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Electrospinning is a simple and versatile method to generate nanofibers. Remarkable progress has been made in

the development of the electrospinning process. The production of nanofibers is affected by many parameters,

which influence the final material properties. Electrospun fibers have a wide range of applications, such as energy

storage devices and biomedical scaffolds.

electrospinning  single needle  multi-needle  nanofibers  parameters

1. Introduction

Fibers, in the form of continuous and elongated filaments, have been used by humans since 2700 BC with the

breeding of silkworms for textile production . In Australasia, silk from spiders was used for fishing, while in ancient

Greece, spider webs were used as wound dressings to stop bleeding. World War II saw an increase in demand for

these fibers, leading to the production of synthetic fibers derived from petroleum, sometimes with better chemical

or physical properties than silk, depending on the polymer . Nylon fibers, first introduced by DuPont,

immediately caught the public’s attention. In 2018, more than 50 million tons of synthetic fibers were produced, with

a predominance of polyester filaments. Therefore, many different types of synthetic polymers originating from

crude oil, such as polystyrene and polyacrylonitrile (PAN), and natural biopolymers, such as chitosan and polylactic

acid, have been developed one after the other for various industries. Compared to synthetic fibers, natural fibers

have many advantages thanks to their abundance, availability, and low cost, explaining why the global demand for

synthetic fibers has been largely reduced, with synthetic fibers having been replaced by natural biofibers .

Nowadays, within the domain of fiber technology, nanofiber mats have a broad range of applications, especially in

areas of engineering and science. These include optical and chemical sensors, nanocatalysis, and energy storage

, as well as applications in defense, aerospace, transportation, and protective clothing industries . They are

also used in air and water filters or for drug delivery for medical and biotechnological purposes . To produce

nanofibers, different methods have been developed, such as wet, dry, melt, and gel spinning. During these

processes, polymer jets are formed under external mechanical drawing/shearing forces when passing through

spinnerets, and fibers are formed due to the solidification of the jets because of drying or precipitation. However,

jets are only stretched to a limited extent, corresponding to the formation of fibers with diameters ranging from 10

to 100 μm . However, even with further mechanical drawing after solidification, the resulting fibers still cannot

reach the nanoscale. In 1902, a novel technique similar to electrospraying was created, allowing fibers to be

[1]

[2][3]

[4]

[5][6][7] [6]

[8]

[9]



Electrospinning Process of Electrospun Fibers | Encyclopedia.pub

https://encyclopedia.pub/entry/48360 2/18

created at the nanoscale; this technique is known as electrospinning . Both techniques rely on a high voltage to

eject liquid jets, with the major difference being the viscosity and viscoelasticity of the liquid involved and, thus, the

behavior of the jet . Electrospinning is a simple and low-cost method to prepare fibers at the nanoscale with an

electric field. This method produces non-woven nanofiber mats, where the fiber diameter ranges from ten to a

hundred nanometers. Extraordinary properties, such as small diameters or large specific surface areas, can be

obtained thanks to this technique. Also, a wide selection of polymers can be electrospun from diverse solvents,

including aqueous solutions, making the spinning process itself environmentally friendly. Mostly toxic or corrosive

solvents are used for waterproof polymers, while only some can also be electrospun from a low-toxicity solvent

such as dimethyl sulfoxide (DMSO) . The classic electrospinning process uses one needle to draw the

polymeric solution out and form fibers. However, this method is very time-consuming, limiting the potential scale-up

application of the electrospun nanofibers. Many multi-jet  and multi-needle  electrospinning methods have

been investigated to overcome the productivity problem, increasing the flow rate of the solution. However, the

generation of multiple jets creates other problems, such as jet repulsion and lower process controllability .

Polyacrylonitrile (PAN) is a synthetic polymer widely used in electrospinning due to its high tensile strength, thermal

stability, carbon yield, and chemical resistivity. Electrospun PAN nanofibrous membranes have received particular

interest due to their appealing properties, including small fiber diameters, as well as capabilities to control pore

sizes among nanofibers and to incorporate molecules, cells, or proteins . PAN is the primary precursor to

prepare high-performance carbon fibers: almost 90% of the carbon nanofibers in the world are produced from PAN-

based precursors . Three main processes are involved in carbon fiber preparation: the spinning of PAN

precursor, thermal–oxidative stabilization (ToS), and carbonization . Stabilization is a complex, exothermic

process and the most important step that influences the properties of the final fibers. During this step, the linear

polymer transforms itself into a cyclic-structured polymer, also called a ladder-like structure. Thermal stabilization

proceeds mainly at a specific temperature, ranging from 200 to 300 °C, for 1–2 h in the air . Oxygen plays an

important role in the physical and chemical structural changes that occur during ToS. It is recognized that oxygen

not only affects the oxidative and crosslinking reactions but also makes the cyclization and dehydrogenation

reactions (which occur simultaneously during the thermal stabilization process) easier. In addition, the exact

reaction mechanism varies depending on the gas atmosphere, heating rate, copolymer used, etc. . Thus,

having a better understanding of the structural evolution of PAN fibers during stabilization is a major issue in

predicting the final structure of the polymer and, therefore, in functionalizing it.

2. Electrospinning Process

2.1. Principle

The simplest form of electrospinning is the single-needle configuration, which has been investigated and reviewed

by many researchers . The simulation of the electric field and modeling of the electrospinning

process were also carried out in an effort to provide a better understanding of this approach . Only a few

components are required: a syringe containing a polymeric solution, a metallic needle, a high-voltage power

supply, and a metallic collector (with variable morphology). The power supply can be either a direct current (DC) or,
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more rarely, an alternating current (AC) . As illustrated in Figure 1, the basic setup for electrospinning is rather

simple, making it accessible to as many researchers as possible.

Figure 1. Schematic diagram of processing steps for the fabrication of nanofibers. The polymeric solution is

composed of the solvent, the polymer, and, in some cases, additives such as nanoparticles or carbon nanotubes.

Free charges carried by the liquid interact with the applied electric field. Tensile-force-inducing fiber jetting occurs

due to the potential difference between the charged liquid in the spinneret and the grounded collector. Usually,

electrospinning unfolds in four steps (Figure 2): (i) the liquid droplet is charged, and the Taylor cone is formed; (ii)

the charged jet is extended in a straight line; (iii) the jet is thinned in the presence of an electric field, and electrical

bending instability appears and increases; (iv) finally, the solid jet fibers are collected by a grounded collector 
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Figure 2. The different steps of the electrospinning process. The ‘+’ illustrate the charges at the surface of the

droplet. A droplet is created due to the syringe pump. The surface area of the droplet increases to decrease the

electric repulsion. A jet is ejected from the nozzle, and binding instabilities lead to the stretching and thinning of the

jet. Finally, the solvent is evaporated, and the fibers are collected by a metallic collector. Inspired by reference .

2.2. Formation of Taylor Cone upon Charging a Liquid Droplet

A syringe with a needle is commonly used as the spinneret to feed the solution at a controlled rate using a syringe

pump. When there is a potential difference (ranging from 10 to 30 kV) between the spinneret and the collector,

negative and positive charges will be separated within the liquid; the charges with the same polarity as the

spinneret will migrate toward the droplet’s surface, leading to excess charges. By increasing the voltage, more

charges will accumulate at the liquid surface. This increase in the density of surface charges tends to deform the

shape of the droplet, leading to an increase in surface area to attenuate the electric repulsion , as illustrated in

Figure 2.

2.3. Stretching and Thinning of the Charged Jet

At the same time, the reciprocal repulsion of charges produces a force that opposes the surface tension, and

ultimately, the polymer solution flows in the direction of the electric field. A further increase in the electric field

causes the spherical droplet to deform and assume a conical shape, which is called the Taylor cone. At the same

stage, ultrafine fibers emerge from the conical polymer droplet at high speed, accelerated by the electric field. The

jet is extended in the direction of the electric field, and then it is collected by the metallic collector kept at an

optimized distance .
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The jet formed initially travels in a straight path due to surface tension and viscoelastic forces, which tend to

prevent the jet from moving in other directions. Both the acceleration and the diameter of the jet decrease as the jet

is continuously stretched. Solvent evaporation and a jet diameter reduction lead to an increase in the surface

charge density of the fiber, which results in increasing repulsive forces in the jet. When the acceleration of the jet is

too low, bending instabilities appear  and are described as long-wave perturbations to the jet, driven by a lateral

electrostatic force in the radial direction relative to the jet, resulting from the electrostatic repulsion among surface

charges .

The mechanism for the binding instability can be explained using Earnshaw’s theorem, illustrated in Figure 3. It

states that a charge cannot maintain a stable equilibrium condition by relying only on the interaction between

charges. If three adjacent points of equal charges in a straight jet are considered, the forces F and F′ acting on the

middle charge are of equal magnitude and in opposite directions following the equation:

where q , q , and q  are point charges of equal magnitude, R is the distance between charges, and k is Coulomb’s

constant (k = 8.99 × 109 Nm /C ).

Figure 3. Representation of binding instabilities, also called whipping instability, illustrating Earnshaw’s theorem.

(a) First, the jet propagates in a straight line, highly accelerated due to the electric field. (b) As the acceleration and

the fiber diameter decrease, the surface charge density increases, leading to an increase in repulsive forces F and

F′. A perturbation (represented by dotted lines) begins to grow in response to the repulsive electric forces. The

charges carried by the perturbed segment are forced (F ) downward and outward by the charges above and

below the perturbed region, while this perturbed segment is forced (F ) upward and outward by the charges

below the perturbation. The resultant force (F ) is perpendicular to the straight jet and grows exponentially with
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time. At the same time, the repulsion of adjacent charges moves with the jet, propagating and amplifying the

phenomenon. (c) The elongation of the fibers increases more rapidly in the curved segment, creating nanofibers.

Inspired by reference .

In the straight segment, the flow direction, i.e., the trajectory of a segment of the jet, is parallel to the axis of the jet.

When a small perturbation causes the movement of the middle charge out of the straight line, the bending

perturbation begins. An angle, θ, is created, resulting in a lateral force F  that leads to the initiation of jet instability

given by:

This perturbation grows rapidly under the influence of the charge carried with the jet. It leads to elongation,

reducing the diameter of the jet. After the first bending instability, the jet is subjected to subsequent higher-order

bending instabilities, leading to the formation of subloops. These loops significantly contribute to the thinning of the

jet for the formation of the nanofibers. A succession of three bending instabilities with decreasing diameter is often

observed before the jet solidifies, as shown in Figure 4 .
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Figure 4. The typical path of an electrospun jet. It starts with a straight segment (in yellow), followed by a coil with

decreasing diameter (first binding coil in blue). After several turns are formed, a new electrical instability forms a

smaller coil in a turn of the larger coil (second bending instability in green). The turns of the smaller coil transform

into an even smaller coil (third bending instability in red). Usually, the solidification of the thin jet helps to stop

elongation. Inspired by reference .

2.4. Deposition of Solid Fibers

While the jet stretches and becomes thinner as it travels further under the influence of electrostatic forces, it

undergoes solidification due to solvent evaporation. After solidification, some can find charges still trapped on the

surfaces of the dry fibers, but all instabilities will stop .

In general, a grounded collector is used to collect fibers. The morphology of fibers is mainly determined by the

whipping instability. After deposition, most charges will be dissipated through the grounded collector. However, due

to the low conductivity of most materials used to produce fibers, a residual number of charges can still be found on

the surfaces of the collected fibers . Different collectors can be employed to obtain various alignments of fibers.
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The simplest and most common collector is a flat plate of alumina, leading to a non-woven fibrous mat. Different

geometries can be obtained using different shapes, such as rotating drums or parallel electrodes, to obtain aligned

fibers. In this case, the optimization of the rotating speed and voltage applied needs to be carried out .

2.5. Control of the Electrospinning Process

The formation of electrospun nanofibers is determined by the processing parameters, including the voltage applied,

the flow rate of the polymeric solution, the distance between the syringe tip and the collector, and the diameter of

the needle (Table 1). Other parameters, such as environmental parameters as well as solution parameters, also

play a significant role in the fabrication of nanofibers.

Table 1. Summary of the parameters impacting the electrospinning process.

2.5.1. Effects of the Voltage

It can be seen above that a high voltage applied to a solution in a metallic needle will induce the deformation of a

spherical droplet into a Taylor cone and the formation of nanofibers when reaching a critical voltage. The latter

depends on the polymer used, and it ranges from 10 to 30 kV. It is accepted that the higher the voltage, the smaller

the diameter of the fibers due to the correlation between the charge repulsion within the polymer jet and the

stretching of the polymer . Nevertheless, Son et al. reported that an increase in the voltage applied beyond the

critical voltage will result in the formation of beads or beaded nanofibers .

2.5.2. Effects of the Flow Rate

[17]

 Voltage Flowrate

Distance
between
Collector

and
Needle

Needle
Diameter

Polymer
Concentration

Solution
Conductivity Solvent

Speed
Rotation

and
Morphology
of Collector

Range 10–30
kV

0.1–4.5
mL/h

5–20 cm 0.2–1.5 mm     

Impact
↗voltage
↘fibre

diameter
  

↗needle
diameter
↗fibre

diameter

↗concentration
↘fibre

diameter

↗conductivity
↘fibre

diameter
 

Impact the
morphology

of fibres
and pores
size and

alignment

Note

Above
critical

voltage,
formation
of beads

Above
critical

flowrate,
formation
of beads

Above
and

under
critical

distance,
formation
of beads

(1) Under
critical

diameter,
formation of

clogging
(2) Above it,
solidification

before jet
eject

Too low leads
to formation of

beads
 

(1) Needs
to dissolve
completely
the polymer

(2)
Evaporation
rate neither
too low nor

too high
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Higher flow rates will undoubtedly increase the production rate of the electrospinning process but can have

negative effects on the morphology of the fibers if not properly controlled. Uniform nanofibers can be prepared via

an optimal flow rate for a mixture. Flow rates generally range from 0.1 to 4.5 mL/h, depending on the polymer used

. When the flow rate is above this critical value, the formation of beads occurs, which is due to incomplete drying

of the nanofiber jet during its flight between the needle tip and the metallic collector and a decrease in the surface

charge density .

2.5.3. Effect of the Distance between Metallic Collector and Needle

The distance between the nozzle tip and the collector is an important parameter in producing excellent-quality

nanofibers. The nanofiber morphology can be easily affected by the distance (usually ranging from 5 cm to 20 cm

) because it depends on the evaporation rate and the binding instabilities of the polymeric solution. A minimum

distance is required to allow sufficient time to complete solvent evaporation to prevent defects like beaded or

flattened fibers. Too small a collector–needle distance results in a small circular area with a deep color called a

“wet spot”, which can be found in the center of the mat . Like the applied voltage and the flow rate, this minimum

distance also varies with the polymer system. However, Zhang et al. observed no significant changes in polyvinyl

alcohol (PVA) fiber morphology when varying the needle–collector distance from 8 to 15 cm .

2.5.4. Effects of Needle Diameter

Stainless steel needles are the most widely used nozzles in electrospinning, with a typical inner diameter ranging

from 0.2 to 1.5 mm. Generally, a large needle diameter will lead to a large fiber diameter. The increase in the fiber

diameter results from the fact that with a larger tip, a larger droplet is formed, and thus, a longer length of the

straight jet is obtained, which in turn reduces the whipping jet motion. Clogging of the tip can also occur when the

needle diameter is too small and the solution is too viscous; when the needle diameter is too large, the solution

tends to solidify with increased exposure to air .

2.5.5. Effects of Polymer Concentration in Solution

The electrospinning process relies on the phenomenon of the uniaxial stretching of the charged jet. The jet

depends on the arrangement of the polymer particles in the solution, which is a direct consequence of the solution

concentration. For example, when the concentration of the polymer is too low, the entanglement of polymeric

chains is limited, breaking fibers into fragments and leading to beaded fibers. Increasing the concentration will

increase the viscosity, which increases the chains’ entanglement among the polymer chains. This overcomes the

surface tension and results in the formation of defect-free fibers . The molecular weight of the polymer also plays

a key role. Jacobs et al., using poly (ethylene oxide) (PEO) with two different molecular weights (300,000 and

900,000 g/mol), reported that smooth fibers are formed at 6 wt% with a higher molecular weight, while a higher

concentration is required for solutions with a lower molecular weight .

2.5.6. Effect of Solution Conductivity
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Solution conductivity affects both Taylor cone formation and fiber diameter. For a low-conductivity solution, the

surface of the droplet has no charge to form a Taylor cone, and then the electrospinning process cannot take place.

Increasing the conductivity with the addition of surfactants or salt will increase the charges on the surface of the

droplet, leading to the formation of a Taylor cone and a decrease in the fiber diameter. Several types of salts have

been used in various amounts (generally up to 2%). Above 2%, the jet becomes unstable, which inhibits the

electrospinning process . Son et al. studied the effects of poly (allylamine hydrochloride salts) (PAH) and poly

(acrylic acid sodium salt) (PAA) on PEO nanofibers. By adding only 0.1% of each salt (PAH and PAA), the diameter

of PEO fibers was reduced by 55%, from 360 nm to 200 nm . This shows that adding a surfactant and salt

increases the conductivity of the solution, and the increased electric field force improves the binding instabilities of

the jet, which promotes the stretching and thinning of the nanofibers.

2.5.7. Solvent Effects

The selection of the solvent is one key parameter for the formation of homogeneous, smooth, and beadless

electrospun nanofibers. First, the polymer needs to be completely soluble in this solvent, as a homogeneous

solution is essential for the electrospinning process. However, a solvent with a high-solubility parameter does not

necessarily produce a solution suitable for electrospinning . Secondly, the solvent should have a moderate

boiling point, which determines the evaporation rate and, thus, the solidification rate of the jet. Extremely high

volatility is not desirable because the jet may solidify immediately at the needle tip, blocking the spinneret and

stopping the electrospinning process. If the volatility is too low, the fibers will still be wet when they are deposited in

the collector, which can lead to the formation of beaded nanofibers .

The dielectric constant also plays a significant role because it controls the magnitude of electrostatic repulsion

among the surface charges residing in the jet. Increasing the dielectric constant implies increasing the applied

voltage to achieve a stable jet. Therefore, water is not a favorable solvent for electrospinning due to its high

dielectric constant and, thus, the attenuation of electrostatic repulsion. The commonly used solvents in

electrospinning are alcohol, dichloromethane, chloroform, dimethylformamide (DMF), tetrahydrofuran (THF),

acetone, dimethyl sulfoxide (DMSO), hexafluoroisopropanol (HFIP), and trifluoroethanol. In some cases, it can be

interesting to mix two solvents to achieve an optimal formulation for electrospinning . Nevertheless, the use of

two solvents will have an impact on the fiber’s porosity: the different evaporation rates of the solvents will lead to

phase separation and hence will result in the fabrication of a porous material .

2.5.8. Effect of the Targeted Drum Size and Its Speed of Rotation

The morphology of the fibers is influenced by the nature of the collector. The choice of the collector type will be

guided by the desired area of the fibers (a drum collector will give a higher area of aligned fibers than a disc

collector, for example). To obtain aligned fibers, a rotating collector, an array of electrodes, or a pair of magnets is

required. When the collector is an array of electrodes, the alignment will be tuned by acting on the electric field,

whereas alignment will be controlled by the magnetic field when the collector is a pair of magnets. By modifying the

rotation speed of a rotator collector, it is the mechanical stretching forces that will influence the alignment of fibers

. Usually, when the rotation speed is under 1000 rpm, the mesh is randomly organized. Above 500 rpm, the
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higher the speed is, the better the alignment is because polymer molecular chains will be more aligned according

to the fiber axis, and so the crystal orientation of the fibers will be improved . For example, the impact of

rotation speed was studied for POM (polyoxymethylene) nanofibers, with POM being a highly crystalline polymer. It

has been shown that the morphology of the nanofibers changes from a folded chain crystal to an extended chain

crystal when the rotation speed of the drum collector increases.  In another study, four speeds were tested (500,

1000, 1500, and 2150 rpm) to obtain electrospun nanofibers of PVA. For 500 and 1000 rpm, Andreas et al.

obtained a random orientation, while for 1500 and 2150 rpm, the orientation was more organized .

2.6. Multiple Needles for Large-Scale Production

One major challenge that electrospinning is facing nowadays is upscaling in response to industry demand. In most

published work about electrospinning, authors have used an experimental laboratory setup using a single syringe,

as described above, with an inner diameter of 0.2 to 1.5 mm. Depending on the polymeric solution, the flow rate is

typically limited to 5 mL per hour. Consequently, nanofibers are obtained at a very low yield, which limits the

industrial applications of electrospinning.

The most important parameter for high efficiency in the electrospinning process is the flow rate. However, the flow

rate is largely determined by the strength of the electric field. Increasing the flow rate means increasing the voltage,

which will lead to the formation of droplets instead of fibers (see Control of the Electrospinning Process, Effects of

the Voltage) and an increase in the nanofiber diameter (see Control of the Electrospinning Process, Effects of the

Flow Rate). Therefore, it is not feasible to substantially increase the throughput of the single-needle electrospinning

process when a compromise must be made between the applied voltage and the flow rate.

Some have tried to use needleless electrospinning to increase production. However, some parameters, such as

solvent evaporation, are easily variable, which makes it difficult to obtain accurate and reproducible fabrication in

industry-scale production.

To overcome the imperfections of single-needle and needleless electrospinning, multi-needle electrospinning can

be an important choice for nanofiber production. The combination of several individual needles as the spinneret of

the electrospinning setup is the most direct method to increase productivity. This method is also useful for

producing composite fibers of two or more polymers when there is no common solvent.

2.6.1. Multi-Needle Electrospinning Process

Principle and Properties

The working mechanism of a multi-needle electrospinning process is very close to that of the conventional single-

needle electrospinning process. For a single jet emitted from a single needle, the initial straight path of the jet is

driven by forces in the direction of the electric field. For the multi-nozzle setup, multiple jets can be simultaneously

ejected from the needles, and all of them then undergo bending instability. The jets are influenced by Coulombic
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forces Fc exerted by the jets’ neighbors, in addition to the electric field force Fe. The deviation of the jet is the result

of these two forces, as shown in Figure 5 .

Figure 5. Force analysis in multiple-nozzle electrospinning with typical fiber deposition shapes. In the three-nozzle

configuration, the path of the central jet develops in the same way as that in single-jet electrospinning due to the

symmetrical arrangement of the side jets, while the paths of the outer jets deviate because of Coulomb forces. In

addition to the electric field force FE, Coulomb forces FC are exerted on each jet by their neighbors. The higher the

voltage, the further away the patterns will be. Inspired by reference .

In the multi-needle electrospinning setup, the inter-nozzle distance is usually set at 10–50 mm, which causes

complex effects in the electrospinning process. When the distances between needles are relatively small, the

mutual interferences of the electric fields at the tips will be larger, which may cause an uneven electric field, which

directly affects fiber quality .

Many factors affect the electric field, including the needle configuration, needle number, and needle spacing. The

spacing is mainly affected by the diameter of the needles and the properties of the polymeric solution. As shown in

Figure 5, increasing the inter-needle distance decreases the repulsion among jets while pushing the jets closer,

resulting in the concentration of the fibers created. The number of needles arranged over a certain area is

dependent on both the spacing and the layout, and it ultimately determines the throughput of fiber production. The

layout of the array controls the distribution of the electric field to obtain the most uniform electric field possible

among the jets . The configuration of multiple needles can be divided into two types: linear arrays, by organizing

needles in a straight line , and two-dimensional arrays, by placing needles in a special layout, including squared

, circular elliptic , hexagonal , and triangular patterns.
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Several examples of multiple needles in a linear array, the simplest arrangement, have been reported. For

instance, a linear multi-needle electrospinning setup with four needles has been designed to produce nanofiber

webs.

Zhu et al. showed that the charge density distribution of the needles and the morphology of the jet vary, depending

on the number and the placement of nozzles used in space. For a single needle, the charge distribution is uniform

and mainly distributed at the end of the tip. Contrarily, in the double-needle layout, when a needle is added next to

another one, they share the same voltage, and the same charges will repel each other. Then, an uneven charge

density distribution appears, where the charge density outside the tips is higher than that on the adjacent part of

the two-needle tip. In the three-needle electrospinning process, the electric field at the middle tip is affected by the

electric field on both sides, and this phenomenon results in a uniform charge distribution in the middle tip and a

non-uniform charge distribution in the two other needles. Experimental and simulated results showed that the

behavior of border jets along the linear array was different from that of the central jet, such as the bending direction

and envelope cone. However, every jet in both linear configurations was subject to a characteristic bending

instability similar to that in single-jet electrospinning .

In addition, the outer jets have longer initial straight regions and larger envelope cones than the central jet due to

the progressive weakening of the electrical field from the edge to the center. It is observed that increasing the

voltage also increases the straight lengths and the envelope cones of the central jet and the outer jet, as well as

the deviation angle of the outer jet. However, if the voltage is too low, the electric force is not strong enough, and

the jet cannot eject from the central needle .

Most investigations on multi-needle electrospinning have been focused on processes with two-dimensional needle

arrays. For example, multi-needle spinning with elliptic and circular arrangements was designed to improve the

process stability and production efficiency . Yang et al. used a hexagonal array composed of seven needles,

with one needle located in the center. They found that the needle at the center behaved as in the normal

electrospinning process, while the jet from the peripheral nozzle was directed outward due to repulsive electric

forces . A complex design has been created by Theron et al. with a 3 × 3 needle matrix, and they succeeded in

reaching 22.5 L·cm  min  due to their nine-needle electrospinning preprocess. Moreover, stable and uniform

fibers have been obtained .

Control of fiber formation in multi-needle electrospinning setup.

Several disadvantages of the multi-nozzle system include repulsion by adjacent jets and the non-uniform electrical

field at each nozzle tip of the spinneret. Repulsion at the jets leads to difficulties in the collection, while a non-

uniform electric field results in processing problems. Some research on electric fields has already been conducted,

like the work of Chan et al., which considers the effect of linear-array nozzle configurations (the angle between the

nozzles) on the electric field distribution, to solve this problem. Three angles were tested: 180°, 100°, and 90°.

Simulations and experiments showed that decreasing the angle between the nozzles increased the electric field

strength, and it is well known that increasing the electric field will lead to a decrease in fiber diameter. Therefore,

[38]

[43]

[39]

[40]

−1 −1

[41]
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fibers electrospun with an angle of 90° will have a smaller diameter (about 25% reduction) than fibers electrospun

with an angle of 180° .

In the case of many needles, a decrease in needle spacing increases the deposition rate over a small area.

However, it leads to an increase in electric repulsion between jets. Therefore, controlling the distribution and the

electromagnetic field in the working space is essential. Both can be manipulated using auxiliary electrodes. In

single-needle electrospinning, auxiliary electrodes are used to produce multiple jets . Auxiliary electrodes (also

called secondary electrodes) with the same polarity as the needle tend to concentrate the electric field, reducing or

neutralizing the repulsion among the jets. Different auxiliary electrode shapes (Figure 6) have been tested to try to

control the jets. A hexagonal array (Figure 6A) within a cylindrical auxiliary electrode  tends to reduce electric

field interferences and stabilize the jet motion. Thicker fibers were obtained due to the secondary electrode, which

interferes with the jet and thus the bending instabilities, leading to a decrease in fiber stretching. Contrary to this

configuration, an auxiliary ring electrode (Figure 6B)  provides a more uniform electric field near the nozzle tips

and greater mean electric field strength in the space between the nozzles and the collector. This leads to thinner

and more uniform fibers. As depicted in Figure 6C, a flat plate  was used as a secondary electrode. By adjusting

the position of the flat plate, smaller fiber diameters and more concentrated fibers were observed when the

electrode was aligned at the edge of the needle, resembling a flat spinneret with holes.

Figure 6. Different types of auxiliary electrodes in multiple-nozzle electrospinning: (A) ring electrode, (B) cylindrical

electrode, and (C) plate electrode. Inspired by reference .

2.6.2. Other Approaches

Some other strategies have been explored . First, some nozzle technologies apply a critical value, inducing the

formation of simultaneous multiple jets. For this method, two spinnerets can be used, namely, either a rotating

spinneret, which induces the mechanical rotation of the solution, or a stationary spinneret, which needs an auxiliary

force such as a magnetic field. Then, alternating-current electrospinning has been shown to increase the

production of nanofibers six-fold. Another method is ultrasound-enhanced electrospinning. It was used to produce

PAN nanofibers with an improved production rate.

2.6.3. New Directions for Future Development

[28]

[15]

[17]

[42]

[17]

[17]

[44]
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Despite many reports on the successful demonstration of electrospinning as a reproducible and versatile method,

the main issue is the large amount of solvent used, resulting in both economic and environmental concerns. The

solvent represents about 80 to 90% of the solutions involved in traditional electrospinning. During the process, the

solvent is lost while the fibers are stretched, and it is generally not collected or recycled. Finally, there is a critical

demand to develop an electrospinning process based on “green” solvents or even solvent-free systems.

In general, single-needle electrospinning is only suitable for laboratory use, as it suffers from low productivity. To

solve this issue, innovative modifications to the conventional electrospinning setup have been made, including a

multi-needle electrospinning process. However, for this process, future efforts should be concentrated on solving

the problems related to undesirable interactions, leading to the generation of inhomogeneous fibers or poor fiber

distribution in the collected mat.
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