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The generation of inkjet drops of colloidal gels is studied experimentally. Particle suspensions are prepared
by dispersing spherical polystyrene particles of 620 nm in the 1:1 mixture of deionized water and ethylene
glycol. The gels are prepared by adding polyethylene oxide to the suspensions by inducing the depletion
interaction between particles. It is demonstrated that inkjet drops can be generated by using the colloidal
gels. It is found that the ligament extended from the inkjet nozzle is stabilized so that the drop can be gen-
erated without satellite droplets behind the main drop and the velocity of the gel drop is faster than that of
the polymer solution at the same concentration. The gel drop generation characteristics are found to be sen-
sitive to input voltage.
Keywords: gel, suspension, ligament, extensional viscosity, yield stress, elasticity

1. Introduction

Inkjet techniques have been widely used in printed elec-
tronics and biosystems as well as in the conventional ink-
jet printers for homes and offices (Xu et al., 2014;
Saunders and Derby, 2014; Russo et al., 2011; Nge et al.,
2013). The advantage of the inkjet technique is that it can
deliver the desired amount of ink to the desired position
and many different inks can be installed on one printer
simultaneously. Because it uses the desired amount of ink,
almost no waste is generated and hence inkjet technique is
eco-friendly. The desired position does not have to be lim-
ited to a 2D position and it can be extended to a 3D posi-
tion, so that the inkjet technique can be effectively applied
to 3D printers (Layani et al., 2013). 

However, the inkjet technique has some limitations. It
has been generally accepted that the viscosity of ink has to
be smaller than 20 mPa·s (de Gans et al., 2005) when the
ink is a Newtonian fluid. When dispersants are added for
increasing stability of suspension ink or binders are added
for shape stability after drying, ink jetting becomes more
difficult because of the elasticity of the additives. Even a
very weak elasticity due to the additives can reduce the
drop velocity appreciably. Hence one may consider that it
is impossible to generate inkjet droplets of gel because
gels have large elasticity as well as yield stress or
infinitely large apparent viscosity at low stresses. How-
ever a colloidal or particulate gel may have a very small
yield stress depending on materials and gelation method
and once it flows by overcoming the yield stress, the vis-
cosity can be lowered appreciably. Because the shear rate
inside the inkjet nozzle is extremely large, say in the order
of 10000 s−1, the shear stress can be much larger than the

yield stress of the gel and it can be jetted as if the gel is
a low viscosity fluid. In this article, it is demonstrated that
some particulate gels can be jetted by using a conventional
inkjet system.

There are several ways to make a particulate gel. When
particles are dispersed in an aqueous medium, one can add
a proper amount of electrolyte to control the double layer
thickness. However a gel made in this method usually has
a large yield stress and a large viscosity even at a high
shear rate and hence the jetting is impossible. In the pres-
ent study a polymer is added to induce the gelation. When
the distance between two particles becomes smaller than
the diameter of a polymer molecule, the polymer molecule
is depleted from the region and hence the concentration
becomes lower than the surrounding (Asakura and Oosawa,
1954, 1958; Russel et al., 1989). This induces the reduc-
tion in osmotic pressure of the interstice region and hence
the liquid is extracted out of the region so that the two par-
ticles approach to each other and the gelation takes place.
Actually the potential due to the polymer depletion is
known to be very small compared with the electrostatic
potential. But it can strongly affect the phase behavior of
colloidal dispersions (Russel et al., 1989). The gel made
by this method can be not as strong as the one made by
the addition of electrolytes and hence we may think that it
can be jetted if the gel structure can be destroyed within
the nozzle during the extremely short time of 10 μs order.

Gels have been regarded to be not appropriate for 3D
inkjet printers because of their complex rheological prop-
erties compared with low viscosity inks used in inkjet
printing and hence the extrusion method is widely used in
3D printing (Compton and Lewis, 2014; Kong et al.,
2014; Mannoor et al., 2013; Dimitrov et al., 2006). In the
present research it will be demonstrated that gel drops can
be generated through the inkjet method. Considering that*Corresponding author; E-mail: cykim@grtrkr.korea.ac.kr
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it is difficult to attain small pixels or voxels by the extru-
sion or dispensing, the drop-on-demand (DoD) method
certainly is advantageous because their size can be much
smaller. Therefore, by adopting gel inks, it may be pos-
sible to find many applications of the DoD inkjet printing
in printed electronics and 3D printing. 

2. Experiment

2.1. Inkjet system and imaging
To investigate the generation characteristics of inkjet

drops of particulate gels the same inkjet system was used
as used for the previous study on inkjet drops of suspen-
sions in polymer solutions (Yoo and Kim, 2015). The sys-
tem consists of an inkjet nozzle with the exit diameter of
80 μm (MicroFab Co., Model # MJ-AT), a jetting driver
(pulse generating system), a high speed camera (Phantom
v7.3, Vision Research Inc.) equipped with a microscopic
objective lens (Mitutoyo, M plan Apo, 10×) and an illu-
mination source (Super Bright LED, Komi Co.). To gen-
erate a droplet a unipolar wave form was used with the
rise- and fall-times of 2 μs and the dwell time of 8 μs. The
dwell voltage (or input voltage) was in the range of 70-
140 V. The frame rate of the CCD camera was set at
50,000 frames per second and the exposure time was 1 μs.
When this fast mode was used, the number of pixels per
frame was 29 k (64 × 456) and the 1 pixel corresponded
to 2.62 μm physically. With this image size and resolution,
drop diameter and velocity could be measured sufficiently
accurately. The temperature and the relative humidity
were kept at the ambient condition of 24.5 ± 0.5°C and
20 ± 2%, respectively. By using two glass walls surround-
ing the nozzle, the air draft was kept as weak as possible.
The illumination was used only during the short duration
of photographing the drop generation.

2.2. Materials
The particulate gels were prepared by adding a polymer

solution to particulate suspensions in a Newtonian fluid.
The spherical particles of polystyrene (PS particles) were
synthesized by the surfactant-free emulsion polymeriza-
tion method (Ou et al., 2001). The diameter of PS parti-
cles was uniform at 620 nm as shown in Fig. 1. As the
Newtonian solvent, a mixture of ethylene glycol (EG,
50%) and deionized water (50%) was used. The mixture
of EG and deionized water has some advantages over the
pure water or EG: By adding ethylene glycol, viscosity is
modified to an appropriate level; The dielectric constant is
lowered to reduce the electrostatic effect and hence to
form a gel; Because of the lower volatility, drying is
slowed down and hence nozzle clogging at the exit is
drastically reduced; The density of the mixture is matched
to the density of PS particles so that sedimentation prob-
lems are reduced. 

The polymer solution was prepared by dissolving 5000
ppm of polyethylene oxide (PEO, molecular weight of
900,000 g/mol) in the Newtonian solvent and used as the
master batch. PEO and EG were purchased from Sigma
Aldrich Co. and used as received. 0-30% of PS particles
were dispersed in the Newtonian fluid to prepare the par-
ticulate suspensions and some of these suspensions became
gels when the polymer solution was added. The polymer
concentration in the mixture of the suspension and the
polymer solution was set to be at the same value of 500
ppm. The polymer concentration was determined by the
trial-and-error method so that gels could be obtained. No
salt or electrolyte was added in the solution. Because dry-
ing of the ink after drop generation is not considered in the
present research, the role of polymer as a binder is not
examined here. The polymeric suspension in the mixture
can be regarded as a model ink for drop generation only.

The shear viscosity and linear viscoelastic properties
were measured by a rotational rheometer with a Couette
fixture (AR2000, TA Instrument). High frequency linear
viscoelastic properties of the polymer solutions were mea-
sured by a DWS (diffusive wave spectroscopy) microrhe-
ology rheometer (Rheolab, LS Instrument) using the PS
spheres as tracer particles. Because the primary purpose of
the present research was to confirm whether gels can be
used in the inkjet system, rheological characterizations
were not performed extensively and extensional viscosi-
ties were not measured for the present study. Zeta poten-
tial was measured by using the light scattering method
(ELS-Z, Otsuka Electronics Co.). The zeta potential value
was −69.2 mV for 0.1% PS suspension in the Newtonian
fluid. Surface tensions were measured by using the Wil-
helmy plate method (DCAT11, Data Physics GmbH). The
density was measured by a density meter (DMA5000,
Anton Paar GmbH). All the particulate suspensions and
the liquids have the same density of 1060 kg/m3 and the
same surface tension of 55.7 mN/m.

Fig. 1. SEM image of polystyrene particles.
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3. Result and discussion

3.1. Rheological properties and particulate gel forma-
tion

Fig. 2a shows the rheological properties of the Newto-
nian solvent and PEO solutions. Until the shear rate of 300
s−1 approximately, the viscosities are constant irrespective
of shear rate. In Fig. 2b, G' of the 500 ppm PEO solution
could not be measured by the rotational rheometer. But it
could be measured at high frequencies by the DWS. This
means that the PEO solution has a weak elasticity. The
complex viscosity measured by the DWS shows slightly
shear thinning behavior at high frequencies. Fig. 3a shows
the viscosity of the suspensions in the Newtonian fluid.
The relative zero shear viscosity (ηr) of suspension is fit-
ted to the following equations:

. (1)

In the above equation η is suspension viscosity, ηs is the
viscosity of liquid without particles and φ is particle vol-

ume fraction. Here only the data points up to 10% are
used to fit because the second order equation is an asymp-
totic equation for small concentrations and should not be
valid when the particle volume fraction is too large. The
suspensions do not show yield stresses when the volume
fraction is below 30%. But the zero shear viscosities are
larger than the values for the hard sphere suspensions with
the same volume fractions and particle diameter as shown
in Fig. 3b. The hard sphere suspension viscosity is known
to follow the following relation (Bergenholtz et al., 2002):

. (2)

The larger value of suspension viscosity than the hard
sphere value is due to the electric double layer which
increases the effective diameter of PS particle. The Debye
length κ −1 is estimated by using the Russel’s theoretical
analysis (Russel, 1978) on the viscosity of suspension of
charged rigid spheres as follows:

ηr = 
η

ηs

----- = 1 + 2.5φ + 10.96φ2

ηr = 
η

ηs

----- = 1 + 2.5φ + 5.9φ2

Fig. 2. (Color online) Rheological properties of liquids without
particles: (a) Viscosity of PEO solutions, (b) linear viscoelastic
properties of PEO 500 ppm solution.

Fig. 3. (Color online) Viscosity of suspension in Newtonian
fluid: (a) Shear viscosity of PS suspension, (b) zero shear vis-
cosity as a function of volume fraction. The Einstein equation is

.ηr = 1 2.5+ φ
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. (3)

In the above equation, a is particle radius and L is the
characteristic separation length at which Brownian and
electrostatic forces are balanced and is given as follows:

, . (4)

In the above equation, ε is dielectric constant of the liquid,
ε0 is the permittivity of vacuum, ψs is the zeta potential, k
is the Boltzmann constant and T is temperature. The value
of ε of the 1:1 mixture of ethylene glycol and distilled
water is known to be 63.2 (Ǻkerlöef, 1932). By using Eq.
(3) and the measured viscosity, L is obtained first and then
k is calculated by solving the implicit Eq. (4) numerically
using the zeta potential as ψs. In the present case Debye
length κ −1 is found to be 26 nm.

Because of the double layer the colloidal suspension is
stable overcoming the van der Waals (vdW) interaction
between two PS particles through the liquid. The van der
Waals energy is estimated by the following formula (Rus-
sel et al., 1989):

. (5)

In the above equation AH is the Hamaker constant, and r
is the center-to-center distance between two spheres. AH is
obtained by the following formula (Israelachvili, 2011)

(6)

where n is refractive index, νe is UV absorption frequency
(3 × 1015 s−1) and h is Planck constant. Also subscripts 1
and 2 refer to polystyrene and the mixture of water and
ethylene glycol, respectively. PEO may change n and ε of
the solution slightly. But it is assumed to be small because
the polymer solution is very dilute. Also the electrostatic
potential (Φel) can be obtained by the following formula:

. (7)

In the above equation, z is charge number and x is the dis-
tance from the surface. The total interaction energy is
obtained by adding the electrostatic potential and van der
Waals energy as shown in Fig. 4. Considering that the
roughness of the particle surface is usually in the order of
10 nm, the interaction potential is positive between two
particles. Because it is positive particles are well dispersed
without particle aggregation. 

When the polymer solution is added to the suspensions,
a drastic change in rheological properties is observed.
However no detailed study is carried out on the phase
behavior of the colloidal suspension and only the rheo-

logical measurement is carried out considering that the
purpose of the present study is to investigate the possibil-
ity of jetting of a gel into droplets and it is not on the gela-
tion itself. As described in Introduction, even a very small
potential difference can change the dispersion into a gel
and hence the calculation of the accurate potential by
obtaining the polymer conformation is beyond the scope
of the present study. We found that the radius of gyration
(Rg) of the polymer molecule is 52 nm and the coil overlap
concentration (c*) is 1700 ppm from the intrinsic viscosity
([η]0) measurement and the following relations: 

, (8)

, (9)

(10)

where c is polymer concentration, MW is molecular weight
of polymer and ΦV is the Flory-Fox parameter (2.56 ×
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Fig. 4. Particle interaction potential curves as a function of dis-
tance from the particle surface.

Fig. 5. (Color online) Viscosity of suspension in 500 ppm PEO
solution. To measure the yield stress, stress sweep tests were
used.
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1023). Because the polymer concentration is 500 ppm in
the present case, the polymer solution is in the dilute
regime. Also the polymer size is much smaller than the
particle size of 620 nm, the depletion can occur to form a
particulate gel. Fig. 5 shows the viscosities of the PS sus-
pensions in the 500 ppm PEO solution. When PS content
is 9.0%, the low shear viscosity becomes extremely large
while it drops to approximately 1 Pa·s when shear stress
is 0.5 Pa and drops to 0.02 Pa·s at the shear stress of 10
Pa. The suspension has a yield stress of approximately 0.4

Pa. The extremely high shear viscosity below the yield
stress appears to be caused by wall slip. PS suspensions of
4.5 and 6.75% with the added polymer solution show the
same trend with lowered yield stresses and viscosity val-
ues at high shear stresses. In Fig. 6a, the oscillatory stress
test for the 9% suspension shows the yielding of the equi-
librium structure at about 0.3 Pa. Also G' is larger than G''

before it yields, which is a typical behavior of a gel. Fig.
6b and c show the linear viscoelastic properties when PS
content is 6.75 and 4.5%, respectively. Due to extremely

Fig. 6. (Color online) Oscillatory stress sweep test of suspen-
sions in polymer solution: (a) PS 9%, (b) 6.75%, (c) 4.5%.

Fig. 7. (Color online) Microscope images: (a) PS 9% in PEO
500 ppm solution, (b) 6.75%, (c) 4.5%. Scale bar corresponds to
10 μm.
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small elasticity, the yield stress and gel characteristics are
not as distinct as in Fig. 6a. But as oscillation stress
becomes smaller, G' is or tends to be larger than G'' and
at high oscillation stresses G' becomes smaller than G''.
Even though the linear viscoelastic data only cannot con-
firm that 4.5 and 6.75% suspension become gels defi-
nitely, the viscosity increase at low shear rates and the
tendency of increasing G' over G'' with decreasing shear
stress support that 6.75 and 4.5% suspensions become
weak gels. Because the yield stress of the gel used here is
in the order of 0.01 Pa while the shear stress during the
feeding process is many orders of magnitude larger than
the yield stress, the yield stress does not cause any prob-
lems during the process including feeding and mixing.

Fig. 7a shows the microscopic image of the 9% suspen-
sion. Many flocs are observed, which is another evidence
of the formation of gel. However this gel is too viscous
even at the jetting condition inside the nozzle and hence
the gel cannot be jetted even when no yield stress is pres-
ent. In Fig. 7b and c, no such large flocs are recognized
and only small aggregates are observed when PS content
is 6.75 and 4.5%, respectively. It appears that the inter-
connection between particles is not strong. It is suspected
that the weak flocs are destroyed during the sample load-
ing between the cover slip and slide glass because the
sample loading process induces a very strong shear flow.
At any rate, the rheological data confirm that they are gels.
It is note that, if they become strong gels, we cannot gen-
erate inkjet droplets. In the following the jetting of the sus-
pensions with low particle concentration is described.

3.2. Generation of particulate gel drop
Fig. 8 compares the jetting characteristics of suspensions

of PS particles in 500 ppm PEO solutions. In Fig. 8a,
when no particles are added, jetting is not possible even if
the input voltage is as high as 140 V which is the electrical
limit of the system. A liquid volume protrudes out from
the nozzle exit to form a ligament, but the ligament is
pulled back to the nozzle exit. This is a typical jetting
behavior of a sufficiently strongly elastic liquid (Yoo and
Kim, 2013). In Fig. 8b, when 4.5% of particles are added
the drop generation characteristics become drastically dif-
ferent at the input voltage of 120 V. Most importantly, the
ligament breakup occurs to generate a drop and the drop
attains a sufficiently large velocity. In this case, the breakup
position is not adjacent to the nozzle exit as in the case of
the pure solution with weak elasticity (Yoo and Kim,
2013) and is moved toward the mid-point of the ligament.
After the breakup, an asymmetric dumbbell shape is
formed by end-pinching and the rear part is coalesced to
the main drop eventually. The coalescence increases the
main drop velocity since the velocity of the rear part of the
dumbbell is faster. In Fig. 8c, at the input voltage of 115
V, the drop generation characteristics are similar to the

case at 120 V. But the appearance of the suspension ele-
ment behind the breakup point is quite different. In this
case a large drop hanging a thin ligament is present and is
pulled back to the nozzle exit by the thin ligament. The
main drop velocity is halved by the 5 V decrease in the
input voltage. In Fig. 8d, when particle concentration is
6.75% and the input voltage is 135 V, the ligament breakup
occurs at two points. The first breakup occurs near the
main drop and the second one near the nozzle exit. Hence
a satellite drop is generated. The breakup near the nozzle
exit appears to occur due to a smaller extensional force of
the suspension. In the previous case of the 4.5% suspen-

Fig. 8. Generation of inkjet drop of suspension in PEO 500 ppm
solution: (a) PS 0% in PEO solution, dwell voltage = 140 V, (b)
PS 4.5%, dwell voltage = 120 V, Diameter (Hereafter, D) = 68.6
μm, velocity(Hereafter, v) = 1.10 m/s, (c) PS 4.5%, dwell voltage
= 115 V, D = 62.5 μm, v = 0.71 m/s, (d) PS 6.75%, dwell voltage
= 135 V, D = 68.6 μm, v = 0.79 m/s, (e) PS 6.75%, dwell voltage
= 140 V, D = 73.3 μm, v = 1.53 m/s.
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sion at 115 V, it is pulled back to the nozzle. In Fig. 8e,
when the input voltage is increased by 5 V to 140 V, the
second breakup does not occur and the whole ligament is
pulled back to the nozzle. Also the ligament remains sym-
metric and the main drop velocity is sufficiently large.
This means that the gel can be jetted in a stable fashion.
It is noted that a slight change in input voltage can change
the whole drop generation characteristics quite apprecia-
bly. 

Because binders have to be added for a stable shape
after drying, the Newtonian suspension drop generation
may not be practically used, but it may be worth compar-
ing the drop generation characteristics to understand the
role of the added polymer. Fig. 9 shows the drop gener-
ation characteristics of two suspensions of 5 and 10% in
the Newtonian fluid. Even though a large drop velocity
can be attained, satellite drops are generated. The large
velocity is possible because the ligament breakup is easier
for suspensions (Furbank and Morris, 2004). In the case of
10% suspension, very tiny satellite drops are generated.
Satellite drops can be generated by various mechanisms.
In the case of Newtonian fluids, end pinching is quite
common. But in the case of suspension inks, the generally
accepted mechanism for satellite drop generation is not
known. Because the distribution of particles along the lig-
ament of suspension is random and not uniform generally
when it is jetted, some uneven ligament breakups can
occur during the ligament stretching, which can result in
the satellite drops. Because the rear end of the ligament is
very sharp, the surface tension force is extremely large at
the rear of the ligament and the fast collapse into a drop
can result in a very fast drop, even faster than the main
drop. Even though the tiny drops are coalesced to the main
drop in the present case, it may not be always the case and

they could be blown off in the horizontal direction. By
forming the gel, it appears that the ligament is more sta-
bilized and no tiny drops are generated during the liga-
ment breakup. Because the extensional motion is retarded
by the extended polymer molecules, breakups of the lig-
ament at the middle appear to be suppressed in the case of
gels.

The reason why the drop generation is possible and the
drop velocity is sufficiently large is that once the gel struc-
ture is broken inside the nozzle by the large shear stress,
the fluid behaves as a common suspension. Hence the
extensional viscosity of the suspension becomes much
smaller than the extensional viscosity of the polymer solu-
tion. It is a well-known fact that the extensional viscosity
of suspension is smaller than that of polymer solution
without particles (Han and Kim, 2014; Le Meins et al.,
2003). The decrease of the extensional viscosity is caused
by the increased shear component during the extensional
flow because the liquid flow through interstices between
particles is not strictly extensional and shear flow com-
ponents appear. The extensional viscosity of the gel mate-
rial could not be measured in the present case due to the
yield stress. Hence the ligament stretching characteristics
could not be analyzed in detail as was done in the previous
study by the authors (Yoo and Kim, 2015). But the fact
that gel drops can be generated should be considered as an
important advance in the development of the inkjet method.

4. Conclusion

In the present study it is demonstrated that inkjet drops
can be generated by using gels from PS suspensions in the
mixture of deionized water and ethylene glycol with
added polyethylene oxide. It is found that the ligament is
stabilized so that the drop can be generated without sat-
ellite droplets behind the main drop and the velocity of the
gel drop is faster than that of the polymer solution. The gel
drop generation is sensitive to input voltage. 

Because the gel can have a sufficiently low viscosity at
high shear rates, it is possible to generate droplets by the
inkjet method if we consider the viscosity level at high
shear rates only. The issue is whether the high shear rate
flow can be generated inside the nozzle by the compress-
ible stress imposed for an extremely short time of 10 μs.
Once the flow is started, the next steps seem to follow as
if it is an ordinary suspension without network structures.
In the present experimental study, it has been found that
the structure is destroyed indeed during the short time.
Another issue may be the reproducibility problem. It is
known that flocculated gels show poor reproducibility and
high sensitivity to gel preparation and shear history. In the
present case the drop generation of the gel material is even
stabilized compared with the drop generation of suspen-
sions without polymers. It may be because the gels used

Fig. 9. Generation of inkjet drop of suspension in the mixture of
deionized water and ethylene glycol: (a), (b) Dwell voltage 70 V,
(c), (d) dwell voltage 75 V, (e), (f) dwell voltage 80 V. (a), (c), (e)
PS 5%, (b), (d), (f) PS 10%. The inset in (b) shows the tiny drops
present in the 7th and 8th frames.
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here are very weak and only the interaction forces are
slightly modified without forming large flocs. Also the
decreased extensional viscosity from the value of a poly-
mer solution enables to have sufficiently high velocities.
Hence there are many advantages of using the gel as an
ink in inkjet printing. If the class of materials that can be
used by the inkjet technique is extended to gels, it may be
possible to find many applications in printed electronics
and 3D printing. To make it possible elaborate designs of
gel materials should be necessary. 
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