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Relative to many other nanofiber formation techniques, the electrospinning technique exhibits superior nanofiber
formation when considering cost and manufacturing complexity for many situations. Aligned electrospun nanofibers
have applications in nanocomposite structures and energy storage devices in addition to applications like air
filtration, desalination, tissue engineering, textiles etc. The specific strength and dielectric constant are important to
understand mechanical and dielectric properties of electrospun fibers and tailor these properties in the field of

composite and energy applications.

electrospinning aligned nanofibers mechanical properties dielectric property

specific strength dielectric constant

| 1. Introduction

Many advanced applications can benefit from electrospun materials with superior mechanical and dielectric
properties, especially in the fields of composite reinforcement and energy. Aligned electrospun fibers, more
specifically, have applications in structural reinforcement of materials and energy storage devices. For these
applications, it is paramount to understand the effects of electrospun fiber alignment on mechanical and dielectric
properties. Though adding appropriate fillers to the polymers changes mechanical and dielectric properties, better
fiber alignment alone improves these properties and keeps the composition uniform throughout. Mechanical and
dielectric properties depend on the density and porosity of nanofiber mats, as well as the fiber morphology,
including the fiber diameter, and the effect of degree of alignment L8], Therefore, it is necessary to understand
the knowledge on both mechanical and dielectric properties of polymer mats together. Mechanical and dielectric
properties are among the most important parameters to determine the performance of the polymeric nanomaterials
4Bl Electrospinning influences both mechanical and dielectric properties of nanofiber membranes [,
Electrospinning is the process of producing micro- and nanofibers, using a polymer solution with a syringe pump,
syringe, needle, collector, and high-voltage power supply. The typical setup of an electrospinning apparatus is

either horizontal electrospinning or vertical electrospinning €. Figure 1 shows the schematic setup of both types.
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Figure 1. (a) Schematics of electrospinning apparatus of vertical setup and (b) horizontal setup.

1.1. History of Electrospinning

The idea of electrospinning can be traced back to 1900, when John. F Cooley received the patent for his apparatus
for electrically separating the relatively volatile liquid component from the component of relatively fixed substances
of composites [, Later in 1902, John F. Cooley invented an apparatus for electrically dispersing fluids & and
William James Morton invented methods of dispersing fluids by the process of separating the volatile components
and breaking up the fixed component from composite fluids &. Anton Formhals received a patent in the year 1934
for his invention of producing polymer threads, using electrostatic force. In his paper titled “Process and apparatus
for preparing artificial threads” 19, solutions of cellulose esters, specifically cellulose acetate were used for
spinning. In US Patent No. 2,160,962 (1939), artificial fibers were collected as substantially parallel to each other
on a moving collecting device 1. There he introduced the term “electrical spinning” of fibers. In the spinning
process there were difficulties in solidifying the formed fibers. In addition, the as-processed fibers were so sticky
that, not only would they stick to the collecting device, but also they would stick to each other. He observed that it
was difficult to control the paths of high-speed liquid streams and the corresponding fibers out of it. As shown in
Figure 2, fiber direction guide (55 in Figure 2), which consists of shields (57 in Figure 2) to direct the fibers along
fixed, predetermined paths toward the collecting electrodes was used. This invention made it possible to obtain
smooth, continuous, compact, and coherent fiber bands composed of heterogeneous filaments arranged

substantially parallel to each other.

Zhang et al. (2016) reported that different nanofiber production methods include vapor growth, arc discharge, laser
ablation, and chemical vapor deposition [22. These processes are very expensive because of low product yield and
high equipment cost. However, electrospinning employs a top-down engineering approach, which can produce
fibers with diameters ranging from 10 nm to 10 um, from a polymer solution, under the application of an
electrostatic force 314, These fibers have a high surface area to volume ratio, high porosity, and tunable porosity
(6l According to Luo et al. (2012), there are various spinning techniques available for producing micro and
nanofibers [4l. Solution electrospinning compared to melt electrospinning requires a solvent. The melt
electrospinning method uses a molten polymer, but the absence of solvent excludes the effect of solvent properties

on the fiber formation. In emulsion electrospinning, two immiscible fluids are used as in food-processing 12!,
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Magnetic electrospinning and near-field electrospinning are good examples of interdisciplinary technological
convergence between magnetism and electric potential methods. Dip-pen nanolithography with traditional

electrospinning can also be used, but the alignment of fibers is not satisfactory 141,

Figure 2. Electrospinning setup by A. Formhals 111,

1.2. Working Principle of Electrospinning

The working principle for electrospinning is shown in the Figure 3. A sufficiently high voltage is applied at the
location of the liquid droplets formed at the tip of the needle. The local body of the liquid becomes charged.
Electrostatic repulsion counteracts the surface tension. Thus, the droplet is stretched, and at a critical point, a
stream of liquid erupts from the surface. The point of eruption is called a Taylor Cone. Sir Geoffrey Taylor
developed the equation which shows the relationship between the critical voltage and the surface tension as shown
in Equation (1) l6I17],

4H? 2L 3
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where is the critical voltage, H is distance between the needle tip and the collector, L is the length of the needle
with radius R, and is the surface tension of the liquid (units: in kilovolts; H, L, and R in cm; and in dyne per cm).
Afshari (2017) showed that electrostatic forces play a key role on the electrospinning of polymer solutions 28, As
such, the Coulomb’s force is considered as the driving factor for better design. In Equation (2) shown below, F is
the Coulomb’s force, is the constant of proportionality, are charges, and r is the distance between the charges. In

principle, the smaller the distance, the greater the electrostatic force on a charged patrticle.
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When an electric field is applied, the liquid jet ejected from the tip of the nozzle/needle travels on a straight line for
a short distance. The diameter of the jet, in the straight line, decreases monotonically with the distance from tip,
after that a radially outward bending instability happens. The electrostatic force from the charge carries with the jet

causes the jet to continue to elongate as it coils and the thin fluid jet solidifies into nanofiber 19,
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Figure 3. Working principle of electrospinning.
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| 1.3. Applications of Electrospun Fibers

The typical applications of electrospun fibers include filtration, energy, structures, biomedical, textiles, and others 4!
as shown in Figure 4. Other applications include optical and chemical sensors, textiles, reinforcement of
composites, health care, and defense and security. Electrospun fibers are projected to play an important role in the
development of air filtration, energy storage devices, super-capacitors, and rechargeable batteries 29[21122](23][24]
[25][26]
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Figure 4. Applications of electrospun nanofibers.

The applications of nanofiber mats in the reinforcement of nanocomposites are discussed by Huang et al. (2003),
who executed mechanical characterization of nanofibrous membranes of various polymers and examined their
potential applications 4. Nanofibers can have better mechanical properties than microfibers and therefore
superior structural properties can be anticipated. Jiang et al. (2018) provided an overview of nanofiber composite
application (27, Bergshoef and Vancso (1999) showed that smooth nylon-4, six electrospun fibers with diameters in
the range of 30-200 nm can be produced from formic acid solutions. These fibers demonstrated reinforcement of
transparent composites with an epoxy matrix 28, Highly porous nanofibers with pore interconnectivity and relatively
uniform pore distributions improve membrane performance in the application of desalination (water filtration) 22,
The large surface area of the constituent fibers provides high functionalization capability and mechanical bonding
to limit delamination between laminae Y. Biomedical applications include tissue engineering scaffolds, wound
dressing, drug delivery B and creation of artificial blood vessels. The non-woven nanofibrous mats produced by

electrospinning techniques mimic the extracellular matrix components.

1.4. Recent Review Papers on Electrospun Nanofiber

Table 1 lists twelve recent review papers on electrospun fiber applications and characterizations. Of the papers
considered, reviews of applications dominate the literature, are a few on mechanical, energy, medical, and
processing characterizations. However, there is little work found in the literature on dielectric and mechanical

properties together that should contribute to both composite reinforcement and energy applications.

[32lTable 1. Recent review papers on electrospun nanofibers.

Authors  Year Main Criteria of Review Papers

Processing, structure, characterization, applications, modeling and simulation, and

lEU) GUEE RS different polymers in solution and melt form (2!
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Authors  Year Main Criteria of Review Papers

Pham et al. 2006 Tissue engineering (scaffolds) (22

Bhardwaj 2010 Polymers, parameters, melt electrospinning, and applications &
and Kundu y P ' P 9 PP

Luo et al. 2012 Scale-up challenges and applications [14]

Shur;lI(at et 2014 Nanofiber yarns and nanofiber alignment 23]

1D nanomaterials have high surface-area-to-volume (specific surface area), high
aspect ratio, and high pore volume. Well-aligned and highly ordered are suitable for
energy harvesting and storage devices. More advantageous than conventional
materials 24

Shi et al. 2015

Ahmedetal. 2015 Desalination 2
Zhangetal. 2016 Energy storage 12
Peng et al. 2016 Tissue regeneration, energy conversion and storage, and water treatment (23!
Shekhetal. 2017 Water purification 8
Zhangetal. 2018 Food packaging 22!
Li et al. 2019 Electrical and mechanical performance of polymer nanocomposites £71

1.5. Parameters and Parameter Optimizations

Important parameters that affect the quality of electrospun fibers formed from polymer solutions can be categorized

as solution-specific parameters, process-specific parameters, and environmental-specific parameters [GIL7(38]

(a) Solution parameters: The solution-specific parameters include viscosity, polymer concentration, surface
tension, conductivity, and evaporation rate of solvent [8I39][401[41]142][43] |t s observed that low viscosity is
typically responsible for bead generation and significant increase in fiber diameter. A similar conclusion was
made on polyacrylonitrile/dimethylformamide (PAN/DMF) solution where beads were easier to form at low
concentration of 5 wt.% than that formed at higher concentration of 7 wt.% 4448l Typically, viscosity and
concentration are directly proportional to each other (481, Additionally, polymer concentration directly controls
fiber diameter €. In general, an increase in fiber diameter can be achieved by increasing the polymer
concentration. Higher surface tension causes bead formation and reduced surface tension favors smooth fiber
formation 47,

(b) Process parameters: Applied voltage, distance between the nozzle tip and collector, rotating speed of the

collector (if drum is used), and solution feed rate are the parameters that are regarded as process specific 48]
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(491501 |n general, fiber diameter can be reduced by increasing applied voltage and vice versa. If the applied
voltage reaches a critical value, a charged jet initiates the electrospinning process. This critical voltage is
closely related to surface tension of the solution. Lee et al. (2003) reported that there was a linear relationship
between voltage applied and surface tension of polystyrene (PS) dissolved in a mixture of tetrahydofuran and
DMF Bl The distance between the tip and the collector mainly controls fiber solidification because a minimum
distance is required to allow the fibers sufficient time to dry before reaching the collector. Distances that are too
close or too far can cause beads to form. Fang et al. (2010) studied 7 wt.% PAN/DMF electrospun at 2—10 cm
away from nozzle tip. The experiments concluded that beads were producing until the distance reached 7 cm
(521 |onger distance between nozzle tip and collector produced bead free fibers.

Environmental parameters: Humidity and temperature are treated as environment-specific parameters 521541,
According to De Vrieze et al. (2009), the evaporation rate increases with increase in temperature 2. Moreover,
the viscosity of solution generally decreases with an increase in temperature. As the humidity increases, the

average fiber diameter increases.

Parameter optimization: Formation of nanofibers involve many input parameters, as mentioned above, to
evaluate outputs such as fiber diameter, tensile strength, modulus, and dielectric properties of nanofibers.
Parameter optimization helps to achieve desired outputs by tailoring the input parameters. One among the
many mathematical modeling techniques for parameter optimization is Design of Experiment (DoE), which is an
approach that helps to find the relationship between different inputs over outputs. Parameter optimization based
on applied voltage and concentration has been studied by using the DoE approach by Gu et al. (2005) 8. The
study concluded that concentration of solution played an important role to the diameter of nanofibers. Gu et al.
(2005) used two factors and four and three respective levels for finding average fiber diameter. Senthil and
Anandhan (2005) examined three variables and seven, four, and three respective factor levels for finding the
average fiber diameter B4, |saac et al. (2018) used DoE approach with two factors and three levels for
optimizing the two outputs, namely, specific dielectric constant and specific mechanical strength B8l A
mathematical modeling, including the leaky dielectric model which describes the deformation of a Newtonian
drop in an electric field and whipping model which depicts the interaction between the electric field and fluid
properties for electrospinning processes, has been portrayed by Rafiei et al. (2013) 69, |smail et al. (2016)
developed a model for stable region and unstable region in the jet propulsion stream for predicting the fiber
diameter 81, Rafiei et al. (2014) modeled and simulated viscoelastic elements for jet propulsion to predict and
improve control of nanofiber diameter [62. Modeling electrospinning of nanofibers for short-range and long-
range electrostatic interactions, using a discrete slender model, was conducted by Kowalewski et al. (2009) (631,
The whipping instability in the unstable region of the electrospinning jet propagation has been studied in three
polymeric solutions by Kowalewski et al. (2005) (4], The fiber gets stretched into fractions of initial diameter at
the instability region. Ghaly (2014) modeled the electrospinning jet with an inkjet printer technique, using

computer-aided fluid/multi-physics/multi-phase flow simulations in COMSOL multiphysics software 2],

2. Molecular Orientation and System Configurations of
Nanofibers
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Two key factors affecting mechanical and dielectric properties are (a) molecular orientation due to elongation of
fibers on the periphery of the rotating mandrel 88 and (b) system configuration improvement for obtaining
improved properties due to better alignment 2. Other properties, such as thermal and electrical properties 8!

are also often improved by alignment.

2.1. Molecular Orientation of Nanofibers

High orientation of polymer molecular chains along the fiber axis and aligned electrospun fibers have important
consequences in the field of carbon fiber-reinforced nanocomposites. The electrospun fibers are generally
stronger than traditional fibers because of their higher orientation of macromolecular polymer chains along the
fiber axis. The polymer jet under the influence of an electrostatic field experiences a high degree of molecular
orientation due to high elongation strains and shear forces. As explained later, in Section 2.2, System
Configuration to Align Fibers, optimal speed of fiber collecting drum brings about better alignment. In addition,
optimal speed of collecting drum causes maximum molecular orientation. Beyond the optimal speed, the
orientation can decrease slightly. According to Fennessey and Farris (2004), twisted yarns of higher degree of
molecular orientation resulted in better mechanical properties 7. The degree of orientation can be quantified
by the X-ray diffraction analysis of the samples. The nitrile group in PAN is oriented in approximately
perpendicular to the draw direction. The absorbance of perpendicular polarization showed nitrile-stretching
vibration with strong dichroism, and therefore better orientation. A twist angle of 11° in as-spun PAN fiber
improved the initial modulus and ultimate strength of 2.6 GPa and 56 MPa, respectively, to 2.2 times and 2.9
times, respectively. Molecular orientation results in better mechanical properties in general, Young’s modulus in
particular, of the resulting carbon fibers 6279 Baiji et al. (2010) studied the effects of electrospun polymers on
oriented morphology and tensile properties. The lower the diameter of the fibers, the higher the modulus and
strength of the fibers. They observed that finer fibers have enhanced properties because of gradual ordering of
molecular chains and increase in crystallinity 1. Baji et al. (2010) noticed that the modulus and tensile
properties of polycaprolactone (PCL) fibers increased significantly when the fiber diameter was reduced to
below 500 nm. The molecular orientation improves gradually as the fiber diameter is reduced. Moreover, Beese
et al. (2013) concluded that electrospun PAN fibers have better mechanical properties at lower diameters Z2,
Arshad et al. (2011) observed that the strength of the carbonized nanofibers at 800 °C increased by 100%
when the diameter was reduced from 800 to 200 nm 8. For composite applications, a decrease in diameter of
fiber at the nanoscale level can improve mechanical properties as the specific reinforcement area per unit mass
increases. Uyar et al. (2009) observed self-aligned bundled fibers of polyphenylene-g-polystyrene/poly (a-
caprolactone) (PP-g-PS/PCL) when blended with polystyrene (PS) or polymethyl methacrylate (PMMA). This is

because of the unique molecular architecture of PP-g-PS/PCL and its interaction with PS or PMMA 4],

2.2. System Configuration to Align Fibers

In addition to molecular orientation, physical alignment of electrospun fibers contributes to the production of

high strength/high toughness fiber reinforced composites 12, Among the many ways to produce aligned fibers
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by using an electrospinning technique, drum collection and rotating disk collectors are the two most popular
designs, as shown in Figure 5a,b [Z3IZ8I7778[79],

Needle

Power
Source

Rotational
b Direction

B i1

\ collector Voltage
Source

2um
i | Disk I
collector

Figure 5. (a) Rotating drum collector. (b) Rotating disk collector [103].

In the drum collector method, the drum collector rotates at high speed and the deposited fiber diameter can be
controlled based on the rotational speed of the drum [EABLIE2] The linear speed at the surface of the rotational
drum should match the evaporation rate of the solvent so that fibers are deposited and taken up on the surface
of the drum. At a rotational speed less than the fiber take-up speed, randomly oriented fibers are obtained on
the drum. At higher speed, the fiber take-up velocity breaks the fiber, and continuous fibers are not collected.
Therefore, the optimal speed of the rotating drum that matches the evaporation rate is required for maximum

alignment (831,

In the rotating disk collector, higher alignment is possible but the production rate is lower because fibers are
effectively deposited at only a small area at the disk edge. Theron et al. (2001) reported a conical and an
inverted conical instability region of polyethylene-based polymer nanofibers. These finer fibers with diameters

ranging from 100 to 300 nm got aligned and wound on a sharp edge disk wheel-like bobbin 18,

Other collection methods that are suitable for fiber alignment are the parallel conductor method, the wire drum
collector method, and the wheel rotor collector method as shown in Figure 6a—d. In the parallel conductor
method [B4IE3I88IE7] the |ength of aligned fibers is restricted by the distance between conductive stripes as
shown in Figure 6a. Jalali et al. (2006) reported the fundamental parameters affecting the uniaxially aligned
PAN nanofibers. The best alignment of nanofibers with a specific gap distance depends on concentration,
voltage, and tip to collector distance. As shown in Figure 6b, a bundle collector is moved across the gap to
another side for depositing bundle of nanofibers. The best alignment was formed between 10 and 15 wt.%
solutions. Uniaxially aligned fibers formed had an aspect ratio (I/d) of higher than 5000 and these fibers are
useful in composite reinforcement application. Fryer et al. (2018) studied the effect of alignment on fiber
modulus, using the electrostatic gap method. Aligned polyethylene oxide (PEO) fibers have a higher modulus

than the non-aligned fibers of similar diameter [B8l. Cai et al. (2017) provided an insight in to fabricating ultra-
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long polyvinylidene fluoride (PVDF) fibers. Here, parallel conducting U-shaped collectors are used to fabricate
fibers B2 According to Lei et al. (2018), more than a meter long aligned PVDF nanofibers were fabricated by
using gap electrospinning, where the needle is connected to positive power supply and the parallel plates are
connected to the negative power supply 22, Yang et al. (2007) demonstrated a method that generates parallel
fibers, using magnetic-particle-doped polymers in two parallel placed magnets. The magnetic field guides the
magnetized electrospun polyvinyl alcohol (PVA) fibers to align in a parallel fashion 21, Park and Yang (2011)
built uniaxial aligned PCL fibers by introducing an inclined gap into dual collectors that consisted of two
conductive stripes which were arranged vertically and horizontally 22, Dabirian et al. (2009) used a hollow
metallic cylinder with needle placed at the center of the cylinder. Fibers produced by this method are claimed to
be well aligned and spread over large area (93] Next, in the wire drum collector method, shown in Figure 6c,
fibers are deposited without the need for high speed rotation [23l. However, aligned thick films are not possible
with this method. Finally, a wheel rotor collector, as shown in Figure 6d, provides elongation strain and
therefore more strength to the fibers. However, the many electrodes on the rotating wheel complicate apparatus
design 24, The limitations of other methods imply that drum collection is more likely to be scalable to
commercial capacities than other electrospinning methods for fiber alignment. Despite the simplicity of the
electrospinning methodologies, industrial applications are relatively rare due to low fiber throughput for existing
fiber collection methods. This throughput limitation could be addressed with larger drum sizes and other

innovations.
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Figure 6. (a) Parallel conductor stripes method (reprinted with permission from Reference 22, Copyright (2003)
American Chemical Society). (b) Uniaxially aligned nanofibers 28l (¢) Wire drum collector (reprinted with

permission from Reference 2. Copyright (2004) American Chemical Society). (d) Wheel rotor collector.

In addition to the design methods mentioned above, there a few unconventional design configurations for
aligning fibers. Grasl et al. (2013) developed a technique, using two parallel rotatable auxiliary electrodes

applied with time-varying square wave potential, which led to aligned fiber-deposition of PEO [28l. Lei et al.
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(2017) used a collecting system consisting of insulating hollow cylinder and grating-like electrodes for aligning
PVDF fibers, using whipping instability 28, Khamforoush and Mahjob (2011) used a modified rotating jet
method for aligning fibers. The degree of alignment enhanced by more than two times and the average amount

of produced fiber is 40% more than that of the simple rotating jet method 22200

| 3. Applications of Aligned Fibers

The authors of this paper, Isaac et al. (2017), observed improvements in the mechanical strength and dielectric
strength with increase in degree of alignment of fibers 1911, Aligned fibers are greatly beneficial when they are
used in applications including field effect transistors, gas and optical sensors, fiber reinforced composite
materials, and tissue engineering 1921931 Bashur (2009) discussed the application of aligned fibers in the field
of tissue engineering (224, Moreover, Lawrence and Liu (2006) and Katti et al. (2004) stated that there are other
applications found in the variety of areas if the fibers are in aligned form [293l106] Thjs section discusses

mechanical and dielectric applications of aligned electrospun fibers.

3.1. Influence of Aligned Fibers on Mechanical Properties of Nanofiber Mats

Hou et al. (2005) showed that well-aligned, multi-walled carbon nanotubes (MWCNT) can improve the
mechanical properties of a PAN-based nanofiber mat 297, Kannan et al. (2007) demonstrated that electrospun
polymer/CNT leads to nanocomposite fibers with embedded CNTs orienting parallel to the nanofiber axis (1981,
Moreover, alignment of CNTs in the fiber direction can improve thermal conductivity 299, Dhakate et al. (2016)
reported that semi-aligned electrospun carbon nanofiber composites show excellent bending strength and
interlaminar shear strength 119 High-performance aramid copolymer fibers underwent four treatment factors.
Among them, the degree of stretching after coagulation resulted in high degree of molecular orientation. The
increased tensile strength of aramid fibers improved the cut resistance of aramid fibers, and therefore can be
used in cut protection 111, Ultra-high molecular weight polyethylene fibers with the tensile strength of 1.5 GPa
were successfully prepared and structure and tensile property were studied. The increase in draw ratio
improved the crystallinity of ultra high molecular weight polyethylene fibers. The molecular orientation degree
increased, and tensile property also improved (112, |ncreasing the draw-ratio resulted in an increased molecular
orientation, Young’s modulus, and tensile strength of poly(amide-block-aramid) fibers comprised of alternating
rigid aramid blocks of poly(p-phenylene terephthalamide) (PPTA) and flexible blocks of polyamide 6,6. Heat

treatment at 300 °C of the fibers resulted in an increase of Young's modulus and minor increase of strength
(113]

Aligned micro scale fibers (7um diameter) have application in composite reinforcement. There is increased
need to manufacture complex composites for light weight applications. Carbon/epoxy composites have greater
application in aircraft, sports cars,114 and space crafts because of a better strength to weight ratio than that of
metals like aluminum alloys. They are thermally stable because of the lower coefficients of thermal expansion

properties of carbon fibers. Yu et al. (2014) showed that short carbon fiber composites can be used in places
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where complex shapes and ductile properties are required (113, Short carbon fibers, with an aspect ratio of 400,

resulted in composites with a tensile modulus of 119 GPa and strength of 1211 GPa.

Compton and Lewis (2014) reported that cellular composites with controlled alignment of multi-scale and high
aspect ratio fibers can result in reinforcement of hierarchical structures 114l They demonstrated the first 3D
printed cellular composites composed of oriented fiber-filled epoxy with exceptional mechanical properties.
Malek et al. (2017) developed a new carbon fiber reinforced epoxy for 3D printing which resulted in printing

materials with longitudinal Young’s modulus up to 57 GPa 116,

3.2. Influence of Aligned Fibers on Dielectric Properties of Nanofiber Mats

Ning et al. (2014) showed that aligned MWCNT/PVA has high dielectric constant, low dielectric loss, high
breakdown strength, and high energy density. These properties contribute in applications such as artificial
muscles, energy storage, flexible electronics, and sensors 17, Aligned MWCNT/PVA composite films were
prepared by using electrospinning in situ film-forming technique. Additionally, Liu et al. (2012) confirmed the
tailoring of dielectric property by controlling the alignment of CNTs 17, Ma et al. (2012) reported that aligned
PVDF had better molecular orientation than its random fiber counterparts. This is because of the smaller
diameter of the aligned fibers. These nanofibers have applications in the field of sensors and actuators 1181,
Agarwal et al. (2009) reported that aligned fibers have applications in nanofluidics, superhydrophobic
patterning, nanoelectronics, and nanophotonic circuits 22, Edmondson et al. (2012) demonstrated the
significance of fiber alignment in improving the piezoelectric property, using centrifugal electrospinning. PVDF
and PEO have piezo-, pyro-, and ferro-electric properties, and these aligned fibers can provide for applications
in actuators, transistors, textiles, and composites 129 P, Kumar et al. (2017) showed that aligned graphene
films improved EMI shielding. Electromagnetic (EM) waves cause interference or device malfunction and also
can cause harm to human bodies 121, Song et al. (2013) observed that aligned carbon-based fillers enhanced
EMI shielding. The alignment produced anisotropic characteristics that achieve enhancement in absorption and
reflection performance [122],
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