nm) S/NFD Thickness (μm) S/NT Weight (mg) S/Nw 

1 135 -42.61 356.84 -51.05 182.7 -45.23 

2 138 -42.79 73.22 -37.29 126.8 -42.06 

3 112 -40.98 40.39 -32.12 70.4 -36.95 

4 202 -46.11 141.20 -42.99 138.9 -42.85 

5 139 -42.86 94.77 -39.53 135.1 -42.61 

6 139 -42.86 245.14 -47.78 295.6 -49.41 

7 160 -44.08 125.50 -41.97 167.2 -44.46 

8 178 -45.01 310.18 -49.83 381.3 -51.62 

9 157 -43.92 200.58 -46.04 206.4 -46.29 

10 132 -42.41 344.28 -50.73 511.1 -54.17 

11 128 -42.14 213.80 -46.60 285.0 -49.09 

12 137 -42.73 310.49 -49.84 199.2 -45.98 

13 144 -43.17 289.56 -49.23 318.3 -50.05 

14 198 -45.93 296.43 -49.43 298.0 -49.48 

15 173 -44.76 405.76 -52.16 625.2 -55.92 

16 211 -46.49 333.65 -50.46 467.2 -53.39 

17 192 -45.67 340.37 -50.63 687.9 -56.75 

18 193 -45.71 329.68 -50.36 502.1 -54.01 

19 142 -43.05 353.67 -50.97 394.1 -51.91 

20 176 -44.91 353.93 -50.97 396.0 -51.95 

21 169 -44.56 257.72 -48.22 422.9 -52.52 

22 204 -46.19 654.04 -56.31 623.6 -55.89 

23 149 -43.46 452.45 -53.11 530.1 -54.48 

24 128 -42.14 640.50 -56.13 636.7 -56.07 

25 240 -47.60 209.65 -46.43 569.9 -55.11 

26 182 -45.20 269.43 -48.61 644.1 -56.17 

27 194 -45.76 327.58 -50.31 661.8 -56.41 

 

Confirmation Experiments 

A B C D E FD S/N T S/N W S/N 

14 20 1500 15 1 112 
-22.13 

40.39 
-17.78 

70.4 
-20.22 

14 20 1500 15 1 119 44.26 78.2 

Error% -6.25   -9.581   -11.08   
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Appendix F 

F1. Rights and permissions for the figures used in the thesis. 

 

[Figure 2.4] 
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[Figure 2.6] 
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[Figure 2.7] 
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[Figure 2.11] 
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[Figure 2.14] 
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[Figure 2.15, 2.16 and 2.17] 
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[Figure 2.22 and 2.23] 
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[Figure 2.28] 
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[Figure 2.29] 
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[Figure 2.30] 
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[Figure 2.31] 
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[Figure 2.32] 
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[Figure 2.29 – 2.32] 
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[Figure 2.7] 
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[Figure 2.13] 
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[Figure 2.8] 
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