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ABSTRACT

Electrospinning is an important technique to fabricate nanofibers. In recent years, near-field electrospinning (NFES) has been developed to
enhance the control of nanofiber deposition compared to conventional electrospinning, achieved by reducing the operating distance and
electric field. This enables the construction of high-aspect ratio 3D structures in a self-aligned, layer-by-layer manner. However, the align-
ment of fiber deposition can be hindered by charge accumulation in the polymer fibers. Furthermore, a theoretical understanding of the
underlying fiber deposition mechanism is still lacking. Herein, we present a numerical model for studying the charge transport, dissipation,
and accumulation of NFES polymer fiber deposition. The model reveals that the presence of a trapped state in polymeric materials imposes
limitations on the quality of charged fiber deposition. Moreover, the effect of different substrate materials on charge dissipation in fiber dep-
osition is studied. To validate the model, we compare the simulation results with NFES experiments, demonstrating qualitative agreement.
We also analyze the effect of the fiber materials and experimental parameters on the printing quality. This model provides an approach to
analyze and optimize the operating parameters of NFES to achieve precise and stable nanofiber deposition.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0171903

I. INTRODUCTION

Nanoscale additive manufacturing (AM) is a method of fabri-
cating complex nanoscale structures via self-assembly or directed
assembly.1–4 AM has greater flexibility and programmability than
conventional manufacturing methods for fabricating complex
structural architectures.5 As a result, it has gained huge popularity
in a variety of fields, i.e., sensors,6,7 energy devices,8,9 and biomedi-
cal applications.10–12 There are various additive nanomanufacturing
technologies, such as e-beam lithography,13 direct laser writing,14

and direct ink writing.15 Each technology has its own set of charac-
teristics, benefits, and drawbacks. Lithography-based technologies,
for example, have a high printing resolution,14 but they are con-
strained by slow manufacturing speed, high infrastructure costs,
and reliance on epoxy-based polymer inks. The flow-based ink
printing technologies, on the other hand, are more efficient and
require less infrastructure costs, but the printing resolution is

relatively low.16 Among the available technologies, near-field elec-
trospinning (NFES) shows advantages in terms of resolution, print-
ing speed, and material processing, allowing rapid, scalable, and
flexible fabrication of complex 3D structures with programmable
properties.

Electrospinning is a continuous nanofiber production method
driven by an electric field between a metallic nozzle and a
grounded substrate.17,18 The electric charges induced by the electric
field accumulate on the surface of the liquid droplet. The electric
force acting on the charged droplet, which pulls it toward the sub-
strate, competes with surface tension, causing it to form a conical
shape, known as the Taylor cone.19 When the electric force exceeds
the surface tension, the droplet’s surface breaks and ejects the elec-
trified thin jet. For conventional electrospinning, the operating dis-
tance between the nozzle and the substrate is large. Therefore, the
electrified jet whips due to a bending instability, resulting in inac-
curate nanofiber deposition.20 There are several works to investigate
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the flow properties of the electrified jets21 and modifications, such
as orthogonal rotating electric fields22 and controlled gas flow,23

have been explored to study the bending instabilities and radius of
the electrified polymer jets. Near-field electrospinning is one of the
approaches that has been developed to improve the controllability
of the electrospun fiber collections, achieved by shortening the
operating distance and reducing the applied electric field.24,25 As a
result, the nanofibers can be precisely controlled by depositing
them before the initiation of whipping motion.

As a nanoscale AM method, NFES can print at a high speed
(.20 cm/s) with a high resolution (,100 nm) and is also applica-
ble to a wide range of materials, i.e., polymers,26,27 carbon,28,29 and
metal oxides.30,31 However, one of the major limitations of NFES is
the charge accumulation in the deposited fibers. During the fiber
deposition, in-flight fibers deposit on top of the deposited fibers in
a self-aligned manner.32–34 This enables stacking the nanofiber
consistently to form a high aspect ratio structure. When the charge
dissipation is slow, the residual charges accumulate in the deposited
structure. As a result, the electric repulsion between the fibers limit
the self-alignment of the fibers. Several studies have been con-
ducted to analyze and improve the charge dissipation of the
charged fibers. Catalani et al. found that the residual charge is
trapped within the crystalline phase due to molecular orientation.35

Park et al. demonstrated that the charge dissipation can be
enhanced by adding sodium chloride into the polymer solution,
which enables fabricating 3D wall structures with a high-aspect
ratio.36 Sadaf et al. investigated the effect of different substrates on
NFES and found that the conductor substrate outperforms all other
candidates.37 However, a theoretical model of the charge dissipation
mechanism of NFES fiber deposition is still lacking.

In this work, we develop a model for the charge transport in
the dielectric medium for the NFES fiber deposition. We consider a
one-dimensional charge transport model in a dielectric material
subjected to an external electric field,38 in which charge is trans-
ferred from the deposited fiber to the grounded substrate.
Dielectric charge transport models have been employed to study
the dynamics of space charges in various dielectric materials, e.g.,
charge injection in dielectric thin film,39 polyethylene,40 and space
charge accumulation in high voltage cable.41,42 Herein, we will
study the space charge dynamics in the deposited fiber and demon-
strate that THE trapped state is the main source of slow charge dis-
sipation. Furthermore, the effect of various substrates on the charge
dissipation will be demonstrated.

The paper is organized as follows. The one-dimensional
charge transport model is introduced in Sec. II. The results of space
charge dynamics in the dielectric deposited fibers and the electro-
mechanical behavior of the NFES fiber deposition are presented
and discussed in Sec. III. The paper concludes in Sec. IV with a
summary of the key results.

II. METHOD

A. Charge transport model

In this section, we develop a charge transport model of
charged polymer fiber deposition for NFES. Figure 1(a) shows the
schematic diagram of NFES fiber deposition. In the direct-writing
NFES, an electric potential Φ is applied between a nozzle and a

substrate over a distance L such that the induced charge in the
polymer droplet is ejected from the Taylor cone and carried by the
ejecting jet. The electrified jet deposits on a rotating grounded sub-
strate at rotational speed ω in a fiber-by-fiber manner, forming a
stacked wall structure via the self-alignment mechanism. The resid-
ual charges in the polymer fiber are transported from the fiber to
the grounded substrate by the external electric field. Due to the
symmetry along the radial direction, we assume that the charge
transport occurs only along the vertical z-direction and employ a
one-dimensional model.

We consider a 1D fiber with infinitesimal small width dx and
height h, which is stacked on top of the deposited fiber wall for
each deposition time td . The charge distribution of the 1D fiber is
described by a Gaussian distribution,

ρ(z) ¼ ρ0e
�1

2
z�(h�w)

σð Þ2 , (1)

where ρ0 is a charge constant that determines the charge density of
the fiber and w and σ are the width and standard deviation of the
Gaussian distribution, respectively.

Bipolar charge transport is commonly considered in the
dielectric charge transport model,38 as both positive and negative
charges are generated in dielectric materials. However, only one of
the charge carriers is dominant in the electrified jet of NFES.
Therefore, we consider the positive charge as the only charge
carrier in our model, and its dynamics in the deposited fibers are
described by the following set of coupled equations.

(1) Transport equation,

J(z, t) ¼ μE(z, t)ρ(z, t)� D∇ρ(z, t): (2)

(2) Continuity equation,

@J(z, t)
@z

þ @ρ(z, t)
@t

¼ 0: (3)

(3) Poisson equation,

@E(z, t)
@z

¼ ρ(z, t)
εε0

, (4)

where J is the transport current, E is the electric field strength, ρ is
the charge density, μ is the mobility of the charge carriers, D is the
diffusivity of the charge carriers, ε is the dielectric constant, and ε0
is the permittivity of vacuum. On the right-hand side of Eq. (2),
the first term is the drift flux, and the second term is the diffusion
flux.

Charges can be stored in the trapped states of polymeric mate-
rials for a long time,43 as shown in Fig. 1(b). These trapped states
depend on crystallinity,44 polymer structure,45 and the presence of
additives.46 To introduce the trapped and mobile states into the
model, the total charge density is rewritten as the sum of them,

ρ ¼ ρt þ ρ f , (5)

where ρt is the charge density in the trapped states and ρ f is the
charge density in the mobile states. Moreover, the source terms for
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the trapped states and the mobile states are given by

St ¼ Rf!tρ f 1� ρt
Nt

� �
� Rt!f ρt , (6)

S f ¼ �R f!tρ f 1� ρt
Nt

� �
þ Rt!f ρt , (7)

where R f!t is the rate of charge transfer from the mobile state to
the trapped state, Rt!f is the rate of charge transfer from the
trapped state to the mobile state, and Nt is the density of the
trapped state. As a result, the continuity equation in Eq. (3) can be
separated into the trapped and mobile states,

@ρt(z, t)
@t

¼ St , (8)

@J(z, t)
@z

þ @ρf (z, t)

@t
¼ S f : (9)

At the interface between the deposited fiber and the grounded
substrate, the charges are transported from one material to another
via a hopping mechanism in which the charges have to overcome
an energy barrier, as shown in Fig. 1(c). Therefore, we propose that
the boundary condition of the current at the fiber/substrate inter-
face is given by

J(z ¼ 0, t) ¼ μE(0, t)ρ(0, t) exp � Δ

kBT

� �
, (10)

where Δ is the energy barrier, kB is the Boltzmann constant, and T
is the temperature.

FIG. 1. (a) Schematic diagram of the electrospinning setup in which the charges in the polymer fiber are transported from the top of the wall structure down to the sub-
strate. Adapted with permission from A. Sadaf, Adv. Eng. Mater. 24, 2101740 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution (CC BY)
license). (b) The presence of the trapped state in polymer medium. (c) The energy barrier at the polymer fiber/substrate interface due to material mismatch.
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B. Experimental setup

To validate the charge transport model, we compare it with a
NFES experimental setup. As illustrated in Fig. 1(a), a stainless steel
needle is placed at a short distance (1–2mm) above a rotating
grounded drum, and a substrate is placed on the rotating drum to
collect the depositing nanofiber so that the short distance minimizes
the fiber deflection and enables layer-by-layer deposition. The drum
has a diameter of 14 cm and rotates at a speed of 100 cm/s, which is
equivalent to the deposition rate of 440ms�1. The drum is
grounded, and a voltage of 900–1000 V is applied to the needle.
Moreover, we used polyethylene oxide (PEO) as the electrospinnable
polymer feedstock, with a solvent consisting of 40% methanol and
60% water. The samples of the electropsun fibers were collected by
the substrate attached on the rotating drum and then the morphol-
ogy and shape of the stacked walls were visualized by scanning elec-
tron microscope to analyze the quality of printing.

The model parameters are presented in Table I. To reduce the
computational cost, we consider a system with a smaller operating
distance, i.e., L ¼ 300 μm, between the needle and the substrate
and a rescaled voltage, i.e., V ¼ 187:5V, in the simulation.

III. RESULTS AND DISCUSSION

In this section, we present and discuss the simulation results,
as well as compare them to the experimental data. We first com-
puted and compared the charge dynamics of the system with and
without the trapped states to study the source of the charge accu-
mulation. We then performed the charged fiber deposition simula-
tion to show how the self-alignment mechanism works and breaks
down. In addition, the effects of various substrate materials on
fiber deposition are investigated.

A. Charge dissipation

In order to investigate the effect of the trapped state on charge
dissipation, we compared the change of total charges inside the

deposited polymer fiber (i) without the trapped state and (ii) with
the trapped state over time. At initial time t ¼ 0, the charge density
is described by a Gaussian distribution at the surface of the depos-
ited fiber, as shown in Eq. (1). For the fiber without the trapped
state, all charge carriers are in the mobile states, i.e., ρf ¼ ρ and
ρt ¼ 0. Also, the rate of charge transfer from the mobile state to
the trapped state or from the trapped state to the mobile state is all
zero, i.e., Rf!t ¼ 0 and Rt!f ¼ 0. For the fiber with the trapped
state, we set 30% of the charge carriers in the mobile states while
the remaining in the trapped states at t ¼ 0, i.e., ρf ¼ 0:3ρ and
ρt ¼ 0:7ρ. Since the mobile charges are dissipated rapidly, the ratio
of the mobile states to the trapped states goes quickly to an equilib-
rium state. As a result, the ratio of the trapped states to mobile
states at t ¼ 0 would mainly affect the initial charge density. In
addition, the values of R f!t and Rt!f are presented in Table I.

Figures 2(a) and 2(b) show the charge distribution inside the
deposited fiber at t ¼ 0ms and t ¼ 440ms (i) without the trapped
state and (ii) with the trapped state, respectively. At initial time
t ¼ 0ms, the charge distribution of both systems is the same. The
charge distribution of the system without the trapped state drops to
zero after 400ms, whereas the charge distribution of the system
with the trapped state decays but remains non-zero.

Figure 2(c) shows the results of charge dissipation in the
deposited polymeric fiber over time. For the curve without the
trapped state, the total charge drops rapidly to zero within 20 ms.
Under an external electric field, the charges are rapidly dissipated
as they can move from the fiber surface to the substrate at a high
velocity without trapped. Because of the contribution of the mobile
charges, the curve with the trapped state decays at nearly the same
rate as the curve without the trapped state at the beginning. After a
few milliseconds, the curve decays much slower because the major-
ity of the charge carriers are in the trapped states. Therefore, the
residue charge of the curve with the trapped state is non-zero after
t ¼ 440 ms and the charges accumulate.

B. The breakdown of self-alignment

We demonstrated in Sec. III A that the charge accumulation is
caused by the trapped state of charge carriers within polymeric
materials. In this section, we consider that a charged polymer fiber
deposits on top of the deposited wall structure every 440 ms. The
charge distribution in each newly deposited fiber is described by
Eq. (1), with 30% of the charge carriers in the mobile states and
70% in the trapped states, i.e., ρf ¼ 0:3 ρ and ρt ¼ 0:7 ρ. The elec-
tric field on the surface of the wall structure Esur is computed over
time to analyze the electromechanical properties of the charged
fiber deposition. Since the in-flight polymer fiber is positively
charged, a negative value of the surface E-field indicates the attrac-
tive interaction between the in-flight fiber and the deposited fibers,
whereas a positive value indicates the repulsive interaction.

The charge distribution inside the wall structure at
t ¼ 2200 ms, just before the deposition of the fifth layer, is depicted
in Fig. 3(a). The charges are constantly transferred between the
trapped states and the mobile states in the deposited fiber. When
the charges are in the mobile states, they move rapidly toward the
substrate. Therefore, the charges distribution of the earlier depos-
ited layers has a lower peak value and is shifted closer to the

TABLE I. The parameters of the charge transport model.

Physical meaning Parameter Value

Distance L 300 μm
Voltage Φ 187.5 V
Height of the fiber h 2 μm
Charge constant ρ0 1 × 1012 μm−1

Width of the Gaussian w 0.5 μm
Standard deviation of the Gaussian σ 0.2 μm
Charge mobility in PEO μ 1 × 10−5 cm2

V−2 s−1

Charge diffusivity in PEO D 5 cm2 s−1

Permittivity of PEO ε peo 5
Rate of charge transfer from the
mobile state to the trapped state

Rf→t 2 × 10−3 ms−1

Rate of charge transfer from the
trapped state to the mobile state

Rt→f 2 × 10−3 ms−1

Density of the trapped state Nt 1 × 1012 μm−1
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substrate z ¼ 0 as more charges have been transferred from the
trapped to the mobile states. Moreover, the charge density at the
interface between the deposited layer and the substrate z ¼ 0 is
non-zero, indicating that some charges accumulate along the
interface.

Figure 3(b) depicts the surface electric field Esur before the
deposition of the ith layer, i.e., i ¼ 1, 2, 3. When there are only a
few layers, the surface E-field is negative, where the in-flight fiber is

FIG. 2. The charge distribution of the deposited fiber (a) without the trapped
state and (b) with the tapping state at t ¼ 0 ms and t ¼ 440ms and (c) the
change of total charges inside the deposited fiber over time.

FIG. 3. (a) The charge distribution inside the four deposited polymer fibers at
2200 ms and the electric field at the surface of deposited wall before the deposi-
tion of the ith layer of polymer fiber.
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attracted by the deposited fiber. Even though the positive residual
charges remain inside the deposited fiber, the dielectric property of
the polymeric material shields the charges inside. Therefore, the
electrostatic force enables stacking the positively charged in-flight
fibers on top of the wall structure, a process known as self-
alignment stacking,32 where the nanofibers form an organized
structure among themselves without external direction. When the
number of layers increases, more residual charges accumulate
inside the deposited fiber as the charges dissipate slower than the
charge added by the fiber deposition. As a result, the surface
E-field increases with the number of deposited layer. After a certain
number of layers, the dielectric medium can no longer shield all
residual charge and the surface E-field eventually becomes positive,
where the in-flight polymer fiber is repelled by the wall structure.
The self-alignment of the fiber deposition breaks down, and the
polymer fibers are unable to stack smoothly on top of the wall
structure, limiting the control of the printing. According to the
simulation results, the first layer with positive surface E-field,
which we refer to as the breakdown layer in this work, is 49.

C. Effect of the substrate

In most NFES setups, the substrate is a different material than
the polymer fiber. Due to the material mismatch, the charges in the
polymer medium have to overcome a material-dependent energy
barrier to transport to the substrate via an injection mechanism. In
order to include the effect of the substrate, we introduce an energy
barrier at the interface between the deposited fibers and the sub-
strate by implementing a boundary condition for the current in
Eq. (10). In the following, we analyze the effect of the different
substrate materials on the charge dissipation. We use the same
system as in Sec. III B and introduce the current boundary condi-
tion at z ¼ 0 with an energy barrier ranging from 0 to 0.9 eV at
300 K. When there is no energy barrier, i.e., Δ ¼ 0 eV, the system is
equivalent to the system in Sec. III B.

The charge distributions in the wall structure with energy
barriers of Δ ¼0, 0.1, and 0.2 eV at t ¼ 2200 ms are shown in
Fig. 4(a). For the systems with a non-zero energy barrier, the
charge density is high around the region along the interface z ¼ 0.
Since only the charges with sufficient energy can pass through the
energy barrier, the remaining charges are trapped and accumulate
along the interface between the deposited fibers and the substrate.
We find that the curve Δ ¼ 0:2 eV has a higher charge density than
the curve Δ ¼ 0:1 eV at the interface. This is because fewer charges
can pass through the energy barrier when the height of the barrier
increases, causing more charges to accumulate along the interface.

Figure 4(b) depicts the breakdown layer of the fiber deposition
with varying the energy barrier, while Fig. 4(c) depicts the surface
E-field before the deposition of the 20th layer with varying the
energy barrier. When there is no energy barrier, i.e., Δ ¼ 0, the
breakdown layer of the self-alignment is 49, as discussed in Sec. III
B, and the surface E-field is the most negative. As the dielectric
medium can shield the accumulated charges, a slight increase in
the barrier, i.e., Δ ¼ 0:1 eV, has little impact on the breakdown
layer and the surface E-field. When the energy barrier rises further,
there is a clear decrease in the breakdown layer and an increase in
the surface E-field. This is due to the fact that more charges

FIG. 4. (a) The charge distribution inside the wall structure with different energy
barriers at t ¼ 2200 ms, (b) the layer of breakdown with varying the height of
energy barrier, and (c) the surface electric field of the wall structure at
t ¼ 8800 ms (before the deposition of the 20th layer) with varying the height of
the barrier. (d) The experimental results of the aspect ratio with different sub-
strate materials. (e)–(g) show the scanning electron microscope (SEM) images
of the wall structure using SiO2, Si, and Ar/Cu as the substrate, respectively.
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accumulate at the interface and the dielectric medium cannot
shield all residual charges. The inner residual charges can, thus,
contribute to the electric field at the surface of the wall structure,
hindering the self-alignment of the fiber deposition. Further
increase in the energy barrier has a minor impact on the break-
down layer and the surface E-field, as the energy barrier is too high
for all charges to pass through. As a result, increasing the energy
barrier above a certain value has little effect on the breakdown layer
and the surface E-field.

D. Effect of fiber materials and experimental
parameters

To understand the effect of fiber materials and experimental
parameters on the fiber deposition, we performed simulations with
varying different model parameters. In the model, the fiber material
is characterized by various parameters, including permittivity and
mobility of the charge carriers in the fiber material, while the
experimental parameters such as printing speed has also significant
influence on the printing quality. Here, we consider the same
systems as in Sec. III C with energy barrier of Δ=0.4eV and we
computed the surface electric field of the deposited structure before
the 20th layer deposition with varying model parameters, e.g., per-
mittivity, mobility of the charge carriers, and printing speed.

The result of the surface electric field with varying mobility of
the charge carriers in fiber is presented in Fig. 5(a). With low
mobility, the charges are transported at a low speed in fiber.
Increasing the mobility, the charges are transported at a higher
speed. Therefore, more charges are dissipated during fiber deposi-
tion and the surface electric field decreases with increasing
mobility.

Figure 5(b) shows the surface electric field with varying per-
mittivity of the fibers. Dielectric material with high permittivity is
able to polarize and shield to residue charges inside the material.
The higher permittivity of the fiber materials implies more residue
charges can be shielded by the deposited fiber. As a result, increas-
ing the permittivity leads to the decrease of the surface electric field
of the deposited structure.

The result of surface electric field with varying printing speed
is depicted in Fig. 5(c). Printing speed corresponds to the rate of
deposition of the next layer of fiber. The higher printing speed
implies a shorter time for the deposition of the next layer of fiber,
where the residue charges in the fibers have less time to dissipate
before the next deposition. Therefore, increasing the printing speed
hinders the charge dissipation and leads to a increase of the surface
electric field.

E. Experimental validation

In order to validate our simulation result, we measure an
aspect ratio which is a ratio of the height to the thickness of the
wall structure formed by the deposited fiber in experiment.
The aspect ratio is usually used to quantify the controllability of
fiber deposition. Figure 6(a) shows the experimental results of
aspect ratio with increasing number of deposited layers. When
there are few layers in the wall structure, the aspect ratio gradually
increases, indicating that the fibers are deposited in a self-aligned
manner. After 80 layers, the aspect ratio decreases, implying that

FIG. 5. The surface electric field of the deposited fibers at t ¼ 8800 ms (before
the deposition of the 20th layer) with varying (a) the mobility of the charge carri-
ers in the fiber material, (b) the permittivity of the fiber material, and (c) the
printing speed.
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the self-alignment breaks down. By comparing the simulation
results (.49 layers) to the experimental results (.80 layers), the
simulation qualitatively agrees with the experiment by demonstrat-
ing the breakdown of the self-alignment mechanism.

Furthermore, we measure the aspect ratio of the structure with
20 layers on three different substrate materials, i.e., SiO2, Si, and
Cr/Au, and compare them with the simulation results. The scan-
ning electron microscope (SEM) images of the structures of 20
layers stacked fibers on various substrate materials, i.e., (i) insulator
(SiO2), (ii) semiconductor (Si), and (iii) conductor (Cr/Au), are
shown in Fig. 6(b)–6(e), respectively. For the conductor substrate,
the charges are injected from the polymer medium to the conduc-
tion band of the conductive material, where they can be easily
transported away from the substrate. As a result, the conductor
substrate is equivalent to the system without an energy barrier and
has the best aspect ratio among all substrates. For the semiconduc-
tor and the insulator substrates, the charges are transported from
the polymer to the substrate via the hopping mechanism. This
requires sufficient energy to activate the charge transport process,
which corresponds to the system with an energy barrier. Therefore,

in the experiment, the semiconductor/insulator substrate has a lower
aspect ratio because less charges have sufficient energy to overcome
the energy barrier and the residue charges accumulate along the
interface. This also show a qualitative agreement with the simulation
results in Sec. III C, in which substrate materials with lower energy
barrier for charge injection show better deposition results.

IV. CONCLUSIONS

We presented a numerical model to simulate the charge trans-
port, dissipation, and accumulation inside the polymeric fiber in
NFES. We discussed a one-dimensional charge transport model in
dielectric material in which the coupled transport equation, conti-
nuity equation, and Poisson equation are solved to model the
dynamics of charge in the solidified electrospun fibers under an
external electric field. To simulate the fiber deposition, a charged
fiber segment is attached on top of the surface of the deposited
fiber structure in each deposition cycle. The electromechanical
behavior of the charged fiber deposition is studied by computing
the surface electric field of the wall structure.

FIG. 6. (a) The aspect ratio of the wall structure with the number of deposited layers, (b) the aspect ratio of 20 layers structure deposited with different substrate material,
(c)–(e) show the scanning electron microscope (SEM) images of the wall structure using SiO2, Si and Ar/Cu as the substrate, respectively [reproduced with permission
from A. Sadaf, Adv. Eng. Mater. 24, 2101740 (2022). Copyright 2022, Author(s), licensed under a Creative Commons Attribution (CC BY) license], in which the yellow
arrows indicate the height of the deposited fibers and the yellow dotted lines indicate the surface of the substrate.
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In the simulation, we compared the charge dissipation in the
system with and without trapped states of the charge carriers, illus-
trating that trapped states are the main source of slow charge dissi-
pation in the polymeric material. When the charge added by the
fiber deposition is faster than the charge dissipation at the sub-
strate, the residual charges in the deposited fibers accumulate.
These residual charges contribute to the electric field at the surface
of the wall structure and influence the electric interaction between
the in-flight fiber and the deposited fibers. After a certain number
of deposited layers, the electric force changes from attractive to
repulsive, and the self-alignment of the fiber deposition eventually
breaks down. In addition, an energy barrier at the interface
between the deposited fibers and the substrate is introduced in the
model to illustrate how different substrate materials affect the fiber
deposition. When the energy barrier is low, most of the charges
from the polymer fiber can be transported to the substrate, and
only a few charges accumulate along the interface. When the
energy barrier is high, a large number of charges do not possess
sufficient energy to overcome it, causing them to accumulate
along the interface region and hinder the self-alignment. The sim-
ulation results are in good qualitative agreement with the experi-
ment results. We also tested various model parameters, such as
mobility of charge carriers, permittivity, and printing speed, to
analyze their effect on the printing quality. There are a few issues
that would be worthwhile to investigate in the future in order to
further study the fiber deposition in NFES. First, we assume that
charge transport to the substrate is the only source of charge dissi-
pation. However, charges in polymer fibers can also dissipate by
solvent evaporation. Second, fiber deposition is also influenced by
factors not considered here, such as the gravity and the movement
of the collector.

In summary, we developed a model to study the mechanism
of charged fiber deposition in near-field electrospinning. We also
provide a in-depth analysis of the factors that influence the control
of the electrospun direct-writing, i.e., the speed of deposition and
the choice of substrate materials. With this newly developed model,
we can analyze and evaluate the effect of the experimental parame-
ters in order to minimize the charge accumulation in the polymer
fiber to optimize the nanofiber deposition of the near-field
electrospinning.
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