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Liquid-rope coiling occurs when a thin jet of viscous fluid falls from a sufficient height onto a rigid sub-
strate. Coiling can also be induced by an electric field, and this precise control over coiling has inspired
alternative applications in direct writing, such as the printing of nano-objects and the mixing of viscous
fluids. However, the physical mechanism of electric field-assisted coiling remains inadequately under-
stood, challenging the optimization of the design of printing setups. We identify the subtle role of the
electric field profile on the jet morphology and the onset of coiling, especially the height, by modifying
the electrode configuration for controlling an electrified jet. Based on our finding, we demonstrate that the
viscous coiling effect can be either induced or suppressed by changing the configuration of the electrodes,
which tunes the electric field profile. The exquisite control of the coiling of viscous fluids can enhance
applications that require dispensing of viscous liquids and on-demand direct writing for a wide range of
working conditions and various printed patterns.
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I. INTRODUCTION

Electrified jets are of great potential to benefit the
emerging rapid, high-resolution printing [1–4]. Electric
stress can accelerate and stretch a liquid jet [5], thus sig-
nificantly reducing the jet diameter, saving the technical
complexities involved when extruding viscous liquid from
tiny nozzles. As an electric field can suppress the Rayleigh-
Plateau instability completely for a viscous jet in air [6–8],
the liquid thread can be deposited onto a substrate con-
tinuously without breaking up to achieve a diameter of a
filament hundreds of times smaller than that of the nozzle
size [9]. A charged jet can manifest a coiling behavior in
the presence of an electric field under appropriate operat-
ing conditions [10,11], because it is an intrinsic tendency
for a significantly thinned and accelerated liquid thread
to buckle, bend, and coil, which is commonly termed as
liquid-rope coiling [12,13], which contains rich dynamics
[14–16] and applications [17–20]. Unlike the spontaneous
coiling that can only happen above a critical dispensing
height, which allows the jet to get sufficiently thinned
and accelerated [21–23], the minimum dispensing dis-
tance to trigger coiling for a charged jet and the result
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jet diameter can be significantly scaled down compared
to an uncharged jet. This approach has been exploited to
print patterns of fibers with improved resolution to as fine
as hundreds of nanometers [24] or to handle viscous flu-
ids, which are usually cumbersome to manipulate due to
their sticky and thick natures [10]. Besides electric coil-
ing, other techniques such as electrospinning [5,25–27] or
electrospray [28,30], where tiny liquid threads and droplets
are formed under electric charging, can also be induced
under appropriate operating conditions for material synthe-
sis or engineering of functional structures. Given the rich
dynamics of electrified jets, a comprehensive understand-
ing and control over electrified jets are critical in designing
strategies to achieve different electrically induced liq-
uid structures for target applications. While the operating
parameters, such as applied voltages and liquid flow rates
are widely studied [31–36], the configuration of the elec-
trical charging setup remains inadequately investigated,
despite its rich underlying physics. In practice, a tip-to-
plate configuration of electrodes is commonly adopted to
charge liquid jets, and the corresponding analysis usu-
ally assumes the electric field to be vertical and uniform
for simplicity [10,11,24], typically that of a plate-to-plate
electrode configuration. While this simplified assump-
tion is valid for some situations, it fails to distinguish
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between jet dynamics observed under different electrode
configurations. Hence a more sophisticated explanation to
describe the electrified jet is critical. Besides inducing jet
coiling, there is also a need to suppress it, especially in
applications where coiling undermines the quality of fiber-
based products. For example, the compromised toughness
of glass plates due to the irregularities that arise from coil-
ing of molten glass during fabrication remains challenging
to address [37]. In short, understanding the mechanism
of electrified jets and the ability to manipulate the coil-
ing behavior on demand is highly desired for engineering
printed structures.

In this work, we take the shape of the electric field into
account when characterizing the electric field. We inves-
tigate the jet morphology and dynamics while tuning the
electric field profile systematically by changing the elec-
trode configuration from a tip-to-plate to a plate-to-plate
setup. We demonstrate that the onset height of coiling sub-
stantially differs as the electric field profile changes. We
further identify its role in shaping the jet morphology,
which, in turn, influences the onset of the coiling effect.
Based on these results, we have proposed an explanation,

which can account for the experimental observations that
cannot be supported by previous simplified models. To
confirm our understanding, we demonstrate the control
over the triggering and suppression of coiling simply by
changing the electrode configurations. Hence, our work
introduces electrode configuration as an alternative degree
of freedom for controlling electrified jets. The robustness
of our finding is confirmed by printing tunable porosity
patterns through switching the coiling effect on and off
on demand. Our work enriches the physical picture of an
electrified liquid thread and provides an effective solution
for controlling viscous liquid jets for emerging printing
applications.

II. EXPERIMENTAL METHODS

A. Electric field
A common experimental setup used to electrify liq-

uid jets is composed of a metallic nozzle connected to a
ground substrate, forming a tip-to-plate configuration as
shown in Fig. 1(a) [26,27]. In this study, we consider an
alternative version of the experimental setup where the

(a)

(c)

(e) (f)

(d)

(b) FIG. 1. Viscous jet coiling
under electric field schematics of
experimental setup (a) without
a plate electrode at the nozzle
and (b) with a plate electrode at
the nozzle. Schematic electric
field shape is shown by blue
lines. When the applied voltage
is increased from 0 to 20 kV
while keeping the dispensing
height constant, (c) the jet under a
tip-to-plate configuration starts to
coil while (d) the jet under plate-
to-plate configuration remains
stable. If the dispensing height
is gradually increased while the
applied voltage is kept at 5 kV,
the viscous jet in the tip-to-plate
configuration (e) starts to coil
at a smaller height than the
plate-to-plate configuration (f).
Scale bars are 2 mm. Flow rate is
5 ml/h for all 4 cases.
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top needle is surrounded by a metallic plate parallel to
the bottom plate, as shown in Fig. 1(b). This plate-to-
plate electrode configuration with an adjustable diameter
of the top electrode enables the tunability in the distri-
bution of the electric field, a feature not possible with a
needle electrode only. We use circular-shaped aluminum
plates of different diameters as top and bottom electrodes
to ensure an axisymmetric distribution of the electric field.
The diameters of the top electrodes are 5.5, 8, 13.5, 15, 18,
23.5, 29, 36, and 45 mm, while the diameters of the bottom
electrodes are 30, 35, 40, 60, and 95 mm. The thickness
of both plates is 0.5 mm. An electric field is imposed by
connecting a direct current (dc) power source (Dongwen
High-voltage Power Source Ltd., Tianjin, China) to the top
and bottom electrodes. If the top and bottom electrodes are
large enough and have similar diameters, the electric field
lines are expected to be nearly parallel as profiled in the
center region between the electrodes. In contrast, the com-
mon tip-to-plate experimental configuration of electrodes
leads to diverging electric field lines.

B. Infusion
In experiments with electric fields, we use the same vis-

cous fluid: lecithin from soya bean (Soy Lecithin, Wing
Hing Chemical Company Ltd., Hong Kong). The fluid has
a density ρ = 1.045 g/cm3, a surface tension γ ≈ 30 mN/m
as measured by a pendant drop method [38], and a dynamic
viscosity µ = 20 Pa·s measured with a rheometer (Anton
Paar, MCR310) with a measuring cone CP-25, a dielec-
tric permittivity of approximately 23, and a conductivity
of O(10−9) S/m [10], and is regarded as a leaky dielectric
fluid [39]. In the experiments without electric fields, sili-
cone oils (Sigma-Aldrich, USA) of different viscosities are
used. The fluid is loaded into a glass syringe (SGE Ana-
lytical Science, Australia) that is mounted onto a syringe
pump (LSP01-2A, Longer Pump, Hebei, China), and a
nozzle of 0.6-mm inner diameter is used for all experi-
ments. The flow rate is 3–17 ml/h for all experiments. For
electric field experiments in Figs. 1 and 2, the flow rate is
5 ml/h. In Fig. 4, the flow rate for nonelectrified jets varies
for different fluids: 5–12 ml/h for lecithin, 9–17 ml/h for
10,000 cSt silicone oil, and 2–3 ml/h for 60,000 cSt sili-
cone oil. For electrified jets, the flow rate is 3 ml/h. The
flow rate we use in the printing application is 15 ml/h.

C. Data acquisition and experimental protocol
The dynamics of the jet is recorded using a high-speed

camera (FASTCAM SA4, Photron, USA). The electrode-
to-electrode distance is tuned by using a mechanical stage
with a typical step resolution of 0.5 mm. For each dis-
pensing height, the applied voltage to charge the viscous
jet is gradually increased from 0 V to a threshold value
where the jet gets straight and connects the two electrodes,
or starts to coil, typically around 10–20 kV, depending on

experimental parameters. We define the critical height, hc,
as the height below which no coiling of the jet is observed
under any applied voltage. Above hc, we observe the coil-
ing of the jet when the voltage is increased to a sufficiently
large value. More experimental details can be found in
Sec. VI of Supplemental Material [40].

III. RESULTS

The tip-to-plate configuration of electrodes is commonly
used for electric field-assisted coiling, and the resultant
electric field is assumed to be vertical and uniform, which
is typical for a plate-to-plate electrode configuration. How-
ever, our experiments suggest that these two configurations
of electrodes cannot be taken as equivalent in terms of
onset condition of coiling. Intriguingly, a jet that coils
under a certain height and applied voltage [Fig. 1(c)] under
tip-to-plate configuration will stop coiling if we attach a
large aluminum plate to the nozzle and leave all other con-
ditions fixed, as shown in Fig. 1(d). The additional metallic
plate at the nozzle modifies the electric field profile and
changes the dynamic behaviors of the viscous jet.

One explanation of this difference is that the strength
of the electric field at sharp edges is often stronger than
at blunt surfaces under the same applied voltage because
the curvature is larger and the electric field lines that
are perpendicular to the surface are denser. As such, the
decrease in electric field strength E under the same applied
voltage U could suppress coiling. To evaluate whether the
disappearance of the coiling is due to a reduction of the
electric field strength under the same height, we simu-
late the field strength at a selected point near the nozzle.
The results indicate that when U = 5 kV, the field strength
for tip-to-plate configuration is one magnitude larger than
that for a plate-to-plate configuration case and will remain
significantly larger until the applied voltage for the plate-
to-plate case is increased up to 20 kV (see Sec. I of Sup-
plemental Material [40] for simulations). Experimentally,
a coiling jet at U = 5 kV in tip-to-plate configuration stops
coiling when we attach the top plate electrode to the nee-
dle [Fig. 1(c)]. Then we increase the voltage to 20 kV and
above, where the field strength has become comparable to
that of a tip-to-plate configuration under 5 kV, according to
simulation. However, the jet remains stable without coil-
ing [Fig. 1(d)]. Therefore, the difference in field strength
between plate-to-plate and tip-to-plate electrodes cannot
explain the different dynamics of electrified jets.

To investigate whether the coiling will occur under the
plate-to-plate configuration, we increase the dispensing
height under a fixed voltage of 5 kV. The critical height
that triggers the onset of coiling is about 20 mm under a
plate-to-plate configuration [Fig. 1(f)], while the height is
12 mm under the tip-to-plate configuration [Fig. 1(e)]. This
suggests that the critical height hc for the onset of electri-
fied coiling of a tip-to-plate setup differs substantially as
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(a) (d)

(b)

(c) (e)

FIG. 2. Morphology diagram of the liquid jet under different heights (a) the normalized critical height hc/d measured experimentally
for different rtop/rbottom. In this diagram, the yellow region indicates the coiling regime and the purple region is the noncoiling regime.
Red circles, green squares, and blue triangles represent experiments with different sets of the top electrode and fixed bottom electrode.
Results observed when the diameter of the bottom electrode is varied while keeping that of the top electrode constant can be found
in the Supplemental Material, Sec. II [40]. Blue truncated cones are schematic shapes of electric field of their neighboring data. (b-
d) Jet behavior as a function of the height and voltage for three different rtop/rbottom: (b) 0.08, (c) 0.25, and (d) 0.42. The red line
denotes the critical height, which represents the height below which the jet transitions from dripping to stable jet, and above which
the jet transitions from dripping, to coiling, and finally to stable jet as the applied voltage increases. (e) Type I transition: dripping to
stagnation flow; type II transition: dripping to coiling to stagnation flow. The flow rate is 5 ml/h.

we use a finite circular plate as the top electrode to form a
plate-to-plate configuration.

To systematically study the effect of electrode configu-
ration on the coiling behaviors, we measure the height and
the voltage at the onset of the coiling for various combi-
nations of top and bottom electrode radii. We denote the
ratio of the top to bottom electrode radii as rtop/rbottom and
show the normalized critical height hc/d as a function of
it in Fig. 2(a) (See Supplemental Material [40] for criti-
cal height as a function of En/Et). We can identify a clear
increasing trend of hc as rtop/rbottom increases. The smaller
the top electrode is and the more conical the field is, the
smaller the critical height for coiling. Specifically, for each
configuration, as the dispensing height or voltage is grad-
ually increased, we observe the dynamic behaviors suc-
cessively and categorize them as (i) a dripping jet, which

corresponds to the state where the jet breaks up before
reaching the substrate and does not form a continuous
liquid thread, (ii) a stable jet, where the jet forms a con-
tinuous liquid column without any bending or twisting,
and (iii) a coiling jet, the state in which the jet rotates,
bends, and folds periodically, forming a liquid-rope pile
below the jet tail. The dependence of jet states on the
applied voltage at different dispensing heights is summa-
rized in three representative state diagrams for rtop/rbottom
and take values of 0.08, 0.25, and 0.42 [Figs. 2(b)–2(d)].
For instance, in Fig. 2(c), we observe that at a small dis-
pensing height, as the voltage increases from 0 to 17 kV, a
dripping jet becomes straight due to the stretching effect of
the electrostatic stress, and no coiling is observed [type I
in Fig. 2(e)]. For a dispensing height above hc, the jet first
drips at small voltage, then coils at a higher voltage, and

014034-4



FACILE CONTROL OF LIQUID-ROPE COILING. . . PHYS. REV. APPLIED 12, 014034 (2019)

finally becomes a straight jet [type II in Fig. 2(e)]. The two
types are characterized by the critical height hc [red lines
in Figs. 2(b)–2(d)], which is defined as the height above
which a jet will coil at sufficient voltage and below which
the jet would not coil under any practical applied voltage.

IV. DISCUSSION

A. Influence of the electric field on the slenderness of
the jet

At the surface of the jet, the induced charge density
can be estimated as qi ∼ ε1ε0En, where ε1 is the relative
permittivity of the liquid and ε0 is the vacuum dielec-
tric constant. Thus, the normal and tangential electric
stress exerted on the jet interface are Fe

n ∼ ε1ε0E2
n , Fe

t ∼
ε1ε0EnEt, respectively [41]. We use the angle ϕ to denote
the angle between the tangential of the jet surface and the
electric field line at the point of investigation, as shown
in Fig. 3(d). Then the normal electric force per unit area
becomes Fe

n ∼ ε1ε0E2 sin2 ϕ on the jet surface. The cur-
vature of the jet surface influences the charge distribution
along the jet [42]. The electric field strength and direc-
tion also vary with electrode configurations, implying a
sophisticated force distribution. Though the exact charge
distribution, the shape of the jet, and the electric stress
are complicated to calculate in this configuration, we per-
form a force balance for an infinitesimal element on the
surface of the jet at equilibrium. The jet forms a straight
liquid thread at equilibrium and the force balance in the
normal direction of the jet surface requires the normal elec-
tric stress to be balanced by a change of Laplace pressure
[43] (see Sec. IV of the Supplemental Material [40] for
schematic). We have the Laplace pressure of %P = Fe, and
since %P ∼ %[−(γ /a)], we obtain

γ

a2 da ∼ ε1ε0E2 sin2 ϕ,

where a is the local jet diameter and γ is the surface ten-
sion. From this expression, the jet expansion induced by
the electric field is related to the electric capillary num-
ber [44], defined as Cae ≡ ε1ε0E2a/γ , which characterizes
the ratio of electric stress and surface tension. Using δ =
da/a as the shrinkage ratio, we obtain δ ∼ Cae sin2ϕ. The
expression shows that when ϕ decreases, the shrinkage
ratio becomes smaller and the jet becomes wider. In our
setup, when rtop/rbottom increases, the angle ϕ becomes
smaller along the jet, as shown by the simulations reported
in Figs. 3(a)–3(c) (see Supplemental Material [40] for sim-
ulation under different dielectric constant), and so does the
radial electric force that balances the Laplace pressure. A
small Laplace pressure implies a wider jet diameter, which
has a smaller mean surface curvature. The experimental
results shown in Fig. 3(e) performed with a fixed jet of
length L and a constant voltage U also confirm that when
the top electrode gets larger, the jet slenderness (a/L) gets
larger (see Supplemental Material Sec. VI, part B for the
method of calculating jet slenderness [40]). Therefore, the
jet morphology is significantly affected by the electric field
profile.

B. Onset of coiling influenced by jet slenderness
The jet morphology is a critical parameter for the onset

of coiling, which can be reflected by one of the two key
parameters that dominate the onset of coiling, (i) the slen-
derness ξ = a/L and (ii) the compression force of the
jet [21,45,46]. The viscous compressive stress acts as the
buckling force while surface tension effects tend to mini-
mize the jet surface area by stretching the filament toward
both ends of the jet. The capillary number Ca = µV/γ ,
which denotes the ratio of viscous to capillary forces, char-
acterizes the compression strength on the jet. The gravita-
tional effect is neglected here for ρgL/2 < 2γ /D [46]. The
state diagram of coiling and noncoiling jets is summarized

(a)

(c) (d)

(b)
(e)

FIG. 3. Simulation results of the
angle of the electric field to the
surface of the jet and the slen-
derness of the jet under differ-
ent electrode setup. The electric
field direction around the jet when
employing top electrode with a
diameter of (a) 5 mm, (b) 25 mm,
and (c) 45 mm. (d) The angle ϕ
represents the angle of direction
of the electric field with respect
to the jet surface. Color scale in
(a)–(c) denotes the value of the
angle. (d) Experimental result of
mean jet slenderness under differ-
ent sizes of electrodes. The dis-
pensing height and voltage are
fixed at 13 mm and 5 kV, respec-
tively.
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by two dimensionless numbers: Ca, the capillary number
and ξ = a/L, the jet slenderness, as shown in Fig. 4(a).
Coiling only occurs for jets with a sufficiently strong com-
pression and small slenderness. If the jet is slenderer, the
compression needed is also smaller.

Now we take the applied electric force into force balance
analysis, the electric force per unit length scales as Fe =
ε0ε1E2r, the surface tension force per unit length scales
as Fs = (γ /r)r, and the viscous force scales as Fv =
µr4v/R4, where r is the radius of the thinnest part of the
jet (∼O(10−1) mm), µ is the dynamic viscosity (approx-
imately 20 Pa·s), v is the velocity of jet, and the radius
of curvature of the coiling R is typically about O(1)
mm. Therefore, the surface tension and the electric forces
are comparable in magnitude, while the viscous force is
smaller by four orders of magnitude. Thus, we define an
electric capillary number Cae ≡ ε0ε1E2

na/γ that character-
izes the ratio of the two dominating forces, as shown in
Fig. 4(b).

We find that a larger top electrode will result in a wider
jet, leading to larger values of the slenderness ξ . Since the
flow rate does not change, a wider jet implies a smaller jet
velocity, and in return leads to smaller compression. Both
factors act against the onset of coiling, which can only
occur when the jet is sufficiently slender and is subjected to
a large axial compression. When the electrode configura-
tion adopts a more conical shape, such as rtop/rbottom < 0.3
in Fig. 2(a), the normal electric stress that points outward
is effectively larger than those with larger top electrodes,
thus requiring a larger Laplace pressure to balance; con-
sequently, the jet diameter gets smaller. To satisfy mass
conservation, the slenderness provides a larger speed to
the jet and thus it hits the substrate and decelerates more

rapidly, leading to larger compression as well. Thus, the
critical height for coiling is smaller. A jet under a larger
top electrode [rtop/rbottom > 0.3 in Fig. 2(a)] will only coil
when the height is sufficiently large to allow adequate
thinning and compression of the jet.

C. Application in printing
Based on our understanding of the tunability of the

electric field profile on the dynamical behaviors of the
electrified jet, we propose a new tool for programming
the printing of line patterns by changing the electrode
configuration. A coiling jet extruded from a dispensing
nozzle on a translational substrate draws various intricate
patterns associated with different moving speeds and coil-
ing frequencies [16,18,20,47–49]. We select two electrode
configurations, one with a small top-plate electrode of
rtop/rbottom ∼ 0.08, and the other with a larger top electrode
of rtop/rbottom ∼ 0.30 [Fig. 5(a)], and set the dispensing
height to a certain value. When the electric field is turned
off, regardless of the electrode setup, the jet will sponta-
neously coil under the certain height, a value between the
critical heights of the two configurations when the electric
field is on. Therefore, when the same voltage is applied, the
former jet manifests electric coiling [Fig. 5(b)], while the
latter jet becomes straight and stable [Fig. 5(c)], in accor-
dance with their respective positions in the state diagram
in Fig. 5(a). We install a moving substrate to this setup,
and each coiling rotation of the jet generates an air bub-
ble in the deposited liquid thread shown schematically in
Fig. 5(d), and a faster coiling generates denser bubbles.
Thus, a plate-to-plate electrode configuration can suppress
the coiling of jets and generate a straight liquid thread on

(a) (b)

FIG. 4. The Ca − ξ diagram for natural spontaneous coiling and Cae − ξ diagram for electric coiling. Ca is the capillary number,
Cae is the electric capillary number, and ξ = a/L is the slenderness of the jet. The purple region represents the coiling and the yellow
region represents the stable jet regime. (a) Diagram for coiling without electric field. The green, orange, and purple symbols correspond
to lecithin, silicon oil of viscosity 60,000 and 10,000 cSt, and their flow rates are 5–12 ml/h for lecithin, 9–17 ml/h for 10,000 cSt
silicone oil, and 2–3 ml/h for 60,000 cSt silicone oil, respectively. (b) Diagram for electric coiling. The blue, red, and black symbols
represent no plate, 5.5 mm plate, and 8 mm aluminum plate as top electrode using lecithin, respectively.
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(a)

(b)

(d)

(e)

(f)

(g)

(h)

(c)

FIG. 5. The printed polycaprolacton (PCL)ink with different electrode configuration. (a) Diagram illustrating the coiling and no
coiling regime with lecithin as the demonstrating fluid. (b) Side view of coiling of lecithin under smaller top plate. When the field is
off, spontaneous coiling is observed. When the field is on, since the critical height is smaller than the current dispensing height, it can
manifest electric coiling. Adopting this regime into printing, (e) and (f) demonstrate coiling with natural frequency, indicated by sparse
bubbles when the field is off, and coiling with higher frequency, resulting in denser bubbles when the field is on. (c) With a larger top
electrode, the dispensing height is smaller than the critical height where no electric coiling can be triggered regardless of the voltage.
(g) and (h) shows the coiling phenomenon being suppressed when field is on and a straight line without bubbles is generated, while
sparse bubbles are generated because of spontaneous coiling with the field off. (d) Schematic of the printed PCL-chloroform solution
with a moving substrate. The scale bars are 5 mm. The flow rate is 15 ml/h.

demand by switching on the field, as shown in Figs. 5(e)
and 5(g). Because in this case, the critical height is larger
than the dispensing height, no coiling will be observed
when the electric field is applied. While dense bubbles are
needed, such as in forming a porous or multicavity mate-
rial, we use a small-top electrode setup with critical heights
smaller than the dispensing height. Thus, when the field
is on, many more bubbles appear than natural coiling, as
shown in Figs. 5(f) and 5(h). Not only can this method
control when and where the bubbles appear or not, but it
can also manipulate the density of the bubbles according to
the moving speed of the plate and applied voltage. Specif-
ically, when the tunable range of the dispensing height is
restricted and a natural coiling is inevitable, a setup with
large rtop/rbottom can suppress the natural coiling and avoid
any bubbles if unwanted.

V. CONCLUSION

In this work, we identify and investigate the distinct
role of the electric field profile on the onset of electric
field-assisted liquid-rope coiling with various electrode
configurations described by rtop/rbottom. We use a critical
height hc above which the jet could exhibit a rope coiling
effect upon an increase in voltage to characterize the jet

behavior. Specifically, the larger the ratio rtop/rbottom is,
which implies a more parallel field distribution, the larger
the hc is. The morphology of the jet is determined by
balancing the normal electric stress and Laplace pressure
on the jet surface at equilibrium. The relative strength of
normal electric stress become smaller as rtop/rbottom gets
larger, and the jet in turn becomes wider due to the reduc-
tion of Laplace pressure that balances the electric stress.
As such, the jet gets wider as the electrode configuration
goes from tip-to-plate to plate-to-plate, to reach a critical
slenderness that supports a coiling and the critical height
increases accordingly. In this manner, the onset height is
tuned by varying the electrode configuration correspond-
ingly. Our finding succeeds in accounting for the dynamic
jet behaviors under different electrode configurations that a
simplified model of uniform electric field distribution can-
not. By manipulating the electrode configuration, printing
and switching patterns with a desired density of bubbles on
demand is realized by controlling the on and off state of the
electric field. Specifically, our method realizes the suppres-
sion of natural coiling with a large value of rtop/rbottom, a
feature not possible with a bare-needle setup and simplified
model. Our work enriches the physical picture of electric
coiling and provides a promising alternative in printing
porous scaffolds for bioengineering with a controllable
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degree of porosity and in suppressing undesired formation
of bubbles for fluid dispensing applications. It also pro-
vides a conceptual understanding for controlling electrified
jets in fluid dispensing processes.
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