
 
 

 
Journal of Mechanical Science and Technology 26 (5) (2012) 1403~1408 

www.springerlink.com/content/1738-494x 
DOI 10.1007/s12206-012-0301-y 

 

 

 
Study on droplet formation with surface tension for electrohydrodynamic  

inkjet nozzle† 
Soo-Hong Lee1, Xuan Hung Nguyen1 and Han Seo Ko2,* 

1Graduate School of Mechanical Engineering, Sungkyunkwan University, Suwon, Gyeonggi-do 440-746, Korea 
2School of Mechanical Engineering, Sungkyunkwan University, Suwon, Gyeonggi-do 440-746, Korea 

 
(Manuscript Received October 17, 2011; Revised January 18, 2012; Accepted February 1, 2012)   

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

Abstract 
 
Droplet ejection from an electrohydrodynamic (EHD) inkjet nozzle depends on many factors such as an onset voltage, liquid conduc-

tivity, surface tension, etc. Since the surface tension has an influence on the contact angle between the nozzle surface and the liquid drop-
let, the surface tension change should be investigated for the control of the droplet ejection. In this study, surfactant, which can weaken 
the surface tension force, was used to analyze the effect of the surface tension. Furthermore, hydrophobic coating of the nozzle surface 
was considered as another factor for the droplet ejection. Also, a flow visualization technique was developed to observe the droplet for-
mation and ejection from the EHD inkjet nozzle by various surface tension values.    
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1. Introduction 

Formation of micro and nanometer size droplets from an 
electrostatic nozzle is an important problem. Since the con-
ventional jetting devices based on thermal bubble or piezo-
electric pumping have some fundamental limitations on the 
droplet size which depends on the nozzle size as well as the 
ejection frequency, electrostatic jetting based on the direct 
manipulation of liquid by an electric field appears to be more 
promising. 

The electrostatic jetting is useful in a number of different 
fields including ink-jet printing, electrospray mass spectros-
copy and processing of biomaterials, electrohydrodynamic 
atomization and other applications. This process can be con-
sidered as a branch of fluid mechanics concerned with electri-
cal force effects. The variety of variables affecting electrohy-
drodynamic ejection often makes it difficult to investigate and 
predict its operation, for instance, the difficulty in getting an 
exact formulation of the dependence of droplet size with other 
parameters such as applied voltage, flow rate of solution, size 
of capillary nozzle, electrode configuration and properties of 
liquid like viscosity, electric conductivity, relative permittivity, 
and surface tension. Among these effects, the electrospray can 
be classified in many modes such as dripping, micro-dripping, 

pulsating, cone-jet and instability of cone-jet including vari-
cose, kink and multi-jet. This classification is important to 
consider and define main factors (main variables) in estab-
lishment of controlling equation of droplet size. Usually, if a 
smaller droplet size or a higher frequency is required, an ap-
plied voltage should be increased, allowing for the observation 
of unstable ejection phenomena under a special condition. 
When the voltage increases, the droplet size decreases and the 
reduction rate increases because the electrostatic force in-
creases and the surface tension decreases to reduce the droplet 
size for the balance of both forces. However, detailed analysis 
of the transition dynamics of this process is still lacking. 

According to above classification, the first onset voltage 
which can be defined as a threshold voltage for transferring 
from the dripping mode to the pulsating mode is an obviously 
important parameter for the stable jetting because it can be 
used to analyze the control of the droplet size and the emission 
regimes corresponding to the experimental configuration. 
Also, the second onset voltage can be considered as a bound-
ary between the pulsating and the cone jet mode. Hence, the 
electrospray can be applied in various fields such as the stable 
cone-jet regime which is relevant to the production of macro-
molecular ions and is used in conjunction with mass spec-
trometry in fundamental research involving biological mole-
cules, and other regimes can be used in electrostatic painting, 
drug delivery, drug micro-encapsulation, etc. by the control of 
the onset voltage.  

In this study, a formulation was determined to calculate the 
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onset voltage in the range of the end of dripping mode to the 
start of the oscillation mode. Thus, an equation was developed 
to estimate the droplet size depending on the applied voltage 
in a given condition. The equation was also confirmed by 
many experimental data which were found in this research and 
other references. Also, surfactants were used to investigate the 
effect of the surface tension. Although an anion surfactant 
such as a SDS (sodium dodecyl sulfate) is mostly used, there 
are other kinds of surfactants such as a cation, an amphoteric 
ion, and a nonionic. Thus, the ejection characteristics with the 
onset voltage were studies by varying surfactants at the same 
surface tension condition.  

 
2. Numerical analysis method 

The onset voltage is defined as the applied voltage where 
the dripping mode for ejection of droplet from electrostatic 
nozzle transfers to pulsating cone-jet mode or other modes. 
The equation for calculation of onset voltage can be built 
based on the competition between electric force and surface 
tension force. The magnitude of the normal electric field in 
configuration between the capillary and the earthed electrode 
can be calculated as follows [1]: 
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where U is the applied voltage, r is the outer radius of the 
capillary, and D is the distance between the nozzle tip and the 
earthed electrode plate. Hence, the normal electric force 
around a pendant drop on the electrostatic nozzle tip in the 
non-uniform electric field is formulated as 
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The surface area of the pendant droplet can be approxi-

mated by the outer radius of the nozzle tip r as 22S rπ= . 
Thus, the electric force acting on the pendant droplet is a func-
tion of the applied voltage, the distance between the nozzle tip 
and the earthed electrode plate D and the outer radius of the 
capillary.  

The surface force due to the surface tension γ t of the liq-
uid in ambient air is also approximated with the assumption 
that the radius of curvature of the droplet equals the outer ra-
dius of the capillary nozzle. It can be calculated as follows: 

 
2stF rπ γϕ=   (3) 

 
where ϕ  is Harkins correction factor [2] that depends on the 
ratio of the radius of the nozzle and the capillary length. The 
oscillation of the meniscus starts since the electric force ap-
proaches the surface force, then, the onset voltage can be es-
tablished. Combining Eqs. (2) and (3), the onset voltage can 

be expressed as 
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Eq. (4) is used to calculate the onset voltage at which the 

dripping mode stops. Furthermore, if the voltage increases, the 
pulsating regimes will stop and the stable cone-jet mode will 
occur. Thus, another threshold voltage appears at which the 
transition from the pulsating regimes to the stable cone-jet 
mode is observed. In this model the onset field at the tip of the 
hyperboloid surface is also defined as the equilibrium between 
the electrical stress pulling the liquid toward the electrode and 
the surface tension pulling the liquid back to the needle [3, 4]. 
Assuming that once the onset voltage in the needle-type emit-
ter is reached, the liquid snaps-over to a Taylor cone and jet 
emission starts. This voltage can be calculated by the follow-
ing equation: 
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where the shape factor β  is form 2 to 4. 

As mentioned above, the electrospray behaves in dripping 
mode below the onset voltage. In this mode the electrical 
Bond number ( 2

0 /r Eε γ ) that measures the strength of the 
electric force versus the capillary force is less than or compa-
rable to the gravitational Bond number ( 2 /grρ γ ) that meas-
ures the relative strength of the gravitational force versus the 
capillary force [5]. In case of small Weber number ( 2 /u rρ γ ) 
that measures the inertial force versus the capillary force, the 
diameter of the droplet ejecting from the nozzle can be ap-
proximated by balancing the gravitational force gF and the 
electric force with the surface area. 
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Hence, the diameter of the droplet in dripping mode can be 

calculated approximately by 
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On the other hand, with the numerical method, the droplet 

diameter with various voltages can be calculated as follows 
[6]: 
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where do is the droplet diameter at U = 0, and Uons1 is the onset 
voltage. Since the calculated results from Eq. (7) did not show 
good agreement with the experimental data in this study, a 
new equation has been developed to improve the accuracy for 
the relationship between the droplet diameter and the applied 
voltage in the range of dripping mode. The equation devel-
oped to calculate more accurate droplet diameters is as fol-
lows: 

 
1/32

0( ) 1d U d aU bU⎡ ⎤= = − −⎣ ⎦   (9) 
 

where a and b are factors whose values are determined by 
various parameters such a surface tension of liquid, distance 
between the nozzle and the electrode, inside diameter of the 
nozzle, etc. 
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After the units of the parameters have been adjusted, the 

equation for the droplet diameter can be developed as fol-
lows: 
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where K1 = K2 = 0.8 for the ink. If the distilled water is used, K1 
should be changed to 1.28. 

 
3. Experimental setup 

The experiment was performed initially to confirm the de-
veloped equation for the calculation of the onset voltage and 
the droplet diameter. Then, the effect of the surfactants was 
investigated using the same experimental setup. The droplet 
was formed and ejected form a micro glass capillary tube with 
an outside diameter of 500 μm including a pole made of Pt 
wire, an electroplate with a hole of 5 mm at the center, and the 
distance between the nozzle and electrode plate of 5 mm as 
shown in Fig. 1. Images of droplet ejection were captured by a 
high-speed camera (IDT XS-4) at 5000 frames per second and 
512 x 512 pixel resolution with a micro-zoom lens (infinity 
K2), and a 5 W Ar-ion laser. A high-voltage power supply 
system with maximum voltage of 5.0 kV was used to control 
the electrostatic field and liquids have been supplied into the 
glass capillary by a micro-syringe pump. The liquids used in 
this experiment were distilled water and distilled water with 
four kinds of surfactants as shown in Table 2. The applied 
voltage changed from 1.8 kV to 3 kV at the pressure of the 
syringe pump of 1 kPa. 

4. Results and discussion 

4.1 Equation verification 

The first onset voltage is calculated by Eq. (4) clearly, 
which is a function of the parameters such as the distance 
between the capillary tip and the electrode plate, the radius of 
the meniscus, and the surface tension of the liquids. It is diffi-
cult to determine the radius of the meniscus at the operating 
condition. Thus, the curvature radius, which is called the mod-
ified radius, based on the initial meniscus of the pendant drop 
has been determined as follows [8]: 

  
1

2

( ' ) , '
( ' ) , '

K r R R r R
r

K r R R r R
− + ≤⎧

= ⎨ − + ≤⎩
  (13) 

 
where r' is the radius of the droplet, R is the radius of the noz-
zle, and K1 is the correction factor for the radius of the droplet, 
with K1 of 0.9 and K2 of 1.2. However, there is not a general 
equation to calculate the initial radius of the droplet for this 
case. Therefore, the φ factor [2] can be added in this calcula-
tion process. This factor is chosen from experiment depending 
on the ratio between radius of the nozzle and the capillary 
length. Then, the onset voltage was calculated assuming that 
the radius of the droplet is the same as the radius of the nozzle 
as described in Eq. (4). These calculated results were com-
pared with the experimental results and other published papers. 

 
(a) Overview 

 

 
(b) Test section 

 
Fig. 1. Experimental setup for electrohydrodynamic jet. 
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In the present study, with three solutions and three experi 
mental conditions, the onset voltages were obtained for 1.5 kV, 
2.5 kV, 3.3 kV for ink, 1%wt SDS and distilled water respec-
tively. Initially, a uniform droplet size appeared with a regular 
formation frequency for stable ejection, up to 3.3 kV for the 
distilled water. The droplet size then decreased rapidly and the 
ejection became unstable with irregular frequency and various 
droplet sizes, 10 μm to 200 μm, from 3.3 kV to 5 kV, since the 
ejection frequency of the droplet became shorter than the re-
laxation time of the liquid, so as to make the charge for the 
liquid unstable. Other experimental results were found in Refs. 
[6, 9, 10, 11]. A comparison of results is shown in Table 1. 
The calculated for these experimental conditions were similar 
to the experimental results. The errors were from 0.7 to 8.8%. 
The confirmation was also performed by comparing with 
other results and the calculated errors were similar ranging 
from 1.6% to 8.1%. 

As the experimental results, the droplet diameters decreased 
uniformly until the applied voltage is lower than the first onset 
voltage. The consequences calculated from Eq. (9) are com-
pared with the experimental results as shown in Fig. 2. The 

calculated results show good agreement with the experimental 
results for the cases of ink and water with 1% SDS. For dis-
tilled water the calculated results were higher than the experi-
mental results, which can be explained by the effect of the 
electric conductivity. Since the normal electric force domi-
nates in the case of the high conductivity, the equation for the 
electric force just focus on the normal electric force although 
distilled water has some free charges. In addition, since the 
surface tension of the distilled water is higher than the others, 
the calculated results for the diameter of droplets are larger 
than the experimental results. 

 
4.2 Effect of surfactant 

The droplet ejection in this study can be divided into a drip-
ping mode where a droplet size is bigger than a nozzle (Fig. 
3(a)) at a relatively lower voltage and a micro dripping mode 
where a droplet size is smaller than a nozzle (Fig. 3(b)) at 
relatively a higher voltage. The onset voltage is a boundary 
between the dripping and the micro dripping mode. 

The onset voltage should be changed by the surfactant even 
though the surface tension is consistent. Thus, the surfactant 
was added to the distilled water resulting in similar surface 
tension as shown in Table 2. The viscosities after adding sur-
factant were also similar ranging from 1.0 to 1.2 cP. Then, the 
droplet ejection experiment was performed. 

Different onset voltages were measured for different surfac-
tants even though the surface tension was fixed as shown in 
Fig. 4. The amphoteric ion was not ejected at 1.7 kV and was 
exhausted from 2.5 kV as a dripping mode. The onset voltage 
of the nonion was the highest as 3.01 kV and that of the anion 

Table 1. Comparison between experimental and calculated results. 
 

Onset voltage (kV) 
Papers 

Exp. Eq. (4) 
Errors 

3.31 3.374 1.9 

2.5 2.518 0.7 Present data 

1.5 1.631 8.8 

[10] 8.87 9.012 1.6 

5.04 5.371 6.6 
[6] 

4.02 4.141 3.0 

4 4.324 8.1 
[9] 

5.02 4.824 3.9 

[11] 4.4 4.651 5.7 

 

 
Fig. 2. Droplet diameter with applied voltage. 

 
 

Table 2. Fixed surface tension for various surfactants. 
 

Surfactant Surface tension 

Cation 0.1% 39.50 (dyne/cm2) 

Nonion 0.007% 38.92 (dyne/cm2) 

Amphoteric ion 0.001% 39.46 (dyne/cm2) 

Anion 0.01% 39.72 (dyne/cm2) 

 

          
                     (a)                      (b)  
 
Fig. 3. Droplet ejection mode: (a) Dripping mode; (b) Micro dripping 
mode. 
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was the lowest as shown in Fig. 4. 
Droplets formed before and after the onset voltage were ob-

served as shown in Fig. 5. The droplet size of the cation was 
smallest (370 μm) while that of the anion was biggest (684 
μm) just before the onset voltage. The nonion surfactant 
showed similar phenomena as the cation for relatively small 
droplets before the onset voltage. If the applied voltage in-
creases, the droplet size decreases greatly to produce stable 
dripping for the cation case while the jetting mode without 
any droplet was observed for the nonion case. The anion and 
the anphoteric cases provided relatively big droplets before the 
onset voltage, and satellite droplets were found after the onset 
voltage for unstable ejection. 

 
5. Conclusion 

A new equation was derived and confirmed with the ex-
perimental data in this study to calculate the onset voltage 
accurately by various parameters. The equation used to esti-
mate the diameters of the droplet below the onset voltage was 
also developed and confirmed for the dripping mode. The 
calculated results of the proposed model show good agree-
ment with the experimental results. Nevertheless, more ex-
periments and analyses are required in order to confirm the 

developed equation exactly with the factors in physical effects 
on the ejection of the droplets. 

The ejection mechanism was varied by the surfactants, and 
stable ejection was observed especially for the cation case 
compared with other cases of the unstable ejection. The con-
ductivity of the liquid, ionization characteristics, internal flow 
distribution, and charge variation can be the factors for the 
ejection mechanism. 
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Nomenclature------------------------------------------------------------------------ 

D  : Distance between nozzle tip and electrode plate 
do : Droplet diameter 
Fg : Gravitational force 
K   : Correction factor 
R   : Radius of nozzle 
r   : Outer radius of capillary 
r’   : Radius of droplet 
U  : Applied voltage 
Uons1 : Onset voltage. 
β  : Shape factor 
γ  : Surface tension of liquid 
ϕ  : Harkins correction factor 
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