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a b s t r a c t
Characteristics of electrohydrodynamic inkjet were examined upon varying the applied voltage and frequency as well as the base-ﬂuid. Low-cost inks are sought and micro-aluminum particle suspensions are
candidates. Inclusion of large particles engendered satellite droplets and hence degraded print quality.
However, the formation of satellite droplets can be prevented by increasing ﬂuid’s viscosity. Droplet sizes
were measured as functions of the frequency; the higher the frequency, the smaller the droplet size. The
low-cost inks with aluminum particles yielded reasonable performance on comparison with the expensive commercial ink comprised of silver nano-particles in case of printing dots that are a few hundred
microns in size.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
Inkjet technologies have broad industrial applications in printed
electronics, drug discovery, and micromechanical devices because
of their fast and efﬁcient operation, relative low cost, and capability to print highly complex pattern in mass production scale [1–4].
Inkjet droplet size can be tuned (known as ‘‘droplet-on-demand’’)
by varying nozzle design and operating conditions [5–8] such that
a range of micro-sized droplets can be deposited onto various substrates (i.e., paper, glass, silicon wafers, aluminum, and stainless
steel). When the ink is replaced with ﬂuids containing highly conducting particles, electrodes can be printed [9–11]. Printed electronics can beneﬁt from the inkjet technology because of the: (1)
ability to pattern various materials (either dissolved chemicals or
colloidal metals), (2) compatibility with large-area substrates, (3)
accurate targeting (high resolution), (4) relatively simple application (compared to photolithography), (5) potential for ﬂexible,
stretchable, roll-to-roll processes, and (6) potential non-vacuum
and non-contact printing. Inkjet technology is already used in various industrial applications [12–14].
For printed electronics applications, inks comprised of silver
nanoparticles are often used, which is expensive. Alternative inks
at lower material cost and yet provide comparable performance
should be sought. To avoid highly expensive manufacturing cost,
the expense could be reduced through use of micro-sized alumi⇑ Corresponding author. Tel.: +82 (2) 3290 3376; fax: +82 (2) 926 9290.
E-mail address: skyoon@korea.ac.kr (S.S. Yoon).
0894-1777/$ - see front matter Ó 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.expthermﬂusci.2012.11.025

num (or copper) particles rather than nano-sized silver particles.
Larger particles require a larger nozzle; however, the use of larger
nozzles increases droplet size, which is unacceptable for microscale applications. Fortunately, an electrohydrodynamics (EHD)
inkjet can produce droplets that are much smaller than the nozzle
diameter. While there is a large body of literature covering EHD
printing techniques [15–20], speciﬁc hydrodynamic aspects, such
as droplet-size control and jetting behavior, have not been well
understood. Also, studies on the effects of particle concentration
on jetting behavior are rare. Furthermore, few have examined the
characteristics of the printed dots (or relics) as a function of particle concentration.
In this effort, we investigated how dc-pulsed EHD jetting characteristics vary with pulsing frequency, particle concentration, and
the solvents thermo-physical properties. While varying particle
concentrations (Al weight %), relics (deposited droplets) were further examined with a scanning electronic microscope to help
determine if printed dots and lines have potential for printed
electrodes.

2. Materials and methods
Fig. 1 illustrates EHD jetting behavior. A Taylor cone forms at
the nozzle tip under the actions of surface tension and electrostatic
stresses on the surface of an equipotential cone [21]. A conical
surface is formed when charge accumulates charges at the cone
apex. This phenomenon leads to the surface destabilization and

104

M.W. Lee et al. / Experimental Thermal and Fluid Science 46 (2013) 103–110
Table 1
Properties of Ag and Al ink suspensions at 20 °C.

Density, q (kg/m3)
Viscosity, l (mPa s)
Surface tension, r
(mN/m)
Capillary speed, r/l
(m/s)
Re = qUD/l
We = qU2D/r
Oh = We0.5/Re
Ca = We/Re

Fig. 1. Schematic of the EHD inkjet printing setup.

eventually droplet emission. The size of the droplet can be controlled by tuning the frequency of the applied voltage. The following parameters control the jetted droplet size and velocity:
frequency (f), applied voltage (V), free space permittivity (eo), and
ﬂuid surface tension (r) and viscosity (m) [22–24]. Ejected charged
droplets deposit onto a substrate through a process known as electrowetting [25].
Fig. 2 shows the inks used in the experiments. The Ag ink contains silver nano-particles well dispersed in an alcohol-based solvent, triethylene glycol monoethyl ether (TGME), whose
properties are summarized in Table 1. Mean Ag colloid diameter
is 40 nm and they are fairly monodisperse. The weight ratio of silver particles to TGME solvent is 32%. A diethylene glycol (DEG)based ink with Al particles (mean size of 5–10 lm) is also shown
in Fig. 2 (right). Although some studies show that ink conductivity
can be dependent upon the concentration and size of suspended
metal particles [26,27], DEG with Al particles did not show an increase in conductivity compared to pure DEG. Because the Al particles are two to three orders of magnitude larger than the Ag
particles, they quickly settle (within 5–10 min). This poor dispersivity is the primary drawback of the Al ink; adding a dispersant

Ag ink

Al ink (DEG
base)

Al ink (ethanol
base)

1483
9
32.5

1118
38.5
44.8

789
1.2
22.1

3.61

1.16

18.4

52 < Re < 75
20 < We < 22
0.06 < Oh < 0.09
0.29 < Ca < 0.48

16 < Re < 24
27 < We < 34
0.24 < Oh < 0.35
1.33 < Ca < 2.03

260 < Re < 310
19 < We < 33
0.01 < Oh < 0.02
0.06 < Ca < 0.12

might help, but this was not done in these experiments. While
the high dispersion quality of nano-Ag is preferable, it is expensive.
Fortunately, for standard printing resolutions (i.e., 10 1–100 mm),
the relatively large size of the Al particles (a few microns) does
not degrade the overall printing resolution.
Fig. 3 depicts the experimental setup of our EHD printing system. The Al ink, comprising Al particles in either DEG or ethanol,
was supplied to a stainless-steel nozzle (EFD, 18 gauge, inner and
outer diameters are 0.84 and 1.27 mm, respectively) by a syringe
pump (KDS 100). A multi-function synthesizer (NF Corporation,
WF 1973) generated a rectangular step-function signal, which
was sent to the HV-ampliﬁer (TREK 50/750) for thousand-fold
ampliﬁcation. The width of the rectangular signal (duty ratio)
was held constant at 2 ms, which was 0.2% of the time when
f = 1 Hz and 2% of the time when f = 10 Hz. Given the 2-ms duty ratio, frequencies in excess of 500 Hz were not possible here.
Although higher frequencies could be imposed with a commensurately shorter duty ratio, it would preclude a consistent comparison of the controlling parameters on droplet properties. In this
work, no baseline (or bias) low-voltage was applied, although this
could facilitate preloading of the liquid meniscus for easier droplet
ejection at each voltage peak. Li [28] showed the effect of the voltage pulse characteristics (such as amplitude, width, and bias-voltage level) on the shape of the meniscus while using a pure ethanol
as a working ﬂuid that contained no suspension particle. The studies on the voltage pulse characteristics (i.e., pulse duration and
magnitude) for suspension inks are beyond the scope of the current
study.
A high-speed camera (Vision Research, Inc., Phantom 7.3)
assembled with zoom lens (1.56 lm/pixel) and Halogen lamp
(250 W) captured magniﬁed images of the jetting inks. Snapshots
were taken at 200-ls intervals. The motorized stage or substrate
(Future Science, FS-XY-0.1-100) can maneuver up to a maximum
distance of 100 mm in 0.1-lm increments. The distance between
the nozzle tip and the substrate was ﬁxed at 5 mm. Excessive or
insufﬁcient voltage supply may destabilize the Taylor cone. The
optimal voltage supply that yields a stable Taylor cone changes
whenever the ink electro-ﬂuid properties are changed (R1-3)
(e.g., 7.5–10 kV in these experiments with more viscous ﬂuids
requiring higher voltage to eject ink droplets).
3. Results and discussion

Fig. 2. Ag (left) and Al (right) ink suspensions.

Fig. 4 shows the effect of voltage frequency on an EHD jet of Ag
ink for frequencies from 1 to 10 Hz. The snapshots taken at 1 Hz
(Fig. 4a) shows that the ejected ﬂuid was initially dumbbell-shaped
(which has the potential to yield satellite droplets), but eventually
it coalesced into a spherical droplet before impact. For low frequencies, the occasional satellite droplet was formed (R2-1) due
to the nonlinear effect of the Rayleigh instability when capillary
waves arise along the ejected ﬂuid [29–32]. Upon impact, a droplet
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Fig. 3. Schematic of the EHD experimental setup.

Fig. 4. EHD Ag ink droplet ejection at f = 1, 2, 5, and 10 Hz (Dt = 1 ms, scale bar = 1 mm).

spreads into a ‘‘relic’’ that is a few times larger than the incipient
droplet. When the frequency was increased to 10 Hz (Fig. 4d),
droplets became smaller. Furthermore, satellite droplets did not
form because the EHD-induced wave was much shorter than the
capillary wave.

Fig. 5 shows the deviation from droplet-on-demand for droplet
generation rates and pulse frequencies less than 80 Hz. The droplet
generation rate and the pulsing frequency matched (perfect
droplet-on-demand) for frequencies up to about 40 Hz. However,
deviation was observed for frequencies f P 40 Hz, which was
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Fig. 5. Correlation between droplet generation and voltage frequency.

attributed to the ﬂuid relaxation time. (R2-2) Note that the deviation is inherently present in all types of inkjets. It is well known

that the charge relaxation time is inversely proportional to the
ﬂuid electrical conductivity, se  1/K [33–36]. Thus, in theory, the
perfect conductor has zero relaxation time, which should in principle respond immediately to the supplied electrical charges. However, in reality, other factors, such as ﬂuid viscosity and surface
tension, hinder the immediate respond of the droplet that is electrically-driven. All of these coupled effects contribute to the deviation from the ideal line.
At higher frequencies, the natural frequency of the conical liquid meniscus cannot keep up with the imposed voltage ﬂuctuations. Because no liquid is a perfect conductor and there is ﬁnite
density and viscosity, high frequency voltages cannot be perfectly
reﬂected in the droplet ejection rate. (R2-3) Paine [37] showed that
there is an optimal voltage level for a stable operation of an electrospray while Lee et al. [38] showed the stable voltage range for
an EHD inkjet mode. The inconsistency between the droplet generation rate and pulsing frequency is a common problem in inkjet
technology. For example, Mishra et al. [39] printed the letter ‘‘I’’
with 2200 droplets over 70 s when the imposed frequency was
1 kHz (a droplet generation rate of merely 31 Hz).
Fig. 6 shows the effect of particle concentration, ﬂuid viscosity,
and voltage frequency on droplet characteristics. The Figs in the
ﬁrst column are from the experimental work of Furbank and Morris [40]. Particle-laden ﬂuid more often resulted in satellite forma-

Fig. 6. The effect of various parameters (particle concentration, ﬂuid viscosity, and voltage frequency) on droplet characteristics. The ﬁgures in the ﬁrst column are from the
experimental work of Furbank and Morris [40] (Reprinted under the permission of AIP.)
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tion. Our EHD jet behaved similarly when the ﬂuid was ethanol
(low viscosity ﬂuid). At a low viscosity (ethanol), the effects of surface tension (necking or thinning, so called singular behavior) are
more pronounced. Fluid cohesion around particles yields satellites
as the ﬂuid necks and separates. Low-viscosity ﬂuids (ethanol) are
more prone to satellite droplet formation because of the increased
relative importance of cohesion and surface tension. On the other
hand, thinning (or necking) diminished for more viscous ﬂuids
(such as DEG). Increasing the solvent viscosity discouraged satellite
formation and improved print quality. The stabilizing effect of viscosity in reducing satellite droplets was discussed by Hartman
et al. [27] and Jayasinghe and Edirisinghe [22]. However, their
studies focused on the cone-jet spray mode using a pure liquid
without any suspended particles and thus their studies cannot be
directly applied to our experiments. Without particles (pure liquid
cases), satellites were unlikely to form regardless of the solvent
viscosity because there are no particles for ﬂuid to coalesce around.
As viscosity increased (from ethanol to DEG), the role of surface
tension was less pronounced, signiﬁcantly reducing ﬂuid necking.
Further information on the capillary pinch-off of viscous ﬂuids is
available [41–46]. (R2-5) Kang et al. showed that the Al particle
inclusion of 1–10 wt.% in DEG has no signiﬁcant effect on ﬂuid viscosity and electrical conductivity; hence the Al wt.% effect on the
drop ejection characteristics such as impacting speed, drop size
and drop separation distance from the nozzle tip was also negligible [47].
As expected, the droplet size was dependent upon the imposed
EHD frequency; small droplets from high frequency [48,49]. Fig. 7
shows droplet size variation with EHD frequencies between 1 and
10 Hz. The inks are (1) DEG with 10% by weight Al and (2) a commercial Ag ink. Both the ejected droplet size and the size of the relic after printing were recorded. (R2-7) The Al ink data fall near the
low end of the x-axis (compared to that of the Ag ink) because of
DEG’s larger surface tension and viscosity; see Table 1. The ejected
droplet sizes of both Al and Ag inks are in the range of 150–
450 lm. The Al ink relic size (300–900 lm) is 2–3 times larger than
the initial droplet size and both relic and droplet sizes decrease
when the frequency is increased. Voltage frequency seems to be
the ﬁrst-order driver for droplet size; other parameters (e.g., V,
(R2-8)e, r, and m) play relatively minor roles [48,49]. Ag ink relic
sizes ranged from 600–1200 lm. However, the range of the relic
size of the Al ink was smaller than that of Ag ink because DEGbased Al ink had higher surface tension and viscosity. Thus, inks
with higher surface tension and viscosity are desirable if excessive
spreading is to be avoided.

6

f [Hz]

Fig. 7. Drop-size variation at various voltage frequencies for Ag and Al inks.
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Fig. 8. Splashing potential for Ag (top) and Al (bottom) inks (10 wt.%). The critical
impingement parameters offered by Yarin and Weiss [50], Mundo et al. [51], Cossali
et al. [52] are Kcrit(Yarin) = We0.250 Re0.125 = 17 (black line), Kcrit(Mundo) = We0.50
Re0.25 = 58 (red line), and Kcrit(Cossali) = We0.8 Re0.4 = 650 (blue line). None of our
experimental data (both Ag and Al inks) showed any sign of splashing because the
values are well below Kcrit. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

For high-quality printing, splashing upon substrate impact
should be minimized. In general, increasing EHD frequency reduces droplet size, but also increases the impact velocity. (R2-4)
Smaller droplets are ejected with higher velocities due to the
charge-to-mass ratio of the droplets that are under the inﬂuence
of the imposed electrical ﬁeld. Droplet-impact dynamics can be
characterized by the Reynolds (Re = qU/m) and Weber number
(We = qU2D/r), where q, m, r, D, and U represent ﬂuid’s density,
viscosity, surface tension, droplet diameter, and impact velocity,
respectively. Yarin and Weiss [50], Mundo et al. [51], Cossali
et al. [52] offered various splashing criteria including a critical
impingement parameter (Kcrit = Wea Rea/2) above which splashing
was likely; Kcrit(Yarin) = We0.250 Re0.125 = 17, Kcrit(Mundo) = We0.50
Re0.25 = 58, and Kcrit(Cossali) = We0.8 Re0.4 = 650. None of our experiments showed any splashing. Fig. 8 shows that none of our cases
exceeded Kcrit supporting the observation that no splashing was
observed during any of our printing efforts. Note that impact velocities (U) were estimated by measuring the distance traveled and
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Fig. 9. SEM images of EHD-deposited inks containing Al and Ag particles.

the time interval between snapshots (using the Phantom 7.0, Vision
Research high-speed camera) just before impact.

Relic particle concentrations are important; if the particle concentration is too low, then printed dots have decreased capacity as

Fig. 10. Printed silver (top) and aluminum (bottom) powder on stainless and ITO substrates (DEG ink, Al 10% by weight, f = 1 Hz). The nozzle diameter is 0.84 and 0.25 mm for
the dot and line printing, respectively. The line widths for the Ag and Al inks are 0.24 mm and 1.2 mm, respectively.
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electrodes because a continuous ﬂow of electrons cannot be supported. Fig. 9 shows scanning electron microscope (SEM) images
of Ag and Al ink relics where particle concentration varied from
1% to 10% by weight. These images were taken after complete
evaporation of the solvent. The commercial Ag ink (top-left) shows
a compact arrangement of Ag nanoparticles (mean diameter is
40 nm). When the Al particle concentration was low (1–4% by
weight), relics were sparsely seeded and function as an electrode
would be degraded. When Al particle loading reached 8% by
weight, there was sufﬁcient particle-number-density to form an
effective electrode.
Fig. 10 compares dot and line printing performances of the commercial Ag ink and our Al ink (10% by weight). Magniﬁed views of
the printed relics after complete evaporation of the solvent for
both Al and Ag inks are also shown in Fig. 10 (right Figs). Both
an optical microscope and SEM were used to capture these
snapshots.
For the dot printing results, the nozzle inner diameter was
840 lm, which ejected 150–450-lm droplets that formed relics
in the 400–1200 lm range. The relic maintained the desired circular shape although the Al particles were not optimally dispersed
(some aggregation was observed). Because Al particles are relatively large, the coffee ring effect (where nanoscale particles are
driven toward the periphery of the relic due to internal circulation
during evaporation [2,53,54]) was not observed. This is another
advantage of using large particles (i.e., non-nanoscale) for EHD
printing. (R2-6)This aluminum line was sintered at 500 °C in atmospheric and its resistivity was measured by taking the slope of the
IV curve via the Ohm’s Law (I = V/R); the resistivity was about
90 X. Overall, our in-house, low-cost Al ink performed comparably to the expensive, commercial Ag-ink. This suggests that Al inks
can replace the use of the more expensive commercial Ag ink for
printing scales on the order of 100 lm. If ﬁner printing scales
(i.e., 100 101 lm) are required, then the Ag ink is a better choice.
To study a reduced printing scale, a smaller nozzle with a 240lm diameter was used for line printing. Poorer line uniformity was
achieved with the Al ink than with the Ag ink. Coalescence (or
droplet-merging) took place between relics (i.e., printed dots),
which tended to form a large puddle whose size as usually bigger
than the size of an originally printed relic. The relatively large Al
particles degraded line-printing quality. Coalescence induced
internal ﬂow circulation within droplets and hence ﬂow-induced
particle movement inside droplets was greatly hindered because
of irregular size of Al particles. In addition, the largeness of Al particles also hindered the smooth transition of the coalescence process, resulting in relatively non-uniform line.

4. Conclusions
We demonstrated the feasibility of an in-house Al ink using
EHD inkjet printing. Our low-cost inks with aluminum particles
yielded reasonable performance on comparison with the expensive
commercial ink comprised of silver nano-particles for an application of printing dots that are a few hundred microns in size. Characteristics of EHD inkjets were examined while varying the pulsing
frequency, the ink viscosity and surface tension. Larger particles in
the ink could potentially form satellite droplets that could degrade
high-resolution printing quality. Satellite droplet formation can be
diminished by increasing the ink viscosity. Droplet sizes were measured as functions of the frequency; the higher the frequency, the
smaller the droplet size. Potential splashing upon impact was evaluated through several splashing criteria. There was no analytical or
visual evidence of splashing, which is desirable for high quality
printing. All of these EHD inkjet characteristics may be directly
applicable for fabrication of microelectronics.
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