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Abstract

In this study, a fused deposition modeling 3D printer is modified into a motionless printer, which has the
potential to print patterns in a noiseless manner possibly with improved resolution and in less delay time by
eliminating the movement of nozzle or collector. In this motionless 3D printer, both nozzle and collector are
fixed, whereas the extruded polymer melt is driven by high-voltage switching points on the collector. By this
approach, simple 3D patterns such as multilayer circles, squares, and walls have been printed using two polymer
melts with different rheological properties, high-temperature polylactic acid and acrylonitrile butadiene styrene.
Furthermore, a discretized, nonisothermal bead and spring model is developed to probe printing patterns. The
effect of parameters, such as number of conducting points, switching time, voltage and material properties on
the accuracy of the printed simple 3D patterns, are thoroughly studied, and we demonstrated that various fiber
collection patterns obtained from the experiments are favorably compared with the simulation results.

Keywords: motionless additive manufacturing, 3D printing, electrostatic field, EHD, discretized modeling

Introduction

Fused deposition modeling (FDM) printing is the most
common 3D printing technology that deposits thermoplastic
polymer melt coming out of the nozzle layer by layer onto a
substrate by the motion of nozzle.1,2 It has various applica-
tions in aerospace, automotive, biomedical industry, and
consumer goods.3–7 This FDM printing intrinsically involves
some noise and delayed response time due to the movement
of the nozzle head,8–10 which can be curtailed if the printing
can be done without the nozzle movement.

In the current work, FDM 3D printer is modified into a
motionless printer by fixing the nozzle and collector. The
melt polymer jets in this motionless printer are driven by
high-voltage conducting points on the collector and their
switching-in time. As opposed to conventional inkjet print-
ers, jets driven by the electrical force can improve resolution
and printing speed without miniaturizing nozzle because
of a large neck-down ratio. The electric force driven, electro-
hydrodynamic inkjet printing allows producing submicron
scale fibers with speed higher than 1m/s. In some studies, the
fiber dimension of printing patterns is no >20lm.11–13 In these
studies, the Arduino is utilized to control the voltage switching
time on the conducting points. Therefore, the printing speed can
also be improved through the voltage switching time of the
conducting points by revising the code in the Arduino. Besides,
motionless 3D printing is not subject to whipping motion as
seen in conventional solution electrospinning, and thus it al-
lows for controlled deposition of jets14 without using solvent.15

Compared with melt writing, another conventional print-
ing technology, the current motionless printing approach,
involves no movement: the nozzle and collector are fixed
during the entire printing process and the printing trajectories
are controlled by a designed pattern with the electric field.
Therefore, it can potentially overcome the delay time of
moving nozzle or collector and controls the fiber to reach the
designed location quickly and precisely. The current mo-
tionless printing can be seen as an additive manufacturing
process that bridges melt electrospinning and FDM 3D
printing. It offers all the advantages of melt electrospinning,
and thus eliminating the noisiness and potentially poor res-
olution, possibly with offering improved printing efficiency
compared with FDM 3D printers.

In the current work, simple 3D patterns such as square,
circle, and wall are printed in the motionless printer set-

up using acrylonitrile butadiene styrene (ABS) and high-
temperature polylactic acid (HTPLA) melts with different
rheological properties. The effect of switching time of elec-
tric field, voltage, and resolution (No. of conducting points)
on simple 3D patterns is investigated experimentally. Dis-
cretized, nonisothermal bead and spring modeling is also
developed to predict the pattern obtained. Several theoretical
studies for electrospinning and melt electrospinning made
use of solving series of coupled ordinary differential equa-
tions with Taylor cone-like analysis boundary.16–19

The bead and spring model is used for its computational
rigor, with simplified equations of motion and energy to
predict the pattern formed.20–22 The modeling here is similar
to the previous electrospinning model by Divvela et al., but
the nonisothermal effect on the molten polymer together with
the energy balance and heat transfer at the fiber and air in-
terface is also incorporated since the molten polymer un-
dergoes cooling in air as the filament extruded from the
heated nozzle.21,23,24 A temporal boundary condition is ap-
plied to define the switching of voltage at the conducting
points on the collector and these modeling results are then
compared with printed patterns in experiments.21

Modeling Procedure

Motionless printing is modeled using the discretized non-
isothermal bead and spring model. In this study, the polymer
jet is assumed to be composed of a series of beads connected
by springs in between them. The approach is similar to pre-
viously used immersed electrospinning system.21 However,
the medium is air here and nonisothermal effects are also in-
corporated into the model since the molten polymer jet un-
dergoes cooling in air, as it is extruded from the heated nozzle
and solidifies as it is deposited.

The radius ri of each bead ‘‘i,’’ with length li and mass mi,
as it flows from the nozzle is given by the conservation of
mass equation, Equation (1).

ri ¼
ffiffiffiffiffiffiffiffi
mi

qpli

r
(1)

Each of the charged bead experiences forces such as sur-
face tension Fst, i, aerodynamic force Fa, i, viscoelastic force
Fv, i, electric force Fe, i, and gravitational force Fg, i. The
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position of each bead ‘‘i’’ with position vector xi, mass mi,
and radius ai is obtained from Newton’s second law of mo-
tion, given by Equation (2).

mi

d2xi

dt2

� �
¼ Fst, i þFa, i þFv, iþFe, i þFg, i (2)

The surface tension and viscoelastic force equations are
taken from Divvela et al.24 and Divvela and Joo.23 The sur-
face tension force is due to, (1) the capillary force along the
jet axis and (2) force due to local curvature of the jet. In the
surface tension equation, Equation (3), kc is the local curva-
ture of the jet and c is the surface tension coefficient. di
represents the downstream stream and ui represents the up-
stream beads with eui and edi being the upstream and down-
stream unit vectors.

Fst, i ¼ cp
adi þ aui

2

� �2

kc
edi þ eui

jedi þ euij

� �
þ 2pc adiedi � auieuið Þ

(3)

The aerodynamic force by each bead Fa, i is taken as an
average of aerodynamic forces experienced by the upstream
bead Fa, ui and downstream beads Fa, di, given by Equation
(4). The aerodynamic force experienced by upstream and
downstream beads are given in Equations (5) and (6),
respectively. The aerodynamic force is due to skin fric-
tion, Ff acting parallel to the axis of fiber, and pressure drag
Fp acting normal to the fiber. qair is the density of sur-
rounding air and cf and cp are friction drag coefficient and
pressure drag coefficient, respectively. Vt and Vn are tan-
gential and normal velocity components of bead relative
to air.

Fa, i ¼
Fa, ui þFa, di

2
(4)

Fa, ui ¼Ff , ui þFp, ui

¼ cfqairpauilui Vt, uij jVt,ui þ cpqairauilui Vn, uij jVn,ui (5)

Fa, di ¼Ff , di þFp, di

¼ cfqairpadildi Vt, dij jVt, di þ cpqairadildi Vn, dij jVn, di (6)

The viscoelastic force acting on bead ‘‘i’’ due to the up-
stream and downstream beads can be represented by Equa-
tion (7). sdi and adi represent the viscoelastic stress and radius
of upstream bead, sui and aui represent the viscoelastic stress
and radius of the downstream bead, respectively.

Fvi ¼ pa2disdi
� �

edi � pa2uisui
� �

eui (7)

The viscoelastic stress of each bead si has two compo-
nents: (1) polymeric stress sp, i and (2) solvent stress ss, i as
represented by Equation (8). Likewise, ls and lp represent
the polymer and solvent contributions to polymer zero shear
rate viscosity l as shown in Equation (9). The viscoelastic
stress is obtained from the nonisothermal Giesekus model,24

Equations (8)–(12).

si ¼ sp, i þ ss, i (8)

l¼ ls þ lp (9)

The solvent contribution of viscoelastic stress ss, i can be
represented by Equation (10), where fv is the temperature
dependence on zero shear viscosity and dli

lidt
is the strain rate.

ss, i ¼ lsfv
dli

lidt
(10)

The polymer contribution to viscoelastic stress sp, i, is re-
presented by Equation (11), where Tref is the reference
temperature, k and a are the relaxation time and mobility
factor of the polymer at the reference temperature obtained
by fitting characterization results as shown in Table 1. fv is
calculated using Equation (12), where DH is the activation
energy, obtained from calculations shown in Figure 1 and
Rig is the ideal gas constant.

sp, iþ kfv
Tref

Ti

dsp, i
dt

� sp, i
1

Ti

dTi

dt

� �� �

þ a
k
lp

Tref

Ti
s2p, i ¼ lpfv

dli

lidt
(11)

fv ¼
l Tið Þ
l Tref
� � ¼ exp

DH
Rig

1

Ti
� 1

Tref

� �� �
(12)

The change in temperature of each bead dTi is updated
with respect to time using 1-D energy equation on fluid ele-
ment in Equation (13). The energy balance consists of two
elements: (1) viscous dissipation in the jet and (2) heat
transfer with the surrounding air. Cp is the specific heat ca-
pacity, Tair is the temperature of surrounding air, and h is the
heat transfer coefficient, which can be estimated using Kase–
Matsuo’s empirical formula as shown in Equation (14).25

qCp

dTi

dt
¼ si

2

dli

lidt
(13)

Table 1. Material Properties of Acrylonitrile

Butadiene Styrene Used in the Current Study

Properties Value Source

Zero shear viscosity at
220�C, g0 (Pa$s)

12,849 Measured

Relaxation time, k1 (s) 158.3 Fitted
Activation energy of flow,
DH/Rig (K)

8340.9 Fitted

Density, q (kg/m3) 1031 Ref.26

Specific heat, Cp ( J/kgK) 1990 Ref.27

Electrical conductivity, K (S/m) ~10� 15 Ref.28

Surface tension, c (N/m) 0.039 Ref.29

Mobility factor, a 0.008 Fitted
Ratio of solvent to zero
shear viscosity, b

0.057 Fitted
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Nu¼ 2aih

kair

¼ 0:495
2 Vtj jai
vair

� �1
3 qairCp, airvair

kair

� �1
2

1þ 8 Vnj j
Vtj j

� �2
( )1

6

(14)

In Kase–Matsuo’s empirical formula, Nu is the Nusselt
number, Cp, air, kair, qair, and vair is the specific heat capacity,
conductivity, density, and kinematic viscosity of air, re-
spectively. qair and kair are functions of Tair and are calculated
by Equations (15) and (16), respectively.

qair ¼
352

Tair
(15)

kair ¼ 1:879 · 10� 4T 0:866
air (16)

The electric field Ee, i is given by Equation (17) and has
two components. The first term represents the diverging
electric field experienced by the jet at distance ‘‘ri’’ from the
conducting points. The second term represents the coulombic
interactions of bead ‘‘i’’ with the rest of the beads ‘‘j’’ at a
distance rij. Electric force is represented in Equation (18)
where qi is the charge at each bead.

Ee, i ¼ � 2V0

a0 þ 2ri � ri2

h0

� � ez þ
1

4p�0
+
j 6¼i

qj

r3ij
rij (17)

Fe, i ¼ qiEe, i (18)

The charges are conserved by considering convection
current only since conduction current is negligible for melt
polymers with low conductivity. In addition, the leaky di-
electric model is considered to get equilibrium value on
surface of the jet, given by Equation (19). In this model,
radial charge conduction is instantaneous since charges mi-
grate quickly to the jet surface in fluids with low conduc-

tivity. Since the conductivity of melt polymer is negligible,
conduction current is negligible and total current is equal to
convection current.

qi ¼ 2pa�0 Ee, ij j (19)

Experimental Procedure

Characterization of ABS and HTPLA

ABS and HTPLA solid linear polymers, whose diameters
are 2.85mm, are characterized using the DHR3 Rheometer to
obtain some rheological parameters (Tables 1 and 2) that are
used in the governing equations of nonisothermal discretized
model as given in the Modeling Procedure section. The
polymer is molten between the parallel plates in the rheom-
eter and subjected to oscillatory shear at different tempera-
tures to obtain the viscosity of the polymer as shown in
Supplementary Figure S1 and S2. The ABS polymer has the
viscosity of about two orders higher than HTPLA and it also
exhibits some yielding behavior at low shear due to additives.
Hence, the zero-shear viscosity of ABS is obtained by ex-
trapolating the viscosity curve to mimic Cross model rheol-
ogy. Other parameters, such as activation energy, relaxation
time, zero shear viscosity, mobility factor, solvent, and

FIG. 1. (a) Schematic of an FDM 3D printer modified into a motionless 3D printer. (b) Schematic of pattern formed by
voltage switching of conducting points. FDM, fused deposition modeling.

Table 2. Material Properties of High-Temperature

Polylactic Acid Used in the Current Study

Properties Value Source

Zero shear viscosity at 220�C,
g0 (Pa$s)

614 Measured

Relaxation time, k1 (s) 8.3 Fitted
Activation energy of flow,
DH/Rig (K)

9006 Fitted

Density, q (kg/m3) 1240 Ref.30

Specific heat, Cp ( J/kgK) 1800 Ref.31

Electrical Conductivity, K (S/m) <10-10 Refs.32,33

Surface tension, c (N/m) 0.0435 Ref.34

Mobility Factor, a 0.0085 Fitted
Ratio of solvent to zero shear
viscosity, b

0.265 Fitted
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polymer viscosity ratios of polymer melt, are obtained by
fitting of the data to the Giesekus constitutive model Equa-
tions (20)–(22) as shown in Figure 1b and c.

In the Giesekus constitutive model, k1 is the relaxation
time of the polymer, k2 is the retardation time, a is the mo-
bility factor, and c is the oscillatory shear strain. The fitted
and measured rheological data of ABS and HTPLA melt are
tabulated in Tables 1 and 2, respectively. These rheological
data are used in modeling procedure in the Experimental
Procedure section.

g
g0

¼ k2
k1

þ 1� k2
k1

� �
1� f 2ð Þ

1þ 1� 2að Þfð Þ (20)

f ¼ 1� v
1þ 1� 2að Þvð Þ (21)

v¼
1þ 16a 1� að Þ k1 _cð Þ2

� �1
2 � 1

8a 1� að Þ k1 _cð Þ2
(22)

Experimental setup

An existing Airwolf HD2x 3D printer is modified into a
motionless printer, where the nozzle and collector are held
stationary, and the molten jet is maneuvered using the high-
voltage conducting points on the collector and their switching
in time, as depicted in Figure 1a. To print a 3D square, four
conducting points are arranged in four corners of a square and
voltage is switched ON and OFF sequentially from point 1 to
4 to form a square pattern. First, point 1 is switched on until
the polymer reaches the first conducting point. Next, point 1
is switched off and immediately point 2 is switched on until
the polymer reaches point 2 and so on, until the pattern is
completed, as shown in Figure 3b.

This switching of high voltage is controlled by a circuit,
which is built using a combination of high-voltage DC sup-
ply, high-voltage relays, power switching MOSFET, Ardui-
no, and conducting points. A detailed schematic of the
electrical circuit is presented in Supplementary Figure S3.
The timing and switching of high voltage supplied to con-
ducting points can be controlled using Arduino codes.

In the current setup, screws, O-rings, or aluminum tapes
are used as conducting points, which are arranged in a se-
quence depending on the 3D print pattern needed, with the
nozzle centered above the conducting points. Patterns such as
circles, squares, and 3D walls are printed using ABS and
HTPLA experimentally with conditions mentioned in Ta-
ble 3. Simulations are performed to gauge the appropriate
initial conditions, such as voltage, switching time, number of
conducting points etc. required to obtain an accurate pattern.

Results and Discussion

3D circle

Circle patterns for ABS and HTPLAwere motionlessly 3D
printed by using eight conducting points with the nozzle 4
and 8 cm centered above the collector, respectively, as shown
in Figure 2a. The pattern was obtained by applying the equal

voltage of 10 kV but unequal switching time across the
conducting points, with the corner conducting points (CCP)
being switched on for a shorter duration of 1 s and the middle
conducting points (MCP) for 1.5 s. Simulations were con-
ducted by applying the same initial conditions as the exper-
iments, to obtain Figure 2b, and c shows the relation of
conducting points switched ON/OFF with time. Since the
CCPs were further away from the nozzle than the MCPs, the
melt polymer experienced less electric field toward the CCPs.
Hence, due to unequal switching time and unequal electric
force experienced, the ABS melt extruded bypasses the cor-
ner points and took a curved path to touch only the MCPs
forming a circle. It can be seen that the pattern predicted from
discretized modeling simulation is close to the experimental
results obtained (Fig. 2d).

3D square

ABS 3D squares could be motionlessly printed using four
conducting points in the four corners of a square at 4 cm
distance from one another (Fig. 3a) with an equal voltage of
10 kV and an equal switching time of 2.3 s. Figure 3c shows
the relation of conducting points switched ON/OFF with
time. Experimental results show some warping of the jet in
the regions between conducting points, whereas the simula-
tion results predict an accurate square pattern.

As the number of conducting points are increased from
four to eight, the accuracy of the printed pattern increases as
shown in Figure 4. To obtain a square with eight conducting
points, longer switching time was applied to CCPs. However,
for the higher number of conducting points, it was harder to
predict and control the switching time accurately causing it
difficult to obtain an accurate multilayer pattern.

It was more difficult to print HTPLA than ABS since
HTPLA had more fluid-like characteristics due to its lower
viscosity. Squares were printed using a continuous conduct-
ing path made of aluminum tape to obtain pattern as shown in
Figure 5a. A continuous path is comparable to a path with
infinite conducting points. This further demonstrates that
accurate patterns can be obtained with increased resolution.
However, the conducting path in this experiment is 0.5 cm
thick leading to slight misalignment in the multiple layers of
the 3D square. These results are comparable with discretized
modeling simulation results with four conducting points
(Fig. 5b). The squares obtained from simulations have sharp
edges, whereas the experiments lead to squares with rounded
edges in both HTPLA and ABS. Possibly due to inertia, sharp

Table 3. Typical Experimental Parameters

Used in Motionless 3D Printing

Parameter Value

Flow rate 2 · 10� 8 m3=s
Height from nozzle
to collector

4 cm (ABS)

8 cm (HTPLA)
Voltage 10 kV
Print temperature 220�C (ABS and HTPLA)
Radius of nozzle 0.5mm

ABS, acrylonitrile butadiene styrene; HTPLA, high-temperature
polylactic acid.
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edges are difficult to obtain experimentally, since the 3D
printer has less flexibility to adjust the flow rate, while the
discretized model is based on Stokes flow where inertial
forces are assumed to be small compared with viscous forces.
Reducing the melt polymer extrusion speed as the polymer
approaches the edges can improve the results.

3D wall

HTPLA 3D stacked walls were printed perpendicularly
layer by layer to the collector by using 2 O-rings as raised
conducting points on the same axis, separated by 6 cm with a
switching time of 3 s as shown in Figure 6a. There was slight

FIG. 3. ABS square pattern formed using four conducting points with the nozzle 4 cm above the collector in (a) the
experiment and (b) the simulation. (c) Shows how the conducting points switch with time in the first 12 s. (d) Shows the
comparison on single layer in the experiment and the simulation.

FIG. 2. Using eight conducting points with the nozzle. (a) Four centimeters above the collector formed ABS circle pattern
in the experiment and (b) 8 cm above the collector formed HTPLA circular pattern in the simulation. (c) Shows how the
conducting points switch with time in the first 12 s. (d) Shows the comparison on single layer ABS in the experiment and
the simulation. The ‘‘experiment’’ figure was obtained by taking a picture of the stacked pattern from top view after the
experiment was done and tracking it to scale using Adobe illustrator. ABS, acrylonitrile butadiene styrene; HTPLA, high-
temperature polylactic acid.
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looping toward the end due to cooling of HTPLA fibers, but
the pattern traced the same path each time. This demonstrates
that highly repeatable patterns can be motionlessly 3D prin-
ted with accurate switching time and voltage. Simulation
of HTPLA with two raised conducting points shows re-
sults, which are similar to the experimental results obtained
(Fig. 6b).

Although the experimental results are in agreement with
predicted simulation results, the accuracy of fiber deposition
and alignment of subsequent layers in experiment are not
perfect as simulation result due to the obstructing deposition
by O-ring, quenching of polymer jet in the air, and the
asynchrony between jet extrusion and switching of con-
ducting points in the beginning. The detailed problems and
the solutions in the experiment are explained point by point as
follows: First, utilizing O-rings causes an obstruction of fi-
bers near O-rings attaching the collector. However, raised
conducting points (O-rings) lead to more accurate patterns
since they guide the jet at an earlier stage in the air before it
deposits onto the collector. Second, the polymer jet quenches
in the air because of the high-temperature gradient between
surrounding and nozzle causes decreasing electrical con-
ductivity and hinders subsequent layers from fusing with the
previous layer and form separate strands. Therefore, the fi-
bers separate layer by layer slightly in Figure 6a and the lower
electrical conductivity makes it more difficult to be guided by
the electric fields.

To solve this problem, utilizing heater in the surrounding
could help the jet cool down slowly and in better alignment of
fibers due to the higher electrical conductivity of polymer
fibers in its melt state. Third, the jet extrusion and switching
of conducting points is asynchrony in the beginning. In the
current set up, the voltage switches from one conducting

point to another in a constant loop as the fiber is extruded but
they are asynchrony in the beginning. After one or two loops,
the jets keep up themselves to the constant code of switching
circuit. However, the initial nonaligning layers can act as a
hindrance to accurate patterns being formed in the subse-
quent layers. So, the accuracy of deposition of fibers can be
improved by coordinating extrusion of polymer with con-
ducting point circuit using some motion sensors. Having a
more sophisticated circuit with less delay time and greater
resolution (more conducting points) can lead to deposition of
patterns similar to the modeling results.

Effect of switching time, working distance, and voltage

Simulation results can be used to decide the experimen-
tal conditions to be applied to get accurate 3D print patterns.
The modeling results in the section demonstrate the effect of
parameters, such as switching time, working distance, and
voltage strength for four conducting points (Fig. 7) and eight
conducting points (Fig. 8).

Modeling results indicate that when switching time is low,
for conducting points at optimized voltage of 10 kV as seen
in Figure 7a, the fiber patterns do not reach the corners fully
and are distorted. When the switching time is optimized,
the melt jet effectively reaches the corners to form a defined
square pattern (Fig. 7b). The modeling results, however, have
smaller order of switching time since the delay or lag of
equipments associated with experimentation is not taken into
account.

Along with the distance and switching time between
the conducting points, the distance from nozzle to the col-
lector, working distance, also affects the printing pattern.
From Figure 7c–e, it can be seen that, even when there is an
insufficient electric field for fiber pattern formation, as the
working distance increases, the polymer melt has more time
to be electrified and maneuvered by the conducting points,
making it reach the conducting points further.

The voltage is another important parameter in obtaining
accurate printing patterns. It can be seen from Figure 7f–h
that, as voltage decreases below 3 kV, the ability polymer
deposited to reach the CCPs significantly decreases. For the
square pattern deposition, conducting points were placed
4 cm away from each other and with 5 cm working distance.
There was an agreement in the experimental results with the
modeling when the same initial parameters were used, where
it was observed that 3 kV acted as a sort of the threshold
voltage for polymer fibers to be deposited onto the collector
in a controlled manner. However, when voltage was in-
creased beyond 10 kV, it was difficult for the polymer to

FIG. 5. HTPLA square pattern formed (a) experimentally
with continuous conducting path and (b) through simulation
with four conducting points.

FIG. 6. HTPLA curved 3D wall pattern was printed per-
pendicularly layer by layer to the collector by using two
conducting points (a) from experiments and (b) from sim-
ulation.FIG. 4. ABS square pattern formed experimentally (a)

with four conducting points and (b) with eight conducting
points.

MOTIONLESS PRINTING BASED ON FDM 3D PRINTER 7

D
ow

nl
oa

de
d 

by
 C

or
ne

ll 
U

ni
ve

rs
ity

 fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 1

0/
03

/2
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



switch directions from one conducting point to another. The
polymer fiber seemed to stick to a conducting point for a
longer duration of 1 or 2 s, even after the conducting point
was switched off, due to the residual charge in the polymer.
The most optimal voltage for ABS pattern deposition was

found to be between 8 and 10 kV and for HTPLA, a higher
voltage of 10–14 kV was more effective.

The changed voltages also show the effect of the electric
field, the voltage difference between nozzle and collector
over the working distance, on the printing patterns. In the

FIG. 7. ABS square pattern (a) and (b) formed from simulation of (c), (d), (e) four conducting points. Top row, (f), (g), (h)
middle row, and bottom row show the printing patterns with different switching times, different working distances, and
different voltages, respectively.

FIG. 8. ABS square pattern formed from simulation of eight conducting points with (a) equal switching time but higher
voltage at corner conducting points, (b) equal voltage but longer switching time at corner conducting points, (c) equal voltage but
shorter switching time at corner conducting points, and (d) shorter switching time and higher voltage at corner conducting points.
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simulation cases as shown in Figure 7f–h, we applied 10, 3,
and 1 kV to the conducting points with 5 cm working dis-
tance. The printing accuracy decreases with the decreasing
electric field because of the changed voltages. If we want to
get a higher printing accuracy of 3 and 1 kV as 10 kV, the
lower working distances, 0.015 and 0.005m, must need to be
applied to the system, respectively. However, a short working
distance must cause damage to the Rambo of the 3D printer,
such as short circuit and spark problems.

Due to this high voltage requirement of 10 kV, distancing
the working distance along with creating a heated environ-
ment around the extrusion area would be beneficial in ob-
taining better patterns and eliminating short circuit problems.

For eight conducting points, we can see from Figure 8a and
b that perfect square can be obtained by two methods. One is
applying higher voltage (10 kV) to the CCPs (point 1, 3, 5, 7)
and lower voltage (1 kV) at the middle conduction points
(2, 4, 6, 8) with the same switching time. The other is uti-
lizing longer switching time (26.53ms) at CCPs and shorter
switching time (11.67ms) at theMCPs with the same voltage.
This implies that the best conditions getting a more accurate
square in the experiment would be to apply longer switching
time and higher voltage at CCPs while shorter switching
time and lower voltage at MCPs. However, while the longer
switching time is applied to MCPs instead of CCPs, circular
pattern can be formed as shown in Figure 8c. Using this
technique with unequal switching time in experiments shown
in Figures 2 and 3 to obtain squares and circles works ef-
fectively. Another strategy that emphasizes the importance of
unequal voltage is shown in Figure 8d, where although the
switching time is longer at MCPs, the higher voltage at CCPs
‘‘take over’’ to ultimately form a square pattern.

We note that in the current study, we focused on the proof
of concept of motionless 3D printing based on a facile ad-
aptation of a FDM 3D printer by applying a programmable
electric relay, and in the current motionless printing ap-
proach, the electric field that is applied at the bottom collector
through conducting points decays rapidly as the height of
printed 3D object increases. To apply the magnitude of the
electrostatic field uniformly from the top of the 3D printed
sample to the bottom, we are currently devising the voltage
switching system near the collector where additional con-
ducting points along both circumferential and horizontal
directions are placed on additional wall around the 3D print-
ing object.

Conclusion

In the current work, a motionless printer based on a fixed
nozzle of a conventional FDM 3D printer with electric
switching points on the collector is studied experimentally
and theoretically. Simple 3D patterns such as circle, square,
and wall were printed by using the electric force to drive the
melt polymer jet. Discretized, nonisothermal modeling is
also developed to study the motionless printer setup. This is
done by incorporating energy balance equations to the bead
and spring modeling to account for cooling of polymer jet
after extrusion from the heated nozzle. In addition, the rhe-
ological behavior of this nonisothermal jet is modeled using
nonisothermal Giesekus model.

Nonisothermal bead and spring modeling served as an
effective tool to predict process conditions for the experi-

ments. The effect of number of conducting points, switching
time, working distance, and voltage was explored for various
types of patterns to optimize the process. The model has been
successful in predicting patterns formed by both ABS and
HTPLA, which differ in relaxation time and viscosity by
several orders. Three-dimensional circles were accurately
printed using ABS and HTPLA with close comparison to the
predicted modeling results. Three-dimensional squares, on
the other hand, were more difficult to print but increasing the
number of conducting points improved the accuracy of the
3D print. The HTPLA 3Dwall proves that multilayer patterns
tracing the same path can be printed with optimized voltage
and switching time. Heated air around the printer, coordi-
nating extrusion of polymer with the circuit, using close by
conducting points with faster voltage switching system will
be implemented to improve the alignment of 3D print pat-
terns in motionless 3D printing.

To be able to print more complicated 3D objects in a
motionless manner, however, more sophisticated ways of
precisely controlling the electrostatic field on and around the
jet and 3D objects must be implemented. In addition to
adding a wall with circumferential and vertical points for the
more uniform electrostatic field, modeling and experiments
on a new motionless 3D printing system, where additional
electric field is applied to the molten jet at the nozzle, are
currently underway.
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