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Abstract This paper presents the fine resolution printing of
the silver patterns on the thick glass substrates, deposited
through drop-on-demand electrohydrodynamic jetting by
applying the pulsed voltage. The patterning is performed
by ejecting ink containing silver nanoparticles through a 10
µm internal diameter glass capillary. The variations in pat-
terns sizes are studied by changing the operating parameters
and after sintering of deposited patterns on a 500 µm thick
glass substrate. The minimum droplet diameter achieved is
approximately 3.6 µm after the sintering process, which is
2.78 times smaller than the size of the capillary’s internal
diameter. The patterns are formed by suitable overlapping
of droplets by adjusting the substrate speed and minimum
pattern width achieved is 6.5 µm, which is the major attrac-
tion of electrohydrodynamic printing technology. The func-
tionality of the deposited silver patterns is measured through
I–V curve and shows linear Ohmic behavior with good re-
sistivity. The experimental results indicate that the electro-
hydrodynamic printing can be used for fabricating fine res-
olution patterns of conductive tracks on thick substrate for
printed electronics applications.
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1 Introduction

There has been advancement in the field of inkjet print-
ing beyond the conventional digital graphic arts printing
[1]. Inkjet printing has been widely used to deposit vari-
ous functional materials for fabrication of devices or device
components in printed electronics [2–4] and bioapplications
[5], etc. The inkjet based deposition has various advantages
in flexibility of patterns to deposit, less material wastage,
and can be scalable for large area fabrication. Conventional
inkjet printing systems use thermal or acoustic energy to
push the liquid from the nozzle for droplet generation. But
these conventional inkjet printing systems have certain limi-
tations, such as the thermal problem due to heating and can-
not produce droplets smaller than the nozzle diameter apart
from the limitation of materials to be deposited [6]. The con-
ventional inkjet printing methods can typically produce the
pattern size of 20–30 µm [7]. In order to achieve these reso-
lutions or to minimize the feature size through conventional
inkjet printing, substrate modification/treatment is necessar-
ily required to modify the droplet and substrate interaction
or printing on prepatterned or textured substrates to restrict
the pattern size. In case of aqueous inks, the drop size is
twice the droplet diameter ejected from the nozzle [8].

In order to reduce the pattern size, many researchers
are focusing on the electrohydrodynamic jet based printing
method. Electrohydrodynamic jet printing uses electric field
by overcoming the surface tension to pull the liquid from the
nozzle opening to deposit the material on the substrate rather
than pushing the liquid as in case of conventional inkjet
printing [9]. Due to pull of the liquid, electrohydrodynamic
printing can produce smaller size patterns as compared to
the nozzle diameter. Depending on the applied electric field
(DC or pulse voltage), electrohydrodynamic jet printing can
be continuous [10–12] or drop-on-demand [13–15]. Both

mailto:amm@jejunu.ac.kr


594 K. Rahman et al.

continuous and drop-on-demand mode can produce micro
or even nanosize patterns. Many researchers have focused
on the continuous mode of electrohydrodynamic jet printing
through a stable cone-jet mode for the patterning purpose us-
ing various materials in electronics [16] and bioapplications
[17]. However, this micro or nanosize high speed jet is dif-
ficult to stabilize [18]. Researchers have suggested different
methods [19] and nozzle shapes [20] for stabilization of the
jet. Moreover, patterns through the continuous jet mode may
break or become irregular with a bead-like structure due to
capillary forces or evaporation of the solvent or concentra-
tion of the suspension particles [21].

In order to address these issues, deposition through the
drop-on-demand mode has been suggested by applying the
pulse voltage. Park et al. [22] reported high resolution elec-
trohydrodynamic jet printing at the submicron level using
gold coated glass capillaries. Electrohydrodynamic drop-
on-demand printing is performed by applying the pulsed
voltage to the liquid and has been employed in electronics
[22] and bioapplications [23]. Li [24] has studied drop-on-
demand phenomena through meniscus deformation by ap-
plying the pulsed voltage. Stachewicz et al. [25] explained
the drop-on-demand behavior using relaxation times and op-
erating conditions. Lei et al. [26] explained the dependency
of the droplet deposition frequency with respect to flow-
rate, applied voltage, and pulse time using a polymeric so-
lution. For direct patterning of the conductive tracks, Choi
et al. [27] demonstrated the droplet deposition of the sil-
ver nanoparticles by applying pulse voltage; however, the
deposited droplet was larger than the nozzle size. Park et
al. [22] has demonstrated the printing of less than 10 µm
patterns of PEDOT:PSS on 300 nm layers of SiO2 on the
conductive Si substrate. Wang et al. [28, 29] deposited Au
and Ag nanoparticles on conductive silicon with a feature
size of less than 10 µm and 35 µm by controlling through
pulse voltage. Kim et al. [30] and Rahman et al. [31] de-
posited ink containing Cu and Ag nanoparticles, respec-
tively, on the thick glass substrate by applying forward mul-
tistep wave form or multistep pulse voltage. For the require-
ment of printed electronics device fabrication, conductive
patterns or active materials have to be deposited on glass and
thick polymer substrates. But this is the one of the major
limitations of electrohydrodynamic jet printing in the con-
tinuous mode due to the charge carried by an electrified jet,
which affects the stability of the jet and also resolution of the
printed patterns. The electrohydrodynamic printing in drop-
on-demand mode is the more suitable choice for patterning
on the thick substrate, because of event based formation of
the cone-jet, which helps in a more stable printing process,
and can produce a smaller diameter droplet than the nozzle
size. However, fine resolution of Ag patterns less than 10 µm
on the thick substrate has not been reported previously.

This paper presents the direct fabrication of less than
10 µm Ag patterns on a 500 µm thick glass substrate by

applying the pulse voltage with the frequency of 250 Hz
using a 10 µm internal diameter glass capillary. The de-
position frequency is studied by deposition position of the
droplet on glass substrate and substrate speed. The effect on
droplet size is studied with respect to operating parameters
such as applied voltage, pulse time (1msec to 3 msec), and
applied pressure. The droplet size is measured after the sin-
tering process. Continuous patterns are printed by sufficient
overlapping the deposited droplets by adjusting the substrate
speed. The electrical functionality of continuous patterns is
measured through the I–V curve.

2 Experimental setup

Figure 1 shows the schematic of the experimental setup
used for electrohydrodynamic jet printing. The glass cap-
illary with an internal diameter of 10 µm (World Preci-
sion Instruments) was connected with ink reservoir which
was mounted on manual z-stage to adjust the gap between
nozzle and substrate. For the ink supply to the nozzle tip,
the ink reservoir was connected with the pressure regula-
tor by maintaining the steady and constant flow-rate through
compressed air. The pulsed voltage was applied through a
metallic wire, which was inserted in a glass capillary and
connected with a high voltage power amplifier (Trek 610E)
and controlled with a multifunction signal synthesizer (HP
33120A). The droplets and patterns were deposited on a 500
µm thick 10 cm × 10 cm glass substrate without any surface
treatment, placed on the top of a ground electrode plate. The
ground plate was mounted on X–Y motorized stage (SU-
RUGA SEIKI DS102) to control the substrate speed during
the patterning process. The nozzle to glass substrate distance
was set at 250 µm for deposition of Ag nanoparticles. For

Fig. 1 Schematic diagram of experimental setup used for electrohy-
drodynamic patterning by applying pulse voltage
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patterning, commercially available 55 wt% Ag nanoparti-
cles ink having a surface tension of 23.3 mNm, viscosity
of 10.9 mPa.s, and specific gravity of 1.64 gm/ml was used
to be ejected from the glass capillary. The deposition pro-
cess on the substrate was observed with a high speed cam-
era (Motion Pro X3). After sintering the printed droplets
and patterns at 150 °C for 60 minutes, dimensions were
measured through a digital microscope (Olympus BX51M)
and electrical characterizations were performed by measur-
ing the I–V curve (Agilent B1500A). The wetting of the ink
on the untreated glass substrate was measured with the help
of the contact angle analyzer (Phoenix 300). The measured
contact angle was 110 for Ag ink with the glass substrate,
which shows the hydrophilic nature and spreading of the
droplet.

3 Results and discussions

3.1 Droplet size and operating conditions

Initially, experiments were performed to investigate the min-
imum bias voltage (Vmin) and pulse voltage (Vmax) by apply-
ing 250 Hz frequency and 2 msec of pulse time with con-
stant pressure of 1 kPa for stable generation of a droplet
of Ag nanoparticles on a glass substrate. The effect of the
operating conditions was measured with the help of the
droplet diameter after the sintering process. It was noted that
minimum droplet diameter of 18 µm with the deviation of
±0.5 µm was measured at Vmin of 1000 V and Vmax 1750 V,
with center to center distance of 100 µm ±5 µm between two
neighboring droplets, as shown in Fig. 2. With a further in-
crease in Vmin, small droplets are ejected before ejecting the
primary droplet as shown in Fig. 3. This is due to the high
Vmin causing the jetting in prior to application of droplet
generation pulse voltage (Vmax). As in the case of increasing
Vmax from 1750 V to 1800 V and keeping the value of Vmax

at 1000 V, irregular droplets surrounding with smaller atom-
ized droplets were generated as shown in Fig. 4. In both of
the cases with a high value of Vmax and Vmin droplets on the
substrate irregular due to disintegration of the droplet before
reaching the substrate because of excess charges are carried
by droplets at high applied voltages [32].

The droplet generation behavior and droplet diameter
with respect to pulse time is shown in Fig. 5. As shown in
the graph, at the same applied voltage, the droplet size is
proportional to the applied pulse time. The droplet diame-
ter measured by applying 1 msec of pulse time at Vmin of
1000 V and Vmax of 1750 V, was approximately 8 µm and
at 3 msec of pulse time, the droplet diameter is measured to
be 37 µm. This change in droplet diameter is related with
the ejection volume during the drop-on-demand jetting; the
ejection volume increases with respect to increase in pulse

Fig. 2 Droplet diameter of 18 µm with the deviation of ±0.5 µm
at Vmin of 1000 V and Vmax 1750 V, with droplet spacing of
100 µm ± 5 µm (arrows indicating the direction of printing)

Fig. 3 Droplet generation when Vmin of 1050 V, Vmax 1750 V, 2 msec
of pulse time, and 1 kPa of applied pressure; smaller droplets were
generated before main droplet generation due to high value of Vmin
(red arrow indicating the direction of printing)

time of applied ejection voltage [33]. However, change in
the droplet diameter with respect to the applied voltage is
approximately 15 %. In the electrohydrodynamic jetting, the
effect on droplet size of the jet is less as compared to the liq-
uid flow-rate [34].

After investigating the voltage range for stable deposition
of Ag nanoparticles droplets, the effect of applied pressure is
investigated by applying 250 Hz frequency with Vmin of 750
V and Vmax of 1500 V at 1 msec to 3 msec is shown in Fig. 6.
The minimum pressure at which steady drop-on-demand be-
havior observed was 0.5 kPa. Under 0.5 kPa of applied pres-
sure, the droplet generation frequency was smaller than the
applied voltage frequency. This behavior was due to the in-
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Fig. 4 Irregular droplet with smaller droplets surrounding the main
droplet generation when Vmin of 1000 V, Vmax 1800 V, 2 msec of pulse
time, and 1 kPa of applied pressure due to high value of Vmax (red
arrow indicating the direction of printing)

Fig. 5 Droplet diameter with respect to Vmin at different Vmax and
pulse time

sufficient supply of ink at the tip of the nozzle which affects
the droplet generation frequency [26]. It was observed that
the droplet diameter increases with an increase in applied
pressure due to an increase in the liquid supply. This shows
that the size of the droplet diameter is more dependent on
applied pressure as compared to applied voltage, which can
be used for controlling the droplet size deposition on the
substrate. In case of the pressure effect on the droplet size,
the minimum droplet diameter achieved was 3.8 µm at 0.5
kPa, Vmin 750 V, and Vmax of 1500 V with a pulse time of 1
msec. At high pressure and pulse time, the droplet frequency

Fig. 6 Droplet size dependency on applied pressure at 250 Hz fre-
quency with Vmin 750 V and Vmax 1500 V at different applied pulse
time

Fig. 7 Droplet diameter of 3.6 µm by applying Vmin 900 V, Vmax 1600
V, 1 msec pulse time, and applied pressure 0.5 kPa (red arrow indicat-
ing the direction of printing)

and size was difficult to measure because of the overlapping
of the large diameter droplet at 25 mm/sec substrate speed.

In order to minimize the droplet size at 0.5 kPa applied
pressure, the droplet diameter was measured by increasing
the applied pulsed voltage at 250 Hz frequency with a pulse
time of 1 msec. The minimum droplet diameter of 3.6 µm
was measured after the sintering process at Vmin of 900 V
and Vmax 1600 V as shown in Fig. 7. The SEM image of the
3.6 µm after the sintering process is shown in Fig. 8. The
droplet diameter was also investigated by increasing pulse
time and results are compared with the droplet diameter with
Vmin of 750 V and Vmax of 1500 V at the corresponding
pulse time, as shown in Fig. 8. As shown in the graph at
Fig. 9, the effect of the applied voltage is not significant as
compared to the pulse time on the droplet diameter. At Vmin

of 750 V, Vmax 1500 V, and 1 msec pulse time, the droplet
diameter is 5.2 times smaller than the droplet generated at
same voltage and pulse time of 3 msec, However, when the
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Fig. 8 SEM image of 3.6 µm after sintering process

Fig. 9 Comparison of droplet diameter between applied voltages at
different pulse time, red line Vmin 900 V, Vmax 1600 V, and black line
Vmin 1750 V, Vmax 500 V, constant pressure was kept at 0.5 kPa

Vmin of 950 V, Vmax 1600 V, and 1 msec pulse time was
applied, the droplet size is only increased by approximately
0.6 %.

The experimental results indicate that in drop-on-demand
phenomena, at any given frequency, the dependency of the
droplet size is more on applied pressure and pulse time as
compared to applied voltages.

3.2 Printing of continuous patterns

For direct deposition of Ag conductive tracks on the sub-
strate, the patterns are formed by overlapping of the con-
secutive droplets by adjusting the substrate speed [35] with
respect to droplet frequency and size. Figure 10 shows the
high speed image of the patterning process on the glass sub-
strate. A number of experiments were performed to investi-
gate the optimal substrate speed to produce smooth patterns
of Ag nanoparticles, with a droplet frequency of 250 Hz by

Fig. 10 Printing process of the continuous conducting pattern of Ag
nanoparticles on glass substrate, where red arrow indicates the printing
patterns

applying Vmin of 900 V and Vmax of 1600 V at the pulse
time of 1 msec with an applied pressure of 0.5 kPa, whereas
the droplet diameter was 3.6 µm on the glass substrate. It
was noted that when the substrate speed is relatively high
and distance between the consecutive droplets is slightly
smaller than the droplet diameter, the drop coalescence was
observed, which caused irregular patterns with beads. How-
ever, at a very low substrate speed, where the droplet spacing
is relatively smaller, the patterns were formed with bulging
instability. It was noted that, when the distance between con-
secutive droplets was approximately 70 % of the droplet di-
ameter, the smooth patterns with no beads or bulging were
formed. Figure 11 shows the effect of the substrate speed
or distance between the consecutive droplets for 3.6 µm
droplets. As shown in Fig. 11(a), irregular patterns with
beads are formed when distance between the consecutive
droplets is 90 % of the droplet diameter, when the distance
was approximately 70 % of the droplet diameter, smooth
and regular patterns of 6.5 µm approximate width (1.8 times
larger than the printed droplet size) were formed as shown in
Fig. 11(b) and Fig. 11(c) shows patterns with bulging insta-
bility due to droplet spacing, which was 50 % of the droplet
diameter. Based on the experiment results, for smooth pat-
terns substrate speed (Vs ) with respect to droplet size (d)
and droplet generation frequency (fd ) can be predicted as:

Vs = fd ∗ 0.7d (1)

However, experimental results also indicated that for stable
and a smooth pattern generation through larger droplets, the
center-to-center distance between the consecutive droplets
had to be kept larger than 70 % of the droplet diameter.
The printed pattern width according to printed droplet size
is shown in Fig. 12, where the droplet frequency of 250 Hz
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Fig. 11 Droplets overlapping by controlling substrate (droplet di-
ameter 3.6 µm), (a) irregular patterns with beads droplets spacing is
90 % of the droplet diameter, (b) smooth pattern of 6.5 µm width with
droplet spacing is 70 % of the droplet diameter (c) shows patterns with

bulging instability due to droplet spacing was 50 % of droplet diame-
ter, and (d) microscopy image consecutive patterns of 6.5 µm on glass
substrate after sintering process

by applying Vmin of 900 V and Vmax of 1600 V with ap-
plied pressure of 0.5 kPa, by changing pulse time. Figure 13
shows the patterns by overlapping 7, 11, and 13 µm droplets
and the patterns size are approximately 16, 20, and 25 µm,
respectively.

The electrical characterization was measured through
I–V data, by connecting 2 probes on the sintered printed
sliver patterns at the distance of 2 mm after the sintering
process. The change in current was measured by increasing
the voltage, which showed linear Ohmic behavior. The re-

sistance of 6.5, 12.6, and 31.3 µm patterns were measured
to be 111, 85, 62.5 �, respectively. The electrical character-
ization results shows that the fine resolution patterns printed
through electrohydrodynamic printing can be used to fabri-
cate conductive tracks for printed electronics application.

4 Conclusions

Fine resolution Ag nanoparticles patterns are successfully
deposited on untreated thick glass substrates using electro-
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Fig. 12 Change in pattern width with respect to droplet diameter;
maintaining the droplet spacing of 70 % of droplet diameter by ap-
plying Vmin 900 V and Vmax 1600 V with applied pressure of 0.5 kPa
by changing pulse time from 1 msec to 3 msec.

Fig. 13 Printing of smooth patterns with respect to droplet size, 16 µm
patterns formed by overlapping approximately 7 µm droplets (left),
20 µm patterns formed by overlapping approximately 11 µm droplets
(center), and 25 µm patterns formed by overlapping approximately
13 µm droplet (right)

hydrodynamic jet printing in drop-on-demand mode, which
is the main benefit of this direct patterning technology over
other convention inkjet patterning to produce very small
droplets than the nozzle size. The experiment results indi-
cate that printed droplet size at any given frequency is de-
pended on the operating conditions; applied voltage, pulse
time, and pressure. However, the applied pressure and pulse
time have a more prominent effect on the droplet size as
compared to applied voltage. Continuous patterns were fab-
ricated by overlapping consecutive droplets by adjusting the
substrate speed with respect to the droplet diameter. For
smooth and continuous patterns, the experiment results re-
vealed that 70 % of droplet spacing is sufficient, for given
experiment setup. I–V curves of the sintered printed pat-
terns showed linear Ohmic behaviors. The minimum droplet

diameter achieved 3.6 µm, where as the pattern width was
approximately 6.5 µm, which is 2.7 and 1.53 times smaller
than the nozzle internal diameter, respectively, which high-
lights the main advantage of electrohydrodynamic printing
to produce a smaller pattern size as compared to the nozzle
diameter. This feature of electrohydrodynamic printing of
conductive patterns can help in miniaturizing the electronics
devices using noncontacting direct printing technology.
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