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Abbreviations

2D Two-dimensional
3D Three-dimensional
AgNPs Silver nanoparticles
AM Additive manufacturing
CTS Critical translation speed
DC Direct current
FDM Fused deposition modeling
LEP Low-voltage electrospinning
MES Magnetic electrospinning
NFES Near-field electrospinning
PCL Polycaprolactone
PDLLA Poly-d,L-lactic acid
PDMS Polydimethylsiloxane
PEO Polyethylene glycol

2.1 Introduction

Fiber is a one-dimensional and high aspect ratio structure that widely
exists in nature (i.e., spider silks and silkworm filaments) and has been exten-
sively used in our daily life and industries, ranging from clothing fashion
industry [1], wastewater treatment [2], to biomedical applications [3] and
wearable electronics [4]. At a single thread level, individual fibers possess
unique mechanical properties, including ultraflexibility, low bending resis-
tance, and large surface-to-volume ratio; when processed into fiber mats
or textiles, such large-scale fibrous structures could demonstrate bendability,
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stretchability, breathability, and high porosity, intriguing wide range appli-
cations in many areas. Numerous approaches have been developed to
produce synthetic fibers with various materials, and among them, electro-
spinning is a broadly used and efficient method to produce micro-/nano-
scaled fibers (fiber diameter ranges from 2 nm to several micrometers) [5].
Apart from electrospinning, most of other conventional fiber production
approaches, such as wet and dry spinning, drag spinning, gel spinning, and
three-dimensional (3D) printing, rely on the mechanical drawing or shear
stresses alone to stretch and thin the fiber jet; thus, they usually struggle to
produce ultrathin fibers with fiber diameter smaller than w10 mm without
causing fiber breakage [6]. Electrospinning utilizes strong static electrical
forces to pull and stretch the polymer solutions or melts into thin jets,
leading to final micro-/nanofiber deposition. Such phenomenon was first
being discovered and described over a century ago [7], but not until the early
1900s that the term “electrospinning” had been officially proposed [8]. Since
then, the research and studies about this versatile and simple fiber production
technique have been growing significantly [9].

With recent developments in materials science and nanotechnology,
new materials have been incorporated with the electrospinning technique,
such as conducting materials, energy generating materials, and biocompat-
ible and bioactive materials. Electrospun micro-/nanoscaled fibers that are
functionalized with these new materials have not only retained the physical
merits of ultrathin fibers, such as high aspect ratio, flexibility, directionality,
and high porosity, but also opened up novel fibrous and textile device
configurations and applications. For example, the use of piezoelectric poly-
mers has enabled a range of inherently flexible and transparent energy
harvesters and self-powered sensors [10,11]. Composite material fibers
made with polymers and metals or ceramics have shown promising applica-
tion potentials in novel sensing and optoelectronic devices [12,13]. At the
same time, these emerging applications demand more precise, convenient,
and customized control of the morphologies and patterns of the electrospun
fibers. Therefore, efforts have been invested to modify and adapt the electro-
spinning setups and working conditions, and to combine fiber spinning with
other advanced processing techniques (i.e., 3D printing and microfluidics).

In this chapter, we aim to provide a comprehensive description of the
recent innovations and technical advances of electrospinning. In order to
readers who are not familiar with electrospinning to effectively read this
chapter, a brief introduction of the physical principles and basic setup designs
of electrospinning is provided at the beginning, followed by discussions of
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major and universal experimental factors that could affect the fiber spinnabil-
ity in the technique, including polymer solution properties, ambient, and
operation parameters. Next, we focus on the recent application-driven
advances and innovations in electrospinning technique. Various approaches
to modify the conventional electrospinning setups to acquire controlled and
designed fiber patterns will be discussed first, including modifying nozzle
and collecting substrate, controlling and directing fiber deposition, and
stabilizing fiber jet, followed by introducing novel electrospinning tech-
niques that are combined with other polymer processing technologies,
such as additive manufacturing (AM) and microfluidic devices.

2.2 Electrospinning: the underpinning physical
principles

Electrospinning is similar to other spinning techniques in that a tensile
force draws a fiber from a spinnable source; however, it differs in the manner
of fiber initiation [14]. The majority of other spinning techniques utilize me-
chanical initiation in the form of spindles or mechanical dragging, whereas in
electrospinning, this effect is substituted with Coulomb’s force from the
application of a strong electric field. Briefly, a viscous polymer solution or
melt is fed through to a syringe needle at low flow rate until a droplet of
solution collects at the tip. As shown in Fig. 2.1, a high electrical charge is

Figure 2.1 Schematic showing the basic setup configuration of electrospinning.
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applied to the solution or melt either within the syringe or at the syringe
needle, which is directed toward an oppositely charged collecting substrate.
This exposes the droplet on the tip of the syringe to an electric field, exerting
a tensile force in the same direction as the solution’s internal electrostatic
self-repulsion. A “Taylor cone” or deformation appears in the droplet just
beyond the point where the resistive forces of droplet surface tension and
solution/melt viscosity counterbalance the tensile force [6]. This formation
initiates the ejection of a fine polymer jet from the apex of the cone toward
the collecting substrate [15]. During the movement of the jet between the
nozzle and the collecting substrate, the solvent vaporizes and a solid polymer
fiber is collected. When the collecting substrate is greater than a few milli-
meters away, the self-repulsion of the polymer jet, due to Coulomb’s force,
gravity, and aerodynamic effects, causes chaotic bending instability [16,17].
This results in the polymer jet adopting a spinning motion that elongates the
jet and consequently the collected fibers thin to a micro- to nanoscale,
which concentrates the charge density within the fiber. Due to that bending
instability [18,19], the deposition of fibers produced by conventional
electrospinning creates random fiber packing.

Through careful optimization of the process instrumentation and work-
ing parameters of far-field electrospinning techniques, polymer fibers have
been fabricated with diameters ranging between w 3 nm and a few micro-
meters [20]. Given the complexity of the process and high number of pro-
cessing parameters, there is great scope for innovation with subtle variations
extending product versatility. As one example, some have exploited the
effect of the polymer jet splitting during transit to create such ultrafine fibers
[21]. The section below thematically describes the influence of the key
parameters and how these can be manipulated to create various fiber mor-
phologies and fibrous designs.

2.3 Properties influencing spinnability of polymer
solutions

Electrospinning setups typically include several basic parts: a high-
voltage power supplier (usually a direct current power source), a conductive
nozzle, a syringe pump used to control solution flow rate, and a grounded
substrate for collecting fiber products [22]. During electrospinning, many
factors can influence a jet movement and consequently the properties
of final products. These factors include the following[22,23]: (a) solution
properties (molecular weight, polymer molecule architecture, polymer
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concentration, solvent, conductivity, surface tension, and viscosity), (b)
ambient parameters (temperature, relative humidity, airflow and pressure
around the setup, and ambient gas), and (c) operating parameters (applied
voltage, solution flow rate, nozzle material and geometry, substrate material
and geometry, and the distance between a nozzle and substrate). Properties
of the polymer solution should be the first consideration when determining
the applied voltage and other experimental conditions for a desired fiber
continuity and morphology.

2.3.1 Solution properties
Surface tension acts to minimize the energy at the airesolution interface
through lowering the surface area and forming droplets [16], whereas viscos-
ity acts as a resistive force to sudden changes in solution jet shape and main-
tains a smooth surface [24,25]. In the case of spun fibers, they oppose one
another. At low polymer concentration, surface tension can overpower vis-
cosity, causing a beaded fiber, bead-on-string, or nanoparticle morphology
[26,27]. The reverse happens as polymer concentration, and therefore
molecular entanglement increases. Viscous effects dominate and this favors
the fabrication of smooth and defect-free fibers [28]. Hence, adequate poly-
mer concentration is a prerequisite to attain fibers at all [29,30], as at a
molecular level, there is a threshold concentration for entanglement
[31,32]. Examples of the transition from bead-on-string morphology to
smooth uniform fibers with increasing polymer concentration have been
demonstrated, as exemplified in Fig. 2.2aec [25,36,37]. This is also depen-
dent on the molecular weight of the polymer as longer chain molecules
favor entanglement more than short-chain alternatives. Fiber diameter also
generally increases with increasing viscosity as this increases the resistance
of the polymer jet to deformation by elongation [27]. Another critical
balance of forces takes place on the ejected polymer jet as evaporation of
the solvent takes place and it forms a fiber. Surface tension acts on the poly-
mer jet to maintain a circular cross section, while the tensile force provided
by the electric field stretches it. Sufficient polymer concentration is also
required to prevent capillary breakage and Rayleigh instability [28], other-
wise this also leads to beaded fibers.

The volatility of the chosen solvent affects the rate at which the fibers
will solidify in the spinning process. Solvents with high volatility ensure
that the fibers are dry upon reaching their collecting substrate and attain a
circular cross section. Alternatively, in some situations, it can be desirable
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to have fibers spun wet, dry out gradually, and even merge with their neigh-
bors to form mechanically strong interconnected fiber junctions [38]. At the
other extreme, utilizing highly volatile solvents can design surface porosity
and other surface textures on individual spun fibers through inducing phase
separation during the process of fiber solidification. These nanoscale surface
effects increase the fiber surface-to-volume ratio, a quality that is of interest
for filtration and drug delivery applications for its efficacy in trapping small
particles within nanopores (Fig. 2.2def) [33,39,40]. Manipulation of solvent
properties can also extend to inducing porosity in fibers internally as was
recently studied in, e.g., Fig. 2.2g [34].

Figure 2.2 Control of electrospun fiber morphology. Polymer concentration and solu-
tion viscosity can lead to (a) electrosprayed beads, (b) bead-on-string, or (c) smooth
fiber production [25]. Scales represent 5 mm. Solvent and atmospheric conditions can
yield (d) smooth, (e) rough, and (f) nanoporous fiber surface morphologies [33].
Solvent conditions, nozzle configuration, and solution properties can be used to design
internal fiber geometry, alternative to solid fibers, including (g) internal nanoporosity
[34] (link: https://pubs.acs.org/doi/10.1021/acsami.8b17955), (h) hollow fibers [35],
and (i) polymer ribbons [21]. Scales in (g) represent 1 mm, (h) 2 mm, and (i) 10 mm.
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Overall solution conductivity affects the surface free charge at the fiber
surface, determining the charge density along the polymer jet [41]. It is
essential to facilitate the electrostatic tensile force on the solution droplet
and ensuing polymer jet to be characteristic of electrospinning. Increasing
the solution conductivity is a direct way to increase the electrostatic tensile
drawing force exerted on the polymer jet. This makes a solution more
readily electrospun and increases the elongation effect on the polymer jet,
which can be another strategy to decrease fiber diameter [42,43] and create
a smooth fiber surface through maximizing the surface area [25]. Conse-
quently, this also inherently increases the bending instability and disorder
in the deposited fibers. This strategy has been explored by several groups
through the addition of salt [44], such as NaCl [45], to enhance solution
conductivity of PDLLA (poly-d,L-lactic acid) and other polymers. This
demonstrated improved solution electrospinning behavior and yielded
thinner fibers; furthermore, the addition of salt created surface roughness
on the spun fibers.

2.3.2 Ambient parameters
The environmental factors that influence electrospinning processes can be
logistically more challenging to control but undoubtedly have a consider-
able impact on spun fiber morphology [46e49]. These include surround-
ing temperature, humidity, and air velocity. Principally, this affects the rate
of solvent evaporation. An increase in surrounding temperature has a com-
plex overall effect: it increases the rate of evaporation, which can produce a
rougher fiber surface. Localized heating of the polymer solution can also
increase solution concentration and viscosity [47], and in some cases, this
can be exploited to create thinner fibers [49]. Local airflow within a chem-
ical safety hood is another indirect means to accelerate the rate of solvent
evaporation, which like surrounding temperature may affect the fiber
surface for some polymer solutions and be utilized to induce phase separa-
tion. Humidity can have varying effects on fiber topography through
vapor-induced phase separation as shown by Moroni and et al. [46]. In
the case of certain inorganic solutions that are immiscible in water, it can
cause phase separation to the point at which the solution can no longer
be spun [29]. Humidity can drastically change the solidification processes
of polystyrene, for instance, and this can be exploited by smooth, porous,
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or wrinkled fibers [29,33,50]. Unlike ambient temperature and flow rate,
which affect electrospinning processes more universally, the influence of
humidity is more specific to the solution conditions.

2.3.3 Operating parameters
The operating conditions that affect electrospinning processes include the
following: solution flow rate, nozzle tip size and geometry, the applied
voltage, the electric field that creates with a distanced substrate, and the sub-
strate conditions. Without an adequate polymer flow rate, electrospinning
processes cannot be maintained. At excess, high flow rate will produce
much thicker or even beaded fibers [51], partially due to the rate of solvent
evaporation being reduced and a greater influence of surface tension. One
study constructively used the effect of fiber beading through optimizing pol-
ycaprolactone (PCL) concentration, the applied voltage, and working
distance to produce “self-assembled” honeycomb patterns [36]. In addition
to voltage and working distance, nozzle conditions can also affect solution
flow rate. The size of the electrospinning nozzle directly influences the
size of the initial polymer jet and the nozzle conductivity also has some
influence over the overall solution conductivity. If the solution receives
electric charge from inside the syringe, a conductive nozzle might encourage
charge dissipation before spinning takes place, whereas if charge is imparted
at the nozzle, the nozzle conductivity is the sole component which deter-
mines efficient charge transfer. Various works have innovated nozzle design
to create coreeshell and hollow fiber morphologies with the use of sacrifi-
cial materials [35] (Fig. 2.2h).

The application of voltage to polymer solution is the key distinguishing
feature of electrospinning from any other fiber spinning techniques. By defi-
nition, potential difference between the source and the collecting substrate
provides the threshold tensile force required to initiate fiber formation. The
electrostatic forces that a droplet of polymer solution experiences during the
intrinsic Taylor cone formation of electrospinning are twofold: the tensile
Coulomb force in the direction of the collection substrate and the repulsive
force due to surface charge accumulation. Once a polymer jet is initiated, the
electrostatic forces stretch the jet up until the point of complete solvent
evaporation or when the fiber is collected. Aside from the aforementioned
solution properties, the magnitude of the electrostatic force is a function of
the electric field strength. Both the applied voltage and the working distance
between the suspended droplet and collecting substrate determine that
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magnitude. Increasing the applied voltage has a clear effect on the spun fiber
diameter [52]; however, this relationship is complex and subject to the other
parameters. One can argue that increasing the applied voltage directly
increases the tensile force on the polymer jet, so the stretching effect would
be greater. Alternatively, a high voltage might accelerate the jet toward the
collector so that the fiber is in transit for less time and accordingly is less
stretched [53]. Another explanation could be that high voltages enhance
the flow rate of a solution leading to thicker fibers, as the strength is simply
pulling more material through the syringe. To support that, there is a clear
correlation that at excess applied voltage, beaded fibers begin forming and
there is an increase in “whipping” behavior of the polymer jet [43,51].

Altering the working distance is another direct means to manipulate the
electric field and influence fiber diameter. As the working distance between
the Taylor cone apex and collecting substrate increases, the electric field
intensity decays in a rapid and nonlinear way [54]. It also largely determines
the time that the polymer jet remains in transit, which effects the extent of
the bending instability and evaporation rate of the solvent. Traditionally,
electrospinning processes utilize a working distance between 10 and
20 cm to permit thorough solvent evaporation and collection of dry fibers.
To create a sufficient electric field for fiber initiation, the applied voltage
often is in a range of 10e40 kV, and the consequent bending instability gen-
erates fibers in a random network. When the applied voltage is high and the
working distance is comparatively short, this generates a very intense electric
field and can induce electric arcing, highlighting the importance of selecting
experimental parameters within an optimal threshold.

2.4 Advances and innovations in electrospinning for
application-driven research

The factors mentioned in the previous sections may play different
roles in different electrospinning systems. Thus, depending on ultimate
applications anticipated for a product, the process parameters can be pre-
cisely adjusted by an operator to control the properties of the final products.
Further, to impose a more precise control on final products morphology,
geometries, and arrangement, the electrospinning processes have been
modified through the following:
(a) Redesigning and improving the traditional setups based on a particular

application (e.g., modifying nozzle and collecting substrate, controlling
and directing fiber deposition, and stabilizing jet).
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(b) Transition from far-field electrospinning to high-resolution near-field
electrospinning (NFES) of controlled fiber deposition.

(c) Transition from the use of high voltage to low voltage for continuous
electrospinning fiber patterning.

(d) Transition from electrospinning to high-resolution electrowriting.
(e) Combining electrospinning with other polymer processing technolo-

gies such as AM and microfluidic devices.

2.4.1 Redesigning the traditional electrospinning
As shown in Fig. 2.3, the improvement of traditional electrospinning has
been mainly focused on dispensing nozzles and collecting substrates. There-
fore, in addition to a traditional single nozzle [55e57], coaxial [58,59] and
triaxial nozzles [60,61], multinozzle [62,63], and side-by-side/multichannel
nozzles [64] have been successfully introduced for the fabrication of core/
shell, triaxial, multichannel, Janus, beaded [25], bead-on-string [65],
necklacelike [66], colloidal [67], bamboolike [68], and ribbon fibers [21].
Along with these modifications, needleless electrospinning via rotating
disk [69] and bubble formation [70] techniques have been also introduced
to achieve nanofibrous structures. The proposed modifications on collecting
substrates include various rotating collectors (e.g., rotating drums and disks,
wire drums) [71], water bath [72], and a dynamic liquid substrate for collect-
ing nanofiber yarns [73]. (These modifications were thoroughly reviewed
elsewhere [6]).

Alternatively, the sensitivity of the electrospinning jet to local substrate
electric field profile can be advantageously used to guide fiber deposition
in 2D and even 3D. These methods focus on the final stages of the fiber-
drawing process, pulling the traveling jet away from the region of bending
instability, and directing it to a specific target electrostatically [74]. For
instance, collection electrodes and collection substrates with ridges and
micropillars, parallel electrodes [75], dual collecting rings [76], adding nano-
materials triggered and guided by auxiliary fields (e.g., magnetic field) to the
polymer solution, and patterned conductive substrates [77] or sharp edges or
pins electrodes to ground an incoming jet [74,78e80] have been successfully
utilized to create aligned fibers [81,82].

As the formation of free-standing fibrous structures has found many
applications in biomedical fields, the two simple fabrication methods of
such structures are presented in details. The simplest approach for the depo-
sition of aligned fibers on a substrate or over a narrow gap was proposed by
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Figure 2.3 Schematic illustrations of various electrospinning setups reported in the
literature: (a) traditional electrospinning setup, (b) coaxial electrospinning, (c) triaxial
electrospinning, (d) multichannel electrospinning, (e) electrospinning via fiber collect-
ing water bath, (f) a dynamic liquid substrate for collecting nanofiber yarns,
(g) collecting aligned nanofiber using dual collections rings, (h) needleless disk electro-
spinning, and (i) needleless bubble electrospinning. All schemes were redrawn with
modifications.
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Xia et al. [83]. They changed the geometry of a grounded substrate from a
flat surface into two conductors separated by a void gap (Fig. 2.4). Such a
collector could be simply manufactured by placing two strips of electrical
conductors such as highly doped silicon and metal bars together or by using
two pieces of aluminum foil, where the gap could change up to several cen-
timeters depending on the desired applications. In contrast to conventional
electrospinning, in this configuration, the electric field lines are split into
two fractions pointing toward the conductors at each side of the gap. This
electrical field deviation imposes two sets of electric forces onto nanofibers
and consequently aligns them uniaxially across the gap, where their longitu-
dinal axes oriented perpendicular to collector edges. The stacking density of
fibers deposited over a gap is proportional to the collection time and
inversely depends on the gap width. The longer collection time and the
narrower gap yield denser arrays. However, their results demonstrated

Figure 2.4 Schematic illustrations of the setup for electrospinning for generating uni-
axially aligned nanofibers. (a) Modified setup configuration with the parallel conductive
bars as collecting substrates. (b) Schematic illustration showing the distribution of static
fields. (c) Schematic illustration showing the electric and charged forces exerting on the
fiber jet.
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that thinner fibers (diameter <150 nm) are quite unstable across a gap
>1 cm, as the fibers cannot tolerate their own weight and electrostatic
repulsion forces applied by other fibers. To deposit fibers across a wide
gap beyond several micrometers, it was suggested to use a temporary and
nongrounded substrate for supporting fibers. In addition to uniaxially align-
ing fibers, it would be also easy to fabricate a multilayer nanofiber structure
by controlling the configuration of electrodes [9].

Another approach proposed for patterning aligned fibers is to directly
manipulate the electrospinning process through incorporating stimuli-
responsive materials such as magnetic nanoparticles to the solution and
directing fiber orientation via applying an external stimulus (e.g., magnetic
field) [84]. Therefore, magnetic electrospinning was reported as a facile and
effective technique that could simply fabricate highly aligned fibers and
multilayer lattices over a large area. The fiber meshes could also be easily
transferred to other substrates or over microfluidic channels for more sophis-
ticated applications. In this method, a small amount (>0.5 wt%) of magnetic
nanoparticles was mixed with a polymer solution to magnetize it, and the
solution is electrospun in the presence of a permanent magnetic field
imposed by a pair of parallel-positioned permanent magnets. While both
magnetic and electric fields can attract fibers to a collecting substrate, the
magnetic field plays an essential role in aligning them over the gap between
the two magnets (Fig. 2.5) [85,86].

Figure 2.5 Schematic illustration of the setup used in the magnetic fieldeassisted elec-
trospinning technique for fabricating aligned nanofibers.
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Furthermore, to fabricate an electrospun fiber structure over a void gap
with a curved geometry, researchers substituted solid collecting substrates
with sacrificial conductive materials or an electrolyte [87]. The fluidic nature
of the electrolyte provides flexibility in shaping the grounded collector and
patterning according to the shape of a narrow channel. The ease of
removing electrolytes after depositing fibers allows formation of a free-
standing structure without conducting further mechanical or chemical
peel-off processes for transferring fibers over the channel.

2.4.2 Transition from far-field to near-field electrospinning
High-resolution images of an electrospinning show that a polymer jet is
made of three characteristic regions: a Taylor cone, proceeded by a stable
straight region of around 10e30 mm, known as near-field region, before
a bending instability takes effect [88] (Fig. 2.6).

Figure 2.6 The region of bending instability characteristic of electrospinning tech-
niques. (a) The point at which the bending instability establishes and its relation to
jet stabilization strategies, (b) Solution jet path of traditional electrospinning. Adapt-
ed from Reference Reneker, D.H., Yarin, A.L. (2008). Electrospinning jets and polymer
nanofibers. Polymer 49(10), 2387e2425 under CC BY-NC-ND 3.0 license.
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In fact, the viscoelastic properties of the polymer jet should be able to
overcome the Rayleigh instability which may break the jet into droplets
[89,90], that is observed in electrospraying process [91e93]. As the polymer
stream moves through the stable region, it creates a conductive path for the
electric current to pass through. The velocity of the jet within this region
was estimated to be w1e15 m/s [94,95]. Therefore, the estimated critical
length of the stable and straight jet can be calculated via Eq. (2.1):

L¼ 4kQ3

pr2I2

�
1
R2
0
� 1
r20

�
(2.1)

where R0¼(2sQ/pkrE)1/3, s is the surface tension, Q is the polymer so-
lution flow rate, k is the electrical conductivity of the solution, r is the
solution density, E is the electrical field strength, I is the current passing
through the jet, and r0 is the jet initial radius [96,97].

Based on the above information, the key to patterning electrospun fibers
with greater precision is to dampen the influence of the chaotic jet bending
instability on fibers. This can be achieved through redesigning the process
around the stable region on the jet and preventing the bending instability
from establishing in the first place. This is the central premise behind
NFES [98], which reduces the distance between the Taylor cone and a col-
lecting substrate to a millimeter scale as well as reducing the applied potential
difference at the source by an order of magnitude. Thus, the overall electric
field strength required for electrostatically driven fiber initiation is main-
tained. Adjusting these parameters enables direct writing of straight, coiled,
or helical polymer fibers through matching the feed rate of solution with the
translation speed of either the deposition substrate or the electrospinning
spinneret itself. The ability to design the path of the translating component
of NFES configurations allows drawing of complex 2D patterns in a versatile
manner akin to 3D printing [99e101].

Omitting the region of bending instability does reduce the elongation
effect on the polymer jet; thus, the fibers produced tend to be larger. Addi-
tionally, as the jet has a shorter travel distance, the solvent has less opportu-
nity to evaporate and the fibers may still be wet immediately after patterning
unless the solvent is volatile. In some cases, the wet fibers may adopt a semi-
circular cross section [102], as opposed to a rounded fiber or merge with
neighboring fibers [38,103]. Another factor to consider is that the deposited
fibers may retain some residual charge, which can act against achieving dense
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fiber alignment through repelling the incoming jet [104]. Use of coagulation
baths as a collecting substrate is one strategy to avoid this issue while ensuring
thorough removal of solvents [105].

2.4.3 Transition from high-voltage to low-voltage
electrospinning

Another research direction developed using NFES to pattern fibers in 3D is
to reduce the applied voltage further through initiating jet formation with
high voltage to begin with before significantly lowering it [101] or the
use of physical objects or “initiators” to draw out the polymer jet
[99,106]. Here, both stabilized jet and substrate modification control and
direct a patterning process. Bisht et al. developed a highly elastic polymer
ink that can draw dry fibers spanning between micropatterned posts at volt-
ages as low as 200V [99]. Recently, Huang et al. proposed a new technique
in which a motorized XYZ-stage was integrated with NFES to fabricate and
precisely position fibers over a gap of several millimeters [107e109]. To
achieve this goal, they employed an initiator that facilitated the formation
of the polymer jet under an applied voltage. Subsequently, fibers were
drawn between the two initiators due to moving the nozzle between these
initiators. A drawback of the proposed technique is the solvent evaporation
from a predeposited solution that confines its application for patterning only
across narrow gaps to lessen the adverse effect of solution drying [107e110].

Recent development in near-field techniques has further lowered the
operating voltage to the range of 100V [108]. Low-voltage electrospinning
patterning introduced by Huang’s group utilizes both mechanical and elec-
trical forces for fiber initiation process, in addition to the mechanical stretch-
ing of the fiber against a collection substrate (Fig. 2.7). The presence of the
initiator can promote the onset of fiber jetting and enhance the fiber stretch-
ing and thinning process. When the initiator is close to the nozzle position,
even at a voltage of around 100 V, the focusing of the electric field can
locally reach w2500 V/cm. As the substrate moves toward the center of
the substrate, the electric field distribution becomes more symmetrical
which allows fibers to be accurately deposited at a predetermined position.
Lowering the applied voltage in electrostatic processing can minimize
potential damages on bioactive components, provide greater flexibility
and higher safety when combined with 3D printing mechanisms.
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Figure 2.7 (a) Schematic illustration of figure low-voltage electrospinning setup; (b) Simulation of the electric field distribution with the
moving of the initiator relative to the nozzle; (c) Schematic illustration of fiber deposition by adjusting the voltage application over a
gap; (d) Fibrils bridging over a gap of 2 mm deep with a separation distance of 2.4e3.2 mm. Fibers were created using voltages of 0.25,
0.3, and 0.4 kV, respectively. SEM images show the effect of voltage on fiber deposition on the substrate (at 1 kV) and suspension (at
0.1 kV) over the gap. Adapted from Reference Li, X., Li, Z., Wang, L., Ma, G., Meng, F., Pritchard, R.H., Gill, E.L., Liu, Y., Huang, Y.Y.S. (2016).
Low-voltage continuous electrospinning patterning. ACS Appl. Mater. Interfaces 8(47), 32120e32131 under Creative Commons Attribution 4.0
International license-Open access.
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2.4.4 Transition from electrospinning to electrowriting
Scanning tip electrospinning, high-precision deposition electrospinning, and
NFES are different direct writing solution electrospinning, in which an
automated XYZ-stage is used as a collecting substrate [111]. The short
collection distances between nozzles and substrates, together with moving
stages presented in these techniques, yield a high relevance of fiber deposi-
tion in a predetermined fashion. However, the production rate in such tech-
niques is extremely low of the order of 0.7 mg polymer per hour [112].
Researchers also reported electrospinning a PCL/dimethyl formamide/
methylene chloride solution into a polyethylene glycol (5 wt%) aqueous
bath placed on an automated moving stage [113]. This technique produced
fibrous structures with 205 � 61 mm fiber diameter and rough surface
morphology, compared to structures produced with fused deposition
modeling (FDM). Lee et al. also demonstrated a new approach in which a
cylindrical side electrode and a thin, sharp, and moving collector controlled
fiber deposition [114]. Scaffolds produced via their method benefited from
uniform fibers with submicron diameter and constant morphology.

Compared to solution electrospinning, melt electrospinning can produce
fibers of several micrometers in diameter. Moreover, electrified jet in molten
electrospinning does not exhibit dynamic motions observed in conventional
electrospinning and reduces charge accumulation on deposited fibers,
enabling more accurate stacking fibers. These advantages can be attributed
to the lack of charge solvent and the higher viscosity of the fluid. In addition,
the lack of chaotic motions in melt electrospinning significantly reduces
complexities required for designing XYZ-stages, where straight fibers can
be drawn for speeds ranging from w8 to 20 mm/s compared to speeds
(w50e150 mm/s) required in NFES [115]. Although melt electrospinning
writing is the most similar technique to FDM, there are some important dis-
tinctions between these two methods including much smaller fiber diam-
eter, lower pressure at the spinneret tip, and much larger distance
between the nozzle and collector in melt electrospinning (Fig. 2.8).

The formation of a stable jet is a prerequisite for a controlled deposition
of electrospun fibers on a stationary substrate. However, in the case of a
moving platform, the formation and deposition of continuous and unbeaded
fibers in a predictable and repeatable manner requires further adjustments
and controls over key processing parameters including polymer flow rate
in the nozzle, collector speed, electric field, while the viscosity and charge
of the fluid define the properties of the molten polymer [117]. Polymer
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melts with high viscosity and low conductivity are suitable for melt electro-
spinning writing applications to create 3D structures through controlled
fiber patterning. Thus, all the parameters should be precisely and simulta-
neously tuned in order to fabricate highly ordered structures in laboratory
scales and even in large scales.

For melt electrospinning writing (Fig. 2.9a), when polymer mass flows
from the spinneret to the jet and then onto the collector are not adjusted,
it may cause inconsistency and undesired sectional oscillation (known as
“pulsing”) of the fiber diameter or bead formation. Pulsing can affect the
fiber deposition particularly when the moving stage changes the direction.
In addition to the flow rate [120], accelerating voltage can cause pulsing
effects and introduce artifacts into the printed construct due to the oscillation
of jet flow rate. When the applied voltage is slightly lower than the opti-
mized voltage at a fixed collector distance, the pulsing occurs as the forces
which lead to jet stretching are not constant. This condition is even worse
when the voltage is considerably lower and leads to the formation of long
beads on fibers (Fig. 2.9b). Overall, to avoid these undesired process insta-
bilities, the operator should limit the mass flow injected through the
spinneret or stabilize the mass flow of the polymer jet via increasing the
applied voltage which increases the electrical field strength [118].

To successfully deposit fibers on a moving substrate, the moving speed
(Sc) should be higher than the ultimate jet speed (Sj), known as the critical
translation speed, CTS. For a melt electrospinning writing setup operating
well beyond CTS, the fiber can be stretched to obtain a submicron diameter
size. On the other hand, for a transition speed below CTS, a jet buckling

Figure 2.8 The distinctions between fused deposition modeling (FDM) and melt elec-
trospinning writing. Redrawn from Reference Dalton, P.D., Vaquette, C., Farrugia, B.L.,
Dargaville, T.R., Brown, T.D., Hutmacher, D.W. (2013). Electrospinning and additive
manufacturing: converging technologies. Biomaterials Science 1(2), 171e185.
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occurs which yields a nonlinear pattern on the substrate. This may produce
some of the typical shapes such as linear, sinusoidal, side loops, “figure of
eight,” and circular coiling [118,121], shown in Fig. 2.9c. Therefore, based
on the relationship between collector speed and jet speed and the forces
imposed on the jet stream, the jet profiles can be categorized into four
different shapes, schematically illustrated in Fig. 2.9d. These shapes include
the following:
• Case 1: When the collector speed is zero, SC ¼ 0, the jet vertically goes
down and starts bending and forming a compressive heel near the col-
lector due to buckling. This deforms the straight jet to a coil shape.

Figure 2.9 (a) The schematic illustration of melt electrospinning writing; (b) the effects
of flow rate and voltage on the fiber geometry: (A) Mass flow rate deposited on the
moving substrate (dm3/dt) versus time. The dm3/dt is proportional to the polymer
flow rate of the jet. (B) The morphology of fibers collected on the moving substrate;
(c) jet buckling and nonlinear patterns on the substrate. (d) Different scenarios for
the relationship between jet speed (SJ) and collector speed (SC). Reproduced from
Reference Gernot, H., Almoatazbellah, Y., Andrei, H., Jodie, N.H., Tomasz, J., J€urgen, G., Paul,
D.D. (2016). Fibre pulsing during melt electrospinning writing. BioNanoMaterials 17(3e4),
159e171 under the Creative Commons CC BY-NC-ND 3.0 license; Redrawn from Reference
Brown, T.D., Dalton, P.D., Hutmacher, D.W. (2011). Direct writing by way of melt electro-
spinning. Adv. Mater. 23(47), 5651e5657.
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• Case 2: When the collector speed is equal to the jet speed (SC ¼ SJ), the
compressive force decreases as the collector speed increases, which reduces
the heel region and brings the point of deposition directly under the
nozzle.

• Case 3: As the collector speed further increases (SC > SJ), the contact
point of the jet and the substrate moves behind that is the point verti-
cally below the nozzle and causes a “lag” region due to a delay in
responding to axial tensile force stretching the jet. The delay originates
from the viscoelastic properties of the jet.

• Case 4. Upon increasing the collector speed, (SC >> SJ), the lag region is
extended, causing further stretching of the jet. However, this phenome-
non causes undesirable effects on fibers geometry and location, and
consequently affects the quality of final products.
Overall, as suggested by Hutmacher et al. [119], complex patterns and

geometries can be produced via matching the translating speed of the collec-
tor to the jet speed.

2.4.5 Combining electrospinning with other polymer
processing technologies

The combination of polymer processing techniques has also gained a great
deal of attention in recent years, as these unique combinations can integrate
the advantages of each method and overcome shortcomings observed for
using an individual one. For instance, a combination of electrospinning
and microfluidic devices could provide a unique opportunity for fabricating
fiber meshes of different gradients where the concentrations of various func-
tional agents (e.g., nanoparticles, biomolecules, therapeutic drugs) could be
precisely controlled through a microfluidic chip [122]. The combination of
AM and electrospinning can also be beneficial for precisely controlling fiber
deposition and orientation, as well as pore sizes of scaffolds. Further discus-
sion of such combined approaches have been provided in the following
subsections.

2.4.5.1 Electrospinning and microfluidics
One of the major drawbacks of conventional electrospinning is the lack of
ability to produce fibers matrices with desired gradients of different materials
and physical and chemical signals. Common electrospinning techniques can
only produce nanofibers with the same concentration, while matrices with
various physicochemical properties are usually required for successfully
mimicking tissue engineering constructs or drug delivery applications. To
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address this problem and to produce electrospun nanofibers containing gra-
dients of compositions, biomolecules, active chemicals, and nanoparticles,
researchers integrated a microfluidic technology with electrospinning
[122]. This novel and flexible technique benefits from a Y-shaped
microchannel with two inlets and one outlet, where the injection rates of
the two different solutions were precisely controlled by a computer
(Fig. 2.10). The outlet of the device was connected to a metal tube and sub-
sequently to a thin conductive nozzle. Also, an XYZ-moving platform is
used as a substrate to collect nanofibers with different concentrations within
the spinning area. This approach enables the creation of matrices with
spatially controlled gradients and enhanced functionalities suitable for study-
ing spatial differentiation in mesenchymal stem cells or releasing therapeutic
agents in a controlled and preprogrammed fashion.

The use of paper-based microfluidics devices has gained more attention
in healthcare, food safety, environmental monitoring, and veterinary med-
icine [123,124] due to their low cost, simple and rapid fabrication process,
compatibility with small volumes of sample, and ease of disposing by incin-
eration with minor environmental consequences [125]. While most of
paper-based devices are designed and fabricated in 2D, recently, 3D devices
have been fabricated with more functions using paper materials through
stacking 2D paper layers or paper origami [126e128]. However, these

Figure 2.10 Schematic diagram of the platform used to produce nanofibers with
different gradient. Redrawn from Reference Zhang, X., Gao, X., Jiang, L., Qin, J. (2012).
Flexible generation of gradient electrospinning nanofibers using a microfluidic assisted
approach. Langmuir 28(26), 10026e10032.
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techniques are time consuming and labor-intensive, and the potential
misalignment and discontinuity among paper layers and tape layers may
affect device performance and confine the reproducibility of the process.
Ref. [129] proposed a new technique in which a 3D nanofiber microfluidic
device was fabricated using electrospinning and waxing processes controlled
by a computer-guided trajectory (Fig. 2.11). The proposed technique could
overcome the problems envisaged using old-fashioned methods.

Embedding micro-/nanofibrous structures into microfluidic chips can
generate a complex microenvironment for cells for regulating phenotype
expression in diagnosis [130], drug screening and discovery research, and
tissue engineering applications [131,132]. While an electrospun polymer
matrix simulates extracellular matrix for cells, an integrated microfluidic
network provides a spatiotemporal liquid microenvironment through veloc-
ity and shear force imposed. The potential advantage of such devices was
verified by investigating the alignment of neural stem cells in response to
the orientation of 2D electrospun matrices versus microfluidic channels.
This technique generated a controlled gradient of stromal cellederived fac-
tor 1-alpha [133]. Liu et al. also fabricated a new device via embedding a
patterned electrospun fibers into a polydimethylsiloxane (PDMS) microflui-
dic chip for hepatocyte culture [134]. Under optimized flow conditions, he-
patocyte spheroids showed hepatocyte biliary and polarity excretion and

Figure 2.11 Multilayer construct with upper and lower flow channels: fabrication pro-
cess includes electrospinning nanofibers and printing wax. Redrawn from Ref. Chen, X.,
Mo, D., Gong, M. (2020). A flexible method for nanofiber-based 3d microfluidic device
fabrication for water quality monitoring. Micromachines 11(3), 276.
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could preserve high levels of urea and albumin secretion for >15 days. The
toxic effects of silver nanoparticles (AgNPs) were assessed using this organ-
on-a-chip model, where the results indicated consistent and sensitive hepa-
totoxicity of AgNPs during the experiment.

Although culturing cells on electrospun fibers placed on a solid substrate,
as described above, can provide valuable information about the cell attach-
ment, proliferation, expansion, and differentiation, it is often desirable,
particularly in biomedical and sensing domains, to utilize a free-standing
fibrous micro-/nanostructures. Research findings have proved that a 3D
cell culture coupled with online detection and analysis techniques can signif-
icantly improve our ability to mimic and understand in vivo systems [135].
Assembled over a channel gap, this novel architecture can provide a more
realistic condition for investigating tissueetissue interface, and for organ tis-
sue engineering, such as liver and lung, where a biomimetic membrane will
enable the transport of nutrients as well as wastes while mechanically sup-
porting cells as porous and fibrous structure. However, due to the inherent
nature of traditional electrospinning, fabrication of such microdevices still
remains a challenge.

Compared to the techniques where fibers are directly generated over a
void gap, the postmodifications of electrospun fibers through electrome-
chanical processes [136,137] can be used for creating free-standing fibrous
structures. In 2017, Hu et al. [138] introduced a universal, green, and
straightforward strategy to produce micropatterned electrospun nanofibers.
Their proposed approach utilized a solvent-loaded agarose hydrogel stamp
for direct patterning of electrospun nanofibers on a substrate (Fig. 2.12).
In general, this method involved the fabrication of an agarose hydrogel
stamp by cast molding from a PDMS master. Then, agarose hydrogel stamp
was submerged into a solventewater mixture and subsequently placed over
nanofiber meshes (randomly patterned or aligned nanofibers). As the organic
solvent in the hydrogel stamp diffused to the nanofiber/stamp interface, it
induced a localized coalescence of nanofibers and formed a thin membrane
on the contacted zone. Finally, the patterned nanofibers were transferred
onto a substrate for further processing. The substrate with patterned electro-
spun nanofibers was further utilized to spatially coordinate cell orientation in
microfluidic devices. Using this technique, complex microstructures can be
further fabricated via multistep alteration of microcontact patterning and
electrospinning and used for several applications, particularly in biosensing,
biomedical engineering, and lab-on-a-chip systems.
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2.4.5.2 Electrospinning and additive manufacturing
A reliable and well-engineered scaffold plays a central role in tissue engineer-
ing and regenerative medicine. AM and electrospinning are two separate
technologies extensively employed for manufacturing scaffolds in biomed-
ical applications. However, a need to accurately control the pore size and
spatial distribution of pores within scaffolds has motivated researchers to
combine these two technologies to overcome deficiencies in each method.
AM is abroad name for techniques in which an artificial construct is fabri-
cated through layer-by-layer deposition of materials according to a
computer-aided design. Although these techniques can precisely control

Figure 2.12 Patterning of electrospun nanofibers via solvent-loaded agarose hydrogel
stamps. This process involves (aeb) fabrication of solvent-loaded agarose hydrogel,
(c) electrospinning nanofibers, (d) contacting electrospun nanofibers with the hydrogel
stamp, and (e) transferring nanofibers to a substrate. Redrawn from Reference Hu, T., Li,
Q., Dong, H., Xiao, W., Li, L., Cao, X. (2017). Patterning electrospun nanofibers via agarose
hydrogel stamps to spatially coordinate cell orientation in microfluidic device. Small 13(3),
1602610.
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pores and structure of scaffolds, they usually suffer from low filament reso-
lution not suitable for tissue engineering. In contrast, solution electrospin-
ning can generally produce fibers of different diameters.

As previously mentioned, electrospinning relies on a strong electric field
imposed on a viscous fluid, including both polymer solutions and melts, to
produce electrified jet passes through the air toward an oppositely charged
collector. While electrospinning a polymer solution suffers from different
levels of instability originating from inherent properties of the solution
and surface charge density, melt electrospinning, which offers lower con-
ductivity and higher viscosity, can produce fibers without such instabilities
[139,140]. Further, the charge accumulated with the deposited fibers, espe-
cially in solution electrospinning, confines the number of layers which can
be deposited and remain bound as one coherent structure. Thus, due to the
size of fibers, the thickness of scaffolds produced does not go beyond a few
millimeters [116,141]. In addition, typically, solution electrospun meshes
have low porosity and form tightly packed structures that only allow cells
to proliferate on the mesh surface and restrict cells infiltration into the scaf-
folds. To overcome some of these challenges, researchers have employed
patterned substrates [142,143] or rotating mandrels which allow better pre-
diction and control of the deposition of fibers. However, these processes still
lack precisely controlled fiber depositions.

In 2008, researchers reported new fabrication methods via combining
AM and electrospinning [144,145]. They fabricated bimodal scaffolds in
which the main layers of the structure were formed via FDM, while electro-
spun fibers were deposited between each of those layers. These scaffolds
exhibited large micropores for cells to infiltrate into as well as nanofibrous
structures suitable for cell adhesion. Another study showed the advantages
of combined electrospinning and FDM to produce tubular architectures
for vascular tissue engineering. A more advanced technique has recently
been introduced by Huang’s group, where they reported the fabrication
of intricate suspended fiber architectures. The individual fibers deposited
by this technique approach the micrometer/submicrometer scale, while
the ultimate height of suspended 3D fiber constructs can span over a centi-
meter (Fig. 2.13). They also showed an application of the fiber construct in
3D cell culture, where patterned fiber topography was utilized to guide the
organization of suspended high-cellular density structures [107]. To further
extend the application of 3D fiber constructs for standard biological
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Figure 2.13 (a) Fabrication of bimodal 3D scaffolds via combining near-field electrospin-
ning and additive manufacturing; (b) producing scaffolds of different geometries using
the technique introduced in part (a). Adapted from Reference Gill, E.L., Willis, S., Gerigk,
M., Cohen, P., Zhang, D., Li, X., Huang, Y.Y.S. (2019). Fabrication of designable and suspended
microfibers via low-voltage 3d micropatterning. ACS Appl. Mater. Interfaces 11(22),
19679e19690 under Creative Commons Attribution 4.0 International license-Open access.
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applications, 3D additive batch electrospinning has been developed to effi-
ciently produce 3D hydrogel gelatin microfiber devices in a batch fashion
with minimized sample-to-sample variance [146].

Besides bimodal scaffolds containing microfibrous and nanofibrous fea-
tures distributed throughout the entire structure, the combination of AM
and electrospinning has also been utilized to produce multiphasic constructs
containing different regions with different pore size and porosity. Therefore,
multiphasic scaffolds could produce adequate artificial tissue microenviron-
ment for different cells to form a functional tissue unit. Hutmacher et al.
[147] used this integrated technique to manufacture a multiphasic scaffold
and to encapsulate biological agents such as proteins for promoting ectopic
periodontal regeneration in rat models. Further details on the combinatorial
approaches in electrospinning and 3D printing are covered separately in
Chapter 12 of this book by Ameer et al. 2020.

2.5 Summary and future prospects

Electrospinning offers a myriad of design options for functional micro-
and nanofiber production for a diverse range of applications. They can be
adapted to process a large selection of polymers both of natural and synthetic
origin. Other key advantages include that it processes materials in a highly
efficient and throughput way. Fibers can be designed in a broad range of
sizes [148], mesh porosities [149], and various fiber surface textures. Innova-
tion in the experimental configurations can produce randomly organized
fiber networks, highly ordered 2D patterns, and free-standing and stacked
fibers. All these can be easily achieved through appropriate material selec-
tion, adjusting operating parameters, controlling ambient conditions, and
redesigning collectors with particular geometries.

The integration of electrospinning with other manufacturing techniques
such as microfluidics has led to enormous progress in tissue engineering and
analytical devices for point-of-care diagnosis. It offers versatile advantages for
the fabrication of multimaterial constructs with spatial gradients. These
innovative and complex architectures could present applications as in vitro
models for drug screening, toxicological studies, and cancer research. The
combination of electrospinning and AM techniques could also bring a
breakthrough for making well-designed constructs via accurately controlling
fiber deposition in micro-/nanoscales. This novel combination can fill the
need for bimodal and multiphasic scaffolds with systemic variations in
morphology. While small-scale architectures are usually produced with
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solution electrospinning, these can also be produced via melt electrospinning
combined with AM, which together provides higher resolution compared
to FDM 3D printers.

Despite the existing achievements with electrospinning, the evolving
end-use applications still demand new breakthroughs and improvements of
this technique for improving material functionality and device integration.
In particular, scaled-up productions for industry purposes and bench-to-
bed customization for personalized equipment are of great interest, but yet
to be fully addressed. Future developments of electrospinning and fiber pro-
duction researches could be directed toward integrating with new materials
and other advanced material processing and printing approaches.
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