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The study of electrohydrodynamic printing by numerical simulation
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EHD (Electrohydrodynamic) printing is a promising technique for alternative fabrication of highresolution micro- and
nanostructures without employment of any molds or photo-masks However, the printing precision can be easily influenced by
the printing conditions, such as applied voltage, printing distance (the distance between the nozzle tip and the substrate), and
flow rate. Unfortunately, up to now there was no work which analyzed those influencing factors in-depth and systematically
by theory and numerical simulation. In this paper, the theory of EHD printing was presented and the effect of applied
voltage, printing distance, and flow rate on the width of printed line was analyzed by numerical simulation. The simulation
results showed that the width of printed lines is proportional to printing distance, nozzle size, and flow rate. However, it is
inversely proportional to the applied voltage.
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EHD (Electrohydrodynamic) printing is a promising
technique for alternative fabrication of highresolution
micro- and nanostructures without employment of any
molds or photo-masks However, the printing precision can
be easily influenced by the printing conditions, such as
applied voltage, printing distance (the distance between
the nozzle tip and the substrate), and flow rate. Unfor-
tunately, up to now there was no work which analyzed
those influencing factors in-depth and systematically by
theory and numerical simulation. In this paper, the theory
of EHD printing was presented and the effect of applied
voltage, printing distance, and flow rate on the width of
printed line was analyzed by numerical simulation. The
simulation results showed that the width of printed lines
is proportional to printing distance, nozzle size, and flow
rate. However, it is inversely proportional to the applied
voltage.

1 Introduction

Direct writing techniques show their great potential
in for fabrication of micro and nano-structures with low
cost, simplified procedures, low-pollution [1]. Among the
direct writing methods (Ink jet printing, fused deposi-
tion modeling, stereo lithography apparatus, etc.), EHD
(Electrohydrodynamic) printing can fabricate nano-scale
patterns only by simple equipments and large size nozzles.
The jet/droplet is pulled out by an external electric field
rather than pressure. During EHD jet printing, a high
voltage is applied on the conductive nozzle. Under such
high electric field, the charges in the ink move to the noz-
zle tip and then aggregate quickly, forming a meniscus at

the nozzle tip. When the electric field force is larger than
the surface tension of the meniscus, a EHD jet is dragged
out from the meniscus [2]. The diameter of the jet or
droplet is significantly smaller than the nozzle size/the
inner diameter of the nozzle (1/100 to 1/10 times) [3].
EHD printing has been demonstrated to write 2 D even
3 D micro- or nano-scale structures in many applications,
such as quantum dots [4], electrodes [5], and scaffolds [6].

It has been demonstrated the factors (nozzle size, ap-
plied voltage, printing distance, and flow rate) are the
main factors which can influence the jet modes, ie . drip-
ping mode at low flow rate, pulsed jet mode at high print-
ing distance, and multi-jet mode at extremely high volt-
age[7]. It also has been proved the physical properties of
ink, such as viscosity, density, and permittivity, can in-
fluence the stability and resolution of EHD printing [8].
By adjusting the physical properties of the ink and the
process parameters, EHD printing with resolution down
to 1 m can be performed stably.

To explain the phenomenon and jet modes during
EHD printing, many researchers around the world devel-
oped their EHD printing theories. Choi employed six di-
mensionless parameters and characterized the correlation
of the dimensionless voltage and the charge relaxation
length, the jet diameter of cone-jet mode[9]. Lpez-Herrera
proposed a volume-of-fluid method adapting to the solu-
tion of the governing equations for two-phase EHD prob-
lems[10]. The proposed method allows the analysis of
the transient stages occurring during the relaxation of
charge from the bulk to the interface [10]. Rogers pre-
sented a voltage modulation in EHD printing[11]. Based
on this modulation, they proposed a short-time high-
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voltage pulse superimposed over a lower baseline constant
voltage, so Taylor cone can be formed and maintained at
the tip of the micro capillary nozzle[11]. Collins analyzed
the formation of jet flow by numerical simulation, and un-
equivocally show that electrospray droplets are coulom-
bically stable at the instant and there exists a universal
scaling law for droplet charge [12]. Kim investigated the
characteristics of spray evolution and deposition patterns
because of multiple EHD spraying using numerical sim-
ulations. Their study demonstrated the feasibility of a
multiplexed EHD spraying system. Above studies play
a vital role in controlling EHD printing process and ex-
plaining the phenomenon during this process. However,
the main influencing factors including applied voltage,
printing distance, nozzle size (the inner diameter of the
nozzle), and flow rate were not simultaneously analyzed.
EHD printing process under different conditions were also
not numerical analyzed in-depth and systematically.

In the present work, the EHD printing theory based on
Navier-Stokes and electric field equations was presented.
The influence of applied voltage, printing distance, nozzle
size, and flow rate on the width of printed lines were
investigated by numerical simulation.

2. Theory

2.1 Theoretical model EHD printing

Any kind of fluid during flowing process can be gov-
erned and expressed by continuity and momentum con-
servation equation, which is called Navier-Stokes (N-S)
equation. Under rectangular coordinate system, for un-

compressible fluid ( ∂ρ
∂t = 0), N-S equation reads

ρ
∂~u

∂t
+ ρ~u · ~∇~u = −~∇p+ ~f + µ∇2~u, (1)

∇ · ~u = 0, (2)

where, ρ is the density of the fluid, ~u is flow rate of the

fluid, ~f is the mass force of the fluid, p is the pressure
applied on the fluid, and µ is the viscosity of the fluid.

For EHD printing, the fluid is actuated by electrical
field. Therefore, electrodynamic force should add into (1).
According to Collins’s inference[12], the fluid under elec-
trical field is

ρ
∂~u

∂t
+ ρ~u · ∇~u = −~∇p+ ~∇ ·

( ~~σf + ~~σe
)

+~fb, (3)

where,
~~σf is viscous stress tensor, ~~σe is the electrostatic

Maxwell stress tensor, and ~fb is the body force of the
fluid. Viscous stress tensor can be expressed as

~~σf = µ

[

~∇~u+
(

~∇~u
)⊤

]

− 2

3
µ
(

~∇ · ~u
)

~~I, (4)

where,
~~I is the identity tensor. Maxwell stress tensor is

then
~~σe = ε ~E × ~E − ε

2
E2

(

1− ρ

ε

∂ε

∂ρ

)

~~I, (5)

where, ε is the permittivity, E is magnitude of the elec-
tric field. Body force is usually equal to the gravity of the
fluid and the electric force applied on the fluid, so body
force can be calculated as

~fb = ρ~g + q ~E −
1

2
E2~∇ε+

1

2
~∇
[

ρ

(

∂ε

∂ρ

)

E2

]

, (6)

where, g is gravitational acceleration, q is the quantity
of electric charge. The above equation is the basic the-
ory which can be used for numerical simulation for EHD
printing. According to this equation, electric field distri-
bution, the flow rate of the fluid, and the pressure in the
fluid can be calculated.

2.2 The relationship between printing resolution and

printing conditions

The relationship between printing resolution (the
width of printed line) and printing conditions can be
estimated by scaling law. According to Chois theory [14],
the width of printed line (w) can be predicted by an
empirical equation

w ≈
√

γ

ε0

√
dN
E

, (7)

where, γ is surface tension of the fluid-air, and dN is the
inner diameter of the nozzle. According to Chois theory
[14], E can be calculated using a theory of infinite planar
counter electrode

E =
4V

dN ln

(

8h

dN

) , (8)

where, V is the voltage applied on the nozzle, and h is
the printing distance Therefore, in conjunction with (7)
and (8), the width of printed line can be estimated by

w ≈ 8.4017× 104
γ1/2 d

3/2
N ln

(

8h

dN

)

V
. (9)

During EHD printing, a jet/droplet is pulled out by an
external electric field. Before that time, a conical menis-
cus is generated at the apex of the nozzle. The formation
of the conical meniscus is the precondition to produce
a jet/droplet. The magnitude of the electric field at this
time is called critical magnitude of the electric field (Ec),
while the applied voltage for conical meniscus formation
is called critical voltage (Vc). Kebarle indicated that con-
ical meniscus can be formed when the electrostatic force
is equal to the surface tension of the ink, So Ec can be
approximately calculated as, [15]

Ec =

√

2γ cos θ

ε0dN
, (10)

where, θ is the half angle of the Taylor cone, which is
49.3◦ , and the value of ε0 is 8.854187817 × 10-12. In
conjunction with (8) and (10), critical voltage can be
estimated as

Vc = 9.5952× 104
√

dNγ ln

(

8h

dN

)

. (11)
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Fig. 1. The geometric model for numerical simulation

2.3 Numerical simulation for EHD printing process

The geometry that modeled in this simulation has been
showed in Fig. 1. An axisymmetric geometry was mod-
eled in the the finite element domain. The fluid flow and
the surface tension were described in terms of volume of
fraction (VOF). The nozzle is made by stainless steel, so
for simplification the voltage is just applied on the noz-
zle wall rather than on the fluid. The ground voltage (0
V) is applied on the substrate. Before applied high volt-
age on the nozzle wall, the area between nozzle and sub-
strate is filled by the air. In this study, glue is used as the
printing material. The glue is ultraviolet-cured with the
following properties, density of 1098.25 kg m-3 , viscosity
of 330 mpas, surface tension coefficient (glue-air) of 0.036

Nm-1 , conductivity of 2.1×10-5sm-1 , and permittivity of
25.7. During numerical simulation, applied voltage, print-
ing distance, nozzle size, and flow rate are changed, while
the printing material is fixed with constant parameters.

The applied voltage is ranging from 900 to 1400 V. The
printing distance is ranging from 0.25 to 0.4 mm. The
flow rate is ranging from 0.05 to 0.3 ml/h.

3 Results and discussion

For EHD printing, there are four main printing modes,
which are divided according to the applied voltage. With-
out or with low voltage, the fluid drips from the nozzle,
which is called droplet printing. As the voltage increase,
the electrostatic force overcomes the surface tension of the
fluid, a fine jet with large diameter can be generated from
the nozzle. We call this mode fine jet printing. As applied
voltage continuously increases, the diameter of the jet de-
creases significantly and a cone with 98.6◦can be formed
at the apex of the nozzle. Under such voltage, the cone-
jet printing mode was used. It is demonstrated that the
half angle of the cone is 49.3◦ [16]. The jet in this Taylor
cone mode become much more stable than that in other
modes. Our study in this work is focused on this Taylor
cone mode. If the applied voltage continuously increases,
there are at least two jets formed at the apex of the nee-
dle. The printing turns into multi-jet mode. Needless lines
with unanticipated width are printed into the substrate
at this mode, so one should prevent from multi-jet during
EHD printing.

3.1 The charge distribution of the fluid during EHD

printing

The formation of EHHD jet can be explained by charge
distribution phenomenon when high voltage is applied on
the conductive nozzle. Fig. 2 shows the charge distribu-
tion of the fluid near the nozzle tip. Melcher reported the
permittivity of any fluid is not absolutely zero [17]. There
are free charges in the fluid, and the free charges can move
under electrical field [17]. When the voltage is applied on
the nozzle and ground voltage is applied on the substrate,
the free charges in the fluid moves to the tip of the nozzle,
Fig. 2(a). With the aggregation of charges, electrostatic
force increases, and the fluid is pulled by electrostatic
force. Thus, a meniscus is formed near the tip of the noz-
zle, Fig. 2 (b). When the electrostatic force become large
enough, the Taylor cone is generated, Fig. 2(c). Then,

Fig. 2. The charge distribution of the fluid during EHD printing



416 X. Yang, R. Liu, L. Li, Z. Yin, K. Chen, D. F. Wang: THE STUDY OF ELECTROHYDRODYNAMIC PRINTING BY NUMERICAL . . .

Fig. 3. The simulation of EHD printing under different voltage (a) – 900 V, (b) – 1050 V, (c) – 1200 V, and (d) – 1350 V

a fine jet is pulled out and the fluid is printed onto the
substrate, Fig. 2(d), when the the electrostatic force over-
comes the surface tension of the fluid.

3.2 The influence of applied voltage on the width of

printed lines

The simulation was carried out under flow rate of 0.1
ml/h, nozzle size of 210 µm , and printing distance of 0.3
mm. The applied voltage was ranging from 900 to 1350
V with a voltage increment of 150 V. Fig. 3 shows the
numerical simulation results. Since the width of printed
line usually equal to the diameter of the jet, the width of
printed line can be obtained by measuring the diameter
of the jet near the substrate. The width of printed lines
is 7.2, 5.1, 3.9, and 4.2 µm for the applied voltage of 900,
1050, 1200, 1350 V. It can be seen from the numerical
simulation results the width of printed line will decline
with the increase of applied voltage. From voltage of 900
to 1200 V, the width decreases obviously. This tendency
can be explained by (9) which indicates that the width of
printed line is inversely proportional to the applied volt-
age. However, from voltage of 1200 to 1350 V, the width

increases slightly. That can be explained. Under voltage
of 1350 V, excessive free charges gather in the jet flow.
They repulse to each other due to coulomb force which
resulting in the increase of the diameter of the jet. If the
applied voltage continuously increases, EHD printing will
enter into multi-jet mode because of overlarge coulomb
force.

3.3 The influence of printing distance on the width of

printed lines

Printing distance is defined as the distance between
the nozzle tip and the substrate. The simulation was
performed with constant flow rate of 0.1 ml/h, nozzle size
of 210 m, and applied voltage of 1050 V. The printing
distance was ranging from 0.25 to 0.4 mm. Fig. 4 shows
the numerical simulation results. The width of printed
lines is 4.9, 5.1, and 5.9 µm under printing distance of
0.25, 0.3, and 0.4 mm. According to the simulation, from
printing distance of 0.25 to 0.4 mm, a larger width of
printed line correlates to a higher printing distance. The
nozzle size is 210 m, so the value of ln(8 h/dn) is larger
than zero. This indicates that the width of printed line

Fig. 4. The simulation of EHD printing under different printing distances: (a) –0.25 mm, (b) – 0.3 mm, (c)– 0.4 mm, and (d) distance
of 0.7 mm
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Fig. 5. The simulation of EHD printing under different flow rate: (a) – 0.05 ml/h, (b) – 0.1 ml/h, (c) – 0.2 ml/h, and (d) – flow rate of
0.3 ml/h

is proportional to printing distance. The EHD simulation

results and EHD theory are in good agreement with each

other. However, the width of printed line cannot infinitely

increase. We have discussed the critical magnitude of the

electric field (Ec) in section 2.2. If E < Ec , the EHD jet

cannot form. From (8), one can see that E is inversely

proportional to h . Therefore, with high printing distance

there will be no EHD jet on the tip of the nozzle. We

have demonstrated this phenomenon in our numerical

simulation. Fig. 4 (d) shows that at printing distance of

0.7 mm the fluid cannot jet from the nozzle at constant

flow rate of 0.1 ml/h, nozzle size of 210 µm , and applied

voltage of 1050 V.

3.4 The influence of flow rate on the width of printed

lines

The influence of flow rate on the width of printed lines

was investigated under the following condition: the nozzle

size of 210 µm , applied voltage of 1050 V, and printing

distance of 0.3 mm. The flow rate was ranging from 0.05

to 0.3 ml/h. Fig. 5 shows the numerical simulation re-

sults. The width of printed lines is 4.7, 5.1, 6.5, 7.4 µ

m under flow rate of 0.05, 0.1, 0.2, and 0.3 ml/h. The

width of printed lines increases with the improvement

of flow rate. According to Ganon-Calvo scaling law the

width of printed line can be estimated as [18],

w =

(

ρε0
Q3

γK

)1/6

, (12)

where, Q is flow rate and K is electric conductivity. The
above equation was deduced under the assumption of con-
stant other variables, including unchanged fluid proper-
ties, constant printing parameters except flow rate. Equa-
tion (12) indicates that the width of printed line is pro-
portional to printing distance. This is the same as the
numerical simulation results in Fig. 5.

3.5 The influence of nozzle size on the width of printed

lines

Nozzle size is defined as the inner diameter of the
nozzle. The relationship between the nozzle size and the
width of printed lines was studied by numerical simula-
tion under the following condition: applied voltage of 1050
V, and printing distance of 0.3 mm, and flow rate of 0.1
ml/h. The nozzle sizes of 110, 120, and 130 m were se-
lected. Fig. 6 shows the numerical simulation results. Af-
ter measurement, the width of printed lines is 3.8, 5.1, 7.6
µm under nozzle size of 110, 120, and 130 µm . A larger
width of printed line correlates to a larger nozzle size. This

tendency can also be demonstrated by (9). Here d
3/2
N is

an increasing function, while ln(8 h/dN ) is a decreasing

Fig. 6. The simulation of EHD printing under different nozzle sizeamm mlhbmmand cnozzle size of mm
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function. When printing distance (h) is 0.3 mm, d
3/2
N can

increase much more quickly than ln(8 h/dN ) with the in-
crease of dN . Therefore, the printed lines widen when a
large size nozzle is used.

4 Conclusion

In the present work, the basic theory for EHD print-
ing was presented. The influence of printing distance, flow
rate, and nozzle size on the width of printed lines was an-
alyzed by numerical simulation. The results show that
the width of printed lines is proportional to printing dis-
tance, nozzle size, and flow rate. However, it is inversely
proportional to the applied voltage. The relation between
the width of printed lines and the printing conditions was
explained by derived equations. The EHD simulation re-
sults and EHD theory are in good agreement with each
other which indicates the feasibility of proposed simula-
tion method.
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