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Fabrication of Microscale
Polymeric Wavy and Coiling
Structures via Side-Electrode-
Assisted Near-Field
Electrospinning: Modeling
and Experiments
It is challenging for the existing fabrication strategies to generate microscale wavy and
coiling structures with low cost and high efficiency. In this work, we develop a novel and
simple method that allows the fabrication of microscale wavy and coiling fiber arrays via
near-field electrospinning (NFES). In addition to the main vertical electric potential for
polymer jet generation, additional electrostatic signals are applied to the side-auxiliary
electrodes to dynamically control the fiber deposition. Compared with traditional electro-
spinning based on the buckling instability or mechanical collector movement, the proposed
method shows advantages in terms of the controllability, stability, accuracy, and minimal
feature size. A theoretical model to describe the polymer jet behaviors has been proposed
to simulate the fabrication process by considering the momentum balance of viscoelastic,
charge repulsive, and electric forces. The model has been directly verified through the com-
parison with experimental results. The effects of different process parameters on the fiber
deposition patterns are analyzed and discussed. The processing capability has been
further demonstrated by fabricating two-dimensional wavy and coiling patterns as well
as three-dimensional wavy structures with the radius of curvature less than 100 µm.
[DOI: 10.1115/1.4046861]
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Introduction
Due to the unique characteristics and applications in the field of

photovoltaic devices [1], sensors [2,3], actuators [4], electromag-
netic devices [5,6], and stretchable electronics [7,8], microscale
wavy/coiling structures have attracted a great deal of attention in
the recent decade. Many processing techniques, including focused
ion beam (FIB) machining [9], chemical vapor deposition (CVD)
[10], micro-stereolithography (MSL) [11,12], have been developed
to fabricate this form of structure. However, to generate wavy/
coiling structures at the microscale, specialized equipment and
tedious processes must be employed, which makes the fabrication
process time-consuming and cost-intensive.
Near-field electrospinning (NFES), a technique that uses a large

potential difference to form a liquid jet, is an efficient and simple
method to fabricate microscale fibers. A large variety of materials
have been successfully used in the electrospinning process, such
as polymers, liquid metals, composites, and ceramics [13,14]. Com-
pared with the traditional electrospinning process, NFES has its
own advantages in fabricating orderly aligned fibers. In an NFES
process, the nozzle-to-collector distance is reduced from several
centimeters to a few millimeters, while the applied voltage is con-
sequently decreased from tens of thousands of volts to several
hundred volts. Due to the shortened nozzle-to-collector distance
and the decreased applied voltage, the repulsive forces between
the charged elements along the electrospinning jet are significantly

reduced, thus eliminating the bending instability. Another main dif-
ference is the movement of the collector. In an NFES process, the
collector is controlled to move in a user-defined trajectory; while
in a traditional electrospinning process, the collector is usually
kept stationary.
The buckling instability in NEFS is closely dependent on the

relationship between the fiber deposition speed (FDS) and the col-
lector translation speed (CTS). If the CTS is set equal or larger than
the FDS, a tensile force will occur along the electrospinning jet,
which balances the compressive stress to eliminate the buckling
instability. If the CTS is set lower than the FDS, the longitudinal
compressive force acting on the electrospinning jet cannot be
balanced, which causes the buckling. Based on this principle, pre-
vious research has adopted two kinds of strategies to fabricate
wavy or coiling structures: (i) to utilize the buckling instability to
generate wavy or coiling patterns and (ii) to avoid the buckling
instability and to fabricate the patterns via direct mechanical move-
ment of the collector. Hellmann et al. [15] reported the experimental
results with coiling patterns using the first approach, which was
modified from a buckling-instability-based NFES process. Different
kinds of structures with coiling patterns such as figure-of-eight,
slanted-loop, and lapped-loop were demonstrated. However, the
formation and morphology of the deposited fibers were largely
determined by process conditions such as material properties,
process parameters, and environment factors. The structures were
fabricated in a passive way. Specifically, it is not possible to
modify the pattern geometry in a controllable manner. Wu et al.
[16] developed a crimped fiber writing process using the second
approach via the mechanical collector movement. Through tuning
the collector dwell time and movement direction, controllable and
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regular crimped fibers were obtained. However, the diameter of the
fabricated fibers was on the scale of several millimeters. If the fiber
diameter was tuned to a small diameter (less than 10 micrometers),
extremely high CTS (usually more than 100 mm/s) was required to
balance the FDS. The mechanical stage was usually restricted to
simple reciprocal motion in such high-speed conditions, which
limits the deposition of complex patterns and the minimal achiev-
able feature size.
In addition to the dynamic-mechanical-collection-based method,

electric field manipulation has also been exploited to generate
orderly deposited patterns from electrospinning. Several works
have been done to control the deposition of fibers using electric
field manipulation [17–21]. For instance, Li et al. [17] used a collec-
tor composed of two conductive strips separated by an insulating
gap to generate uniaxially aligned fiber arrays. Qin et al. [21]
used current-pulse-modulated electrohydrodynamic jet printing to
achieve reliable silver tracks. Deitzel et al. [22] studied the feasibil-
ity of dampening the chaotic instability and controlling the fiber
deposition by using an electrostatic lens element. However, these
works are limited to the control of electrospinning jet to deposit
in one dimension or to suppress the chaotic whipping mode to
some extent. The precise control of a single electrospinning fiber
for complex patterns is still a challenging task. The difficulties lie
in the theoretical understanding of jet behavior under a time-variant
electric field distribution. In a traditional electrospinning process,
the electric field distribution is uniform and time-invariant, jet beha-
vior can be theoretically predicted [23–26]. The Maxwell model
[27,28] is one of the classic models to describe the dynamic
process of the electrospinning jet. All the previous works were
focused on the bending behavior of the charged jet with uniform
electric field distribution in far-field electrospinning processes.
However, under the influence of active control of the electric
field, the field distribution becomes non-uniform and time-variant.
The variation of the electric potential will oscillate the charged jet
to introduce more complicated dynamics. The theoretical analysis
of the jet behavior in NEFS under the influence of a non-uniform
and dynamic electric field has not been attempted in the literature,
which motivates this work.
In this paper, a new fabrication technique for arbitrary wavy and

coiling microscale patterns is proposed by introducing active elec-
trostatic signals to four-side-auxiliary electrodes in an NEFS
setup. It has the potential to provide much higher operation band-
width and accuracy to precisely control the fiber deposition dynami-
cally. A theoretical model of jet trajectory is first constructed by
considering the corresponding forces acting on the electrospinning
jet including viscoelastic, charge repulsive, and electric forces. The
model is verified through a set of experiments by comparing the
simulation and experimental results. The effects of process param-
eters on the deposited pattern geometry are then analyzed. At last,
the process capability is further demonstrated by fabricating
various microscale wavy and coiling structures.

Fabrication of Wavy and Coiling Patterns by Electric
Field Manipulation
Here, we propose a novel method by controlling electrostatic

signals applied on the side-auxiliary electrodes (AE) to fabricate
wavy and coiling patterns in NFES. In this method, both the cons-
tant vertical electric field added on the nozzle and dynamic lateral
electric field added on the auxiliary electrodes are applied, which
induce the vertical and lateral driving forces of the charged
polymer jet, respectively. Under the influence of vertical electric
field, charges accumulate on the surface of the polymer droplet,
causing a strong electrostatic force between the nozzle and collector
and making the polymer eject toward the collector vertically. Under
the influence of lateral electric field, a lateral electrostatic force is
induced toward the charged jet and drives it to oscillate dynami-
cally. In this way, the microscale transverse motion of the electro-
spinning jet is actively controlled by the external electric field by
adjusting the electrostatic signals applied to the auxiliary electrodes.
The concept is demonstrated in Fig. 1 showing the oscillation of the
electrospinning jet. When a sinusoidal signal is added to the side
electrode, the vibration of the jet is observed in the lateral direction
as shown in Fig. 1(a). When the auxiliary electrostatic signal is
turned off, the jet returns to a straight line as shown in Fig. 1(b).
The results show the feasibility to use the auxiliary signals to
actuate and control the jet for fabricating wavy and coiling fiber
patterns.
The process schematics are further illustrated in Fig. 2. For the fab-

rication ofwavy patterns, the electrostatic signals are applied to a pair
of auxiliary electrodes (AE-1 and AE-3) shown in Fig. 2(a). Follow-
ing the dynamic electrostatic force, the electrospinning jet oscillates
in the Y-direction. Combined with the collector movement in the
X-direction, wavy patterns can be generated with controllable ampli-
tudes (A) and wavelengths (λ). When four auxiliary electrodes are
added (AE-1 to AE-4) as shown in Fig. 2(b), the jet motion can be
controlled in a two-dimensional space. For the fabrication of
coiling patterns, four sinusoidal voltage signals are applied to four-
side electrodes with a phase shift of 90 deg. Due to the coupled elec-
trostatic force in theX- andY-directions aswell as the vertical voltage
difference in the Z-direction, the electrospinning jet will follow a
spiral trajectory. Thus, coiling patterns can be collected together
with the collector movement along the X-direction. It should be
noted that arbitrary signal forms can be applied to produce other
complex patterns as well.

Theoretical Modeling
Model Description. In this research, a theoretical model adapted

from Reneker et al.’s work [28] is constructed to analyze the beha-
vior of jet trajectory with non-uniform electric field distribution in
the near-field electrospinning. The schematic drawing of the pro-
posed theoretical model is shown in Fig. 3. The electrospinning

Fig. 1 Observations of the electrospinning jet (a) with and (b) without auxiliary electrostatic
signals

071005-2 / Vol. 142, JULY 2020 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

anufacturingscience/article-pdf/142/7/071005/6532372/m
anu_142_7_071005.pdf by N

orthw
estern U

niversity user on 17 February 2024



jet is modeled as a series of charged beads connected via viscous
dampers and elastic springs. Each bead is assumed to possess a
charge q and mass m. The total number of beads is N. The forces
acting on each bead are viscoelastic force, charge repulsive force,
and electric force. Surface tension, aerodynamics, and gravity are
negligibly small when compared with the other forces.
According to the continuity principle, when mass is conserved

and evaporation is neglected, the jet radius ai and jet segment
length li of the ith bead have the relationship to the initial conditions
as follows:

πa2l = πa2i l
2
i (1)

In the Maxwell model, the viscoelastic stress between two
adjacent beads is given as (σ is the viscoelastic stress, G is the

elastic modulus, and μ is the dynamic viscosity) [24]:

dσi
dt

= G
1
li

dli
dt

−
G

μ
σi (2)

For particular bead i, the viscoelastic forces act on both the prior
bead (i−1) and the posterior bead (i+1) with the corresponding
segment length li and li+1.
Then, the net viscoelastic force ( fve) acting on the ith bead is

fve = πa2i+1σi+1 i
xi+1 − xi
li+1

+ j
yi+1 − yi
li+1

+ k
zi+1 − zi
li+1

[ ]

− πa2i σi i
xi − xi−1

li
+ j

yi − yi−1
li

+ k
zi − zi−1

li

[ ] (3)

(a) (b)

Fig. 2 Schematic illustration of the process to fabricate (a) wavy and (b) coiling structures
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Fig. 3 Schematic of the theoretical model
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The charge repulsive force on bead i caused by another bead j is
defined as fqij and given by (Rij is the distance between the ith bead
and the jth bead)

fqij =
q2

Rij
(4)

The total charge repulsive force ( fq) acting on the ith bead is the
summation of Coulomb forces from every bead presented in the
model along the jet, except for itself. The net charge repulsive
force ( fq) acting on the ith bead is given by

Fq =
∑
j=1,N

j≠i

q2

R2
ij

i
xi − xj
Rij

+ j
yi − yj
Rij

+ k
zi − zj
Rij

[ ]
(5)

The electric force ( fE) acting on the ith bead created by the poten-
tial difference is:

FE = −q i
fx
hx

+ j
fy
hy

+ k
fz
hz

( )
(6)

where fx, fy, and fz are electric forces along the X-axis, Y-axis, and
Z-axis, respectively. hx and hy are the distance between the nozzle
and the auxiliary-electrodes along the X-axis and Y-axis, respec-
tively. hz. is the nozzle-to-collector distance.
According to Newton’s second law, by setting the aforemen-

tioned force interactions in Eqs. (3), (5), and (6), the momentum
balance of each individual bead is

m
d2(ixi + jyi + kzi)

dt2
= πa2i+1σi+1 i

xi+1 − xi
li+1

+ j
yi+1 − yi
li+1

+ k
zi+1 − zi
li+1

[ ]

− πa2i σi i
xi − xi−1

li
+ j

yi − yi−1
li

+ k
zi − zi−1

li

[ ]

+
∑
j=1,N

j≠i

q2

R2
ij

i
xi − xj
Rij

+ j
yi − yj
Rij

+ k
zi − zj
Rij

[ ]

− q i
fx
hx

+ j
fy
hy

+ k
fz
hz

( )
(7)

Through the calculation of the momentum balance of each indi-
vidual bead, the jet trajectory is simulated and predicted. The calcu-
lation process of the jet trajectory model is shown in Fig. 4. During
the simulation process, the state information of the first two beads is
defined by the initial conditions. When a new bead is added into the
system, the state information of each bead is updated in relation to
the other N-1 beads. The equations of motion are separated into
three directions. These equations are then solved numerically by
using ode45 routine in MATLAB. At the beginning of the calculation,
the system contains two beads. The state vectors of the first two
beads are added to the system as the initial conditions to calculate
the dynamics of the beads. In each time-step, the dynamic positions
of all the beads in the system are first updated, then two boundary
conditions are checked in sequence. First, the position of the fur-
thest bead from the nozzle is checked against zero (collector posi-
tion). If it reaches the collector, the system vector of that bead is
recorded as the deposition location and removed from the system
calculation, which means it will no longer influence the dynamics
of other beads or be affected by the external electric field. Then,
the bead sequence is updated by shifting all the bead index
number by one. Second, the boundary condition at the nozzle is
evaluated to determine if a new bead will be added to the system.
If the latest bead position to the nozzle is greater than one, one
new bead is created at the tip of the nozzle. The bead number is
added by one in the system vectors and attached to the end of the
bead array. Based on the new bead array, the program moves to
the next time-step to update the system dynamics again. One

unique feature of the proposed simulation model is that it takes
into accounts the fiber generation and deposition by dynamically
adjusting the simulated portion of the electrospinning jet.

Simulation of Jet Trajectories. Two simulation cases are dem-
onstrated here to visualize the development of the jet path during
one cycle of oscillation signals. In the first case, a sinusoidal
signal of 200 V and 100 Hz is applied to the AEs only in the
Y-direction as

Vy1 = 200 sin 200πt (8)

In the second case, two sinusoidal signals with a 90-deg phase
shift are applied along the X- and Y-directions, respectively, as

Vy2 = 200 sin 200πt (9)

Vx2 = 200 sin 200πt +
1
4
π

( )
(10)

Program
initialization

Start with two 
beads (i=2)

Calculate the jet dynamic 
for the ith beads 

Jet arrives 
at the collector ?

Separate distance
between the top bead

and pendent bead
L>1?

Extract the bead arrived at 
the collector from the jet 
and record its coordinates

Yes

Yes

No

No
Update the bead 

sequence

(X,Y,Z,Vx,Vy,Vz,σ1, σ2)

i=i+1

Jet path evolution

Fig. 4 Calculation flowchart of the proposed jet trajectory
model

Table 1 Parameters used in the computational model

Parameters Symbol Value (unit)

Initial jet radius a 0.015 cm
Initial jet segment length l 0.00319 cm
Charge q 8.48 (g1/2cm3/2)/s
Elastic modulus G 1 × 106 g/(cm s2)
Mass m 0.283 × 10−5 g
Viscosity μ 1 × 105 g/(cm s)
Density ρ 1.21 × 10−3 g/cm3

Applied voltage on nozzle Vz 2000V
AE voltage along the X-axis Vx 200V
AE voltage along the Y-axis Vy 200V
AE signal frequency along the X-axis ωx 100Hz
AE signal frequency along the Y-axis ωy 100Hz
AE signal phase along the X-axis φx 0 degree
AE signal phase along the Y-axis φy 0 degree
Nozzle-to-collector distance hz 0.15 cm
Nozzle-to-AE distance in X-axis hx 0.12 cm
Nozzle-to-AE distance in Y-axis hy 0.12 cm
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The nozzle-to-collector distance is set at 1.5 mm, while the
nozzle-to-AE distance is 1.2 mm. The voltage potential between
the nozzle and collector is 2000 V. The collector translation is
applied in the X-direction at 10 mm/s. The time increment in the
simulation is set at 0.001 s. All the other parameters necessary for
the simulation model are summarized in Table 1.
The snapshots of the electrospinning jet at different time instants

within a cycle are calculated and plotted in Figs. 5 and 6. The jet
fully develops to reach the collector after 29 time-steps of calcula-
tion. In case 1, when the external electric field is applied in the
Y-direction, as shown in Fig. 5, the movement of the charged jet
can be divided into two parts, the longitudinal motion and the
lateral motion. Along the longitudinal direction, the charged
beads flow continuously from the droplet toward the collector in
response to the electrostatic force between the nozzle and the collec-
tor. Along the lateral direction, the charged beads oscillate back and
forth in response to the electric field established by the externally
applied potential on the auxiliary electrodes. It should be empha-
sized that, at any specific time, not all the segments of the
charged jet are swinging in the same direction. Some segments
are moving in the positive Y-direction, while the others are in the
negative Y-direction. It is due to that the travel time of a bead
which starts at the nozzle and ends at the collector is longer than
half cycle length, which means that during one period of bead
travel time, the direction of lateral electrostatic force will change

more than once, thus causing the charged jet swing to different
directions. On the other hand, it is noticed that the amplitude of
swing increases with the vertical position of the jet, resulting
from the accumulated acceleration time of the traveling beads. In
case 2, when the external electric field is applied in the X–Y
plane, as shown in Fig. 6, the charged jet is moved in a spiral
form, which is driven by the coupled electric forces from the auxil-
iary electrodes. To achieve a smooth spiral path, two sinusoidal
signals with a 90-deg phase shift responding to the actual angle
between the adjacent auxiliary electrodes are applied. The arrange-
ment is to guarantee that the direction of the resultant force in the
lateral direction always points to the tangent direction of moving
trajectory. During one oscillation cycle, the projection of an arbi-
trary section in the X–Y planes is always in the form of an ellipse.
With the beads moving further and further, the amplitude of
ellipse gradually increases.

Experimental Verification. Experimental validation of the the-
oretical model is carried out by comparing the difference between
the experimental results and simulation results, which is used to cor-
roborate the accuracy of the theoretical model. The test setup is
schematically shown in Fig. 7 for a modified near-field melt-
electrospinning setup. Polycaprolactone (PCL, CAPA 6400, Per-
storp Ltd., Warrington, Cheshire, UK), with a molecular weight

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 5 Trajectory development of a jet path within a cycle with electric signals applied to the auxiliary-electrodes in the Y-direction
at (a) t = 1

8 T, (b) t =
2
8 T, (c) t =

3
8 T, (d ) t =

4
8 T, (e) t =

5
8 T, ( f ) t =

6
8T, (g) t =

7
8 T, and (h) t=T

Journal of Manufacturing Science and Engineering JULY 2020, Vol. 142 / 071005-5

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

anufacturingscience/article-pdf/142/7/071005/6532372/m
anu_142_7_071005.pdf by N

orthw
estern U

niversity user on 17 February 2024



of 50,000 and a melting point of 58 °C is chosen as the stock mate-
rial for its high thermal stability and good biological properties. A
plastic syringe fitted with a metallic needle (gauge 30, inner dia-
meter of 159 µm, and outer diameter of 311 µm) is loaded with
PCL beads. A proportional-integral-derivative (PID)-regulated

electrical heating system is adopted to melt the beads to get the
polymer melt. Then, a precision syringe pump (Harvard Apparatus,
Remote Infuse/Withdraw PHD Ultra Syringe Pump) is used to
control the dispensing of molten polymer. Silicon wafers are used
as the collector and mounted on a programmable X–Y stages
(ALIO Industries, Inc.). Two pairs of auxiliary electrodes made of
copper sheets (termed as AE-1, AE-2, AE-3, and AE-4) are fixed
around the nozzle. They are not in contact with the motion stage
or interfering with its motion. The constant voltage applied to the
nozzle is supplied by a high-voltage source (Stanford Research
System, Inc.); while the four-channel dynamic signals applied to
the side electrodes are generated by a multifunctional data acquisi-
tion device (USB-6363, National Instruments, Inc.) and amplified
through high-power-voltage amplifiers (PZD 350, TREK, Inc.).
The process is monitored and recorded by a microscopic camera
(Point Grey Research). The experiment results and fiber geometry
are measured using an optical digital microscope (RH-2000,
Hirox, Inc.). All the experiments have been carried out at room tem-
perature and atmospheric pressure.
Comparisons between the experimental and calculated fiber pat-

terns are demonstrated in Fig. 8. The experimental parameters used
in Figs. 8(a) and 8(c) are consistent with the simulation parameters
used in case 1 and case 2 as mentioned in Sec. 3.2. In the first pair of
comparison between Figs. 8(a) and 8(b), the experimental results
are in good agreement with the simulation patterns except for
some minor differences such as the irregular waveform, uneven

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 6 Trajectory development of a jet path within a cycle with electric signals applied to the auxiliary-electrodes in both X- and
Y-directions at (a) at t = 1

8T, (b) t =
2
8 T, (c) t =

3
8 T, (d ) t =

4
8 T, (e) t =

5
8 T, (f ) t =

6
8 T, (g) t =

7
8 T, and (h) t=T

Fig. 7 Schematic illustration of near-field electrospinning
platform
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amplitude, and wavelength. In the simulation model, the simplifica-
tion is made to ignore the drag force between the collector and the
portion of the jet in touch with the stage, as well as the repulsive
force between the residual charges on the collection fibers and
the spinning jet. In the actual experimental conditions, though
the drag force and residual charge repulsive force are far less
than the jet driving force, these forces will cause distortion to the
collected patterns as shown in the figure. In addition, the attached
dirt and local unevenness of the surface will also induce the irreg-
ularity of deposited patterns. In the second pair of comparison
between Figs. 8(c) and 8(d ), most of the segments are consistent
except for the rolling regions where the irregularity of the collected
patterns becomes more obvious. It is due to that, at the rolling
regions, the large curvature transition causes the viscoelastic
force between the arrived segment and upcoming part to be ampli-
fied, which prevents the jet to arrive at the intended position. The
resistance to bending will, in turn, affect the jet movement, causing
the deviation of the jet trajectory. The uncertainty of the dynamic
resistance will finally induce the irregularity of the collected pat-
terns. Overall, the experimental results show good agreement
with the simulated results. It indicates that the simulation results
can be used to guide the deposition process and to predict the fab-
rication results.

Analysis of the Process Variables
Control Variable Analysis. During the fabrication process, the

voltage amplitude of control signals will affect the amplitude of
the oscillating jet; the frequency of control signals will affect the
velocity of the swing jet; and the applied voltage on the nozzle
will affect the fiber diameter, respectively. In this part, the effects
of these three control variables on the deposited pattern geometry
(amplitude of the deposited structure and fiber diameter) were ana-
lyzed through three groups of experiments. The corresponding
results are demonstrated in Fig. 9. The default experiment condi-
tions are given as follows: nozzle voltage of 2000 V; AE voltage
of a sinusoidal signal of 300 V at 100 Hz; and the collector
moving speed of 10 mm/s. The three sets of experiments vary
each control variable and are detailed as follows.

In the first group, the voltage amplitude of the applied signal is
increased from 150 V to 300 V with a step of 50 V. The deposited
wavy patterns are shown in Figs. 9(a)–9(d ). The results show that
the amplitude of wavy patterns is increased from 30.79± 1.99 µm
to 75.44± 3.31 µm with the corresponding voltage amplitude of
the applied signal increased from 150 V to 300 V. With the increase
of voltage amplitude on AE, the lateral electrostatic driven force is
increased due to the enlarged electric potential, causing the charged
jet swing at a larger distance range and generating patterns with an
increased amplitude. The experimental results show a positive
linear relationship between the two parameters, as shown in
Fig. 10(a). The experimental data are in good agreement with the
simulation results based on the proposed model. The results show
that the amplitude of the wavy patterns depends linearly on the
amplitude of AE voltage and can be effectively tuned by changing
the amplitude of applied signals.
In the second group, the frequency of the AE signal is varied

from 40 Hz to 70 Hz with a step of 10 Hz. As seen from
Figs. 9(e)–9(h), the wavelength of deposited structures decreases
from 251.14± 4.59 µm to 142.51± 2.83 µm and the amplitude of
wavy patterns decreases from 111.74± 2.83 μm to 91.15±
0.92 µm. A reciprocal relationship between the frequency of the
AE signal and the wavelength of deposited structures is revealed
and plotted in Fig. 10(b). The correlation between the signal fre-
quency and the pattern amplitude is plotted and shown in
Fig. 10(c). All the experimental results are compared with the sim-
ulated curves. The experimental results demonstrate a negative
linear relationship between the two parameters. The lateral motion
acceleration is expected to be proportional to the control signal
amplitude, but the distance is affected by both the control signal
amplitude and frequency. There is less time for the jet to move in
the lateral direction during one oscillation cycle with a higher fre-
quency. Thus, with an identical signal amplitude but a higher fre-
quency, the amplitude of the deposited structure will be
decreased. The frequency of the applied signal has a coupled
effect on the wavelength and amplitude of the deposited patterns.
In the third group, the applied voltage on the nozzle increased

from 2000 V to 2600 V with a step of 200 V. The deposited
wavy structures are shown from Figs. 9(i)–9(n). With the increase
in the vertical voltage potential from 2000 V to 2600 V, the fiber

Fig. 8 Comparison between the (a) experimental and (b) calculated fiber patterns corresponding to the simulation case 1;
(c) experimental and (d ) calculated fiber patterns corresponding to the simulation case 2
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Fig. 9 Experimental results with different experimental parameters: (a)–(d ) deposited wavy patterns with voltage amplitude of
the applied signal increased from 150 V to 300 V with a step of 50 V; (e)–(h) deposited wavy patterns with frequency of the AE
signal increased from 40 Hz to 70 Hz with a step of 10 Hz; and (i)–(n) deposited wavy patterns with applied voltage on nozzle
increased from 2000 V to 2600 V with a step of 200 V

071005-8 / Vol. 142, JULY 2020 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

anufacturingscience/article-pdf/142/7/071005/6532372/m
anu_142_7_071005.pdf by N

orthw
estern U

niversity user on 17 February 2024



diameter increases from 0.75± 0.01 µm to 4.21± 0.08 µm and the
amplitude of wavy patterns decreases from 75.44± 3.31 µm to
15.33± 0.62 µm. The wavelength of the deposited structure is
unchanged when the frequency of AE signals is kept the same. In
near-field electrospinning, the larger voltage potential corresponds
to the stronger electric force, which leads to the larger volume ejec-
tion from the Taylor cone and the increased fiber diameter.
Figure 10(d ) shows the correlation between the fiber diameter
and the deposited structure amplitude. The results show a negative
linear relationship between the two parameters. This is due to the
fact that the electric charges accumulated on the electrospinning
jet are in a first-order relationship with the fiber diameter, while
the mass of the jet is in a second-order relationship with the fiber
diameter. The increase in fiber diameter will overall decrease its
acceleration amplitude in the lateral direction, thus decreasing the
pattern amplitude.

Fabrication of Wavy and Coiling Fiber Arrays. To further
demonstrate the controllability and capability of the process,
complex wavy and coiling fiber arrays with various structure
parameters have been fabricated and shown in Fig. 11. The
control signals can go beyond simple harmonic oscillations, so
the process can be extended to generate arbitrary patterns according
to the pre-defined signals. First, two kinds of simple control signals
following a sinusoidal function (frequency at 100 Hz and amplitude
of 300 V) and a triangular function (frequency at 100 Hz and ampli-
tude of 300 V) are applied in the Y-direction. The voltage applied on
the nozzle is 2500 V, and the collector moving speed is 10 mm/s.

The corresponding patterns in the forms of sinusoidal and zig-zag
shapes following the control signals are demonstrated in
Figs. 11(a) and 11(b). In Fig. 11(c), the applied electric signals
consist of the superposition of sinusoidal and triangular functions
(frequency at 100 Hz and amplitude of 300 V). In Fig. 11(d ), the
applied electric signals consist of the superposition of two sinusoi-
dal functions with different amplitudes (amplitude of 300 V and
150 V, respectively) and an identical frequency at 100 Hz. Further-
more, the control signals with two sinusoidal functions are added
along both the X- and Y-directions with the amplitude of 300 V
and frequency of 100 Hz. The collector translation speed was set
at 4 mm/s along the X-direction. Two kinds of coiling patterns
with different structural parameters were fabricated and demon-
strated. The results showed that the decrease in applied voltage
leads to the decrease in fiber diameter and the increase in the
pattern amplitude. At last, the capability to produce 3D wavy struc-
tures is demonstrated. In Figs. 11(g) and 11(h), sinusoidal voltage
signals (frequency at 75 Hz and amplitude of 350 V) were
applied to the auxiliary-electrodes in the Y-direction and the stage
was controlled to move back and forth in the X-direction at the
speed of 10 mm/s. A multi-layer wall structure was built by stacking
the wavy patterns. The side view of the fabricated wavy wall struc-
ture at the angles of 75 deg and 15 deg is demonstrated. The radius
of curvature at the bending part is about 50 µm, which cannot be
produced using the traditional method through purely collector
movement. All the above results showed the potential of the pro-
posed approach to actively and reliably control the fiber deposition
to fabricate wavy and coiling structures utilizing the additional elec-
trostatic force provided by the auxiliary electrodes.

Fig. 10 Relationship between the experimental parameters and structure parameters: (a) relationship between the
amplitudes of control signal and patterns; (b) relationship between the signal frequency and structure wavelength;
(c) relationship between the signal frequency and structure amplitude; and (d ) relationship between the nozzle
voltage and structure amplitude
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Conclusions
In conclusion, a direct writing process for fabricating wavy and

coiling microscale fiber arrays, based on electric field manipulation
in NFES, has been developed by introducing active electrostatic
signals applied on the side-auxiliary electrodes. By active control
of the voltage signals, the structural parameters of the deposited
patterns can be easily tuned and controlled. The proposed side-
electrode-assisted fabricating method possesses high accuracy and
flexible controllability and has overcome the deficiency of traditional
electrospinning-based method in generating arbitrary microscale
wavy and coiling structures. It is envisioned that this method will
benefit the applications in the field of photovoltaic devices,
sensors, transducers, resonators, and stretchable electronics. For exa-
mple, hyper-stretchable self-powered sensors based on buckling-
based electrospinning methods were produced with the printed
nano/microfibers in the wavy form [29]. The proposed method
could be adopted to tune and control patterns in a more consistent
and precise manner. Another work demonstrated a wavy-substrate

self-powered sensor by printing the fibers onto a wavy substrate
[30]. The fabricated sensor demonstrated the 3D wavy structures
have enhanced piezoelectric and electrical performance. The pro-
posed fabrication technique could further simplify the process to
directly print wavy fiber structures without using the wavy substrate.
A theoretical model of the modified NFES process with auxiliary

electrode signals is constructed to simulate the jet trajectory con-
sidering the corresponding forces acting on the electrospinning
jet including viscoelastic, charge repulsive, and electric forces.
Experimental validation of the model is carried out by comparing
the experimental and simulation results. The effects of different
process parameters including the voltage amplitude of control
signal, voltage frequency of control signal and nozzle-collector
voltage on the deposited pattern geometry are analyzed. Wavy
and coiling microscale fiber arrays with various structure parame-
ters are successfully fabricated and demonstrated. These results
indicate that the deposition of arbitrary wavy and coiling fiber
arrays can be precisely and reliably achieved utilizing the proposed
side electrode-assisted method in the NFES process.

Fig. 11 Wavy and coiling patterns with different structural parameters: (a) sinusoidal pattern, (b) triangular pattern,
(c) combination of sinusoidal and triangular pattern, (d ) combination of two-frequency sinusoidal pattern, (e) and ( f )
coiling patterns; side view of the fabricated wavy wall structures in the angle of (g) 75 deg, and (h) 15 deg
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Nomenclature
a = initial jet radius
l = initial jet segment length
m = mass
q = charge
N = total number of beads
G = elastic modulus
hx = nozzle-to-AE distance in X-axis
hy = nozzle to AE distance in Y-axis
hz = nozzle to collector distance
fE = electric force
fq = repulsive force
fve = viscoelastic force
fx = electric forces along the X-axis
fy = electric forces along the Y-axis
fz = electric forces along the Z-axis
Vz = applied voltage on the nozzle
Vx = AE voltage along the X-axis
Vy = AE voltage along the Y-axis
µ = viscosity
ρ = density
φx = AE signal phase along the X-axis
φy = AE signal phase along the Y-axis
ωx = AE signal frequency along the X-axis
ωy = AE signal frequency along the Y-axis
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