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In the present study the generation of inkjet drops of suspensions of spherical particles in polyvinylpyr-
rolidone (PVP) solution in 1-heptanol is investigated experimentally. The particle size was 2 μm and the
particle volume fraction was in the range of 0-0.18. The molecular weight of PVP was 1,300 kg/mol and
the concentration was 0-4,000 ppm. The diffusive wave spectroscopy measurement shows that the PVP
solution has a weak elasticity. The extensional viscosity measurement reveals that both the polymer solution
and the suspension show strain hardening behavior. The jetting experiments show that the drop velocity of
the suspension is larger than that of the polymer solution without particles. The difference in drop velocity
is ascribed to the combined effect of the extensional viscosity and shear viscosity. The drop size of the sus-
pension is larger than the drop size of the polymer solution without particles at the same driving voltage
even though the viscosity of the suspension is larger. This difference is ascribed to the change in the free
surface shape near the nozzle exit due to the viscosity difference and the increased inertial term due to the
density increase by the addition of particles. Because the surface tensions of the fluids tested here are the
same, the effect of surface tension force cannot be examined even though the force analysis shows that the
surface tension force is larger than the other forces such as extensional and convective forces. 
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1. Introduction

Inkjet techniques are widely used in printed electronics,

biosystems, 3D printing as well as office automation (Xu

et al., 2014; Layani et al., 2013; Saunders and Derby,

2014; Russo et al., 2011; de Hazan et al., 2012; Nge et al.,

2013). Even though almost all of the inks used in printing

contain pigments or particles and viscoelastic binders, sys-

tematic studies on the generation of inkjet drops of sus-

pensions in viscoelastic fluids have been scarce. It appears

that the operating conditions for jetting the polymeric sus-

pensions are chosen largely by trial-and-error methods

based on previous experiences. For desirable printing

results, it may be worth understanding the fundamental

aspects of the interfacial fluid dynamics of drop genera-

tion in relation with the rheological properties of the inks.

Toward in-depth understanding of the inkjet process, an

experimental study on the generation of inkjet drops of

model suspensions in viscoelastic fluids has been carried

out in the present study.

The generation of drops is a classical problem in fluid

dynamics since the Rayleigh’s pioneering work (Rayleigh,

1878). However the generation of inkjet drop of rheolog-

ically complex fluid is still to be understood. One of the

reasons is that the drop generation process has a very short

time scale of 100 microsecond order. Therefore the Deb-

orah number (De = λ/T), which is the ratio of relaxation

time (λ) of the elastic fluid and the process time (T), is

much larger than 1 even in the case of very dilute solu-

tions and the very weak and sometimes unmeasurably

small elasticity manifests itself as a qualitatively different

result. Because the elasticity cannot be measured, it is

practically impossible to understand the elastic effect unless

the elasticity is estimated somehow. Another problem

related with the short process time is the difficulty in

imaging the generation process. In the case of Newtonian

fluids, the flash videography technique is well established.

In the technique, it is assumed that the drops generated

sequentially from a nozzle with the same input voltage

profile are identically the same and one drop image is

taken after a specific time lag for each drop. If the images

are displayed sequentially, one may even feel that they are

just one drop. In the case of a drop of non-Newtonian

fluid, however, the reproducibility is sometimes very poor

and hence one may have to take images of one specific

drop with time. The reproducibility problem may be even

worse for the suspension in polymeric liquids than for the

polymer solution itself. Because the time to generate a

drop is about 100 μs, about 10 frames can be obtained

even if a CCD camera with the state-of-the-art digital

technology is used. Therefore only a few researches have

been reported in the literature overcoming these difficul-

ties. But the results are contradictory to each other in some

cases. However the direct comparison may not be possible

because the fluids used are vastly different and the point

of views is not the same.

Shore and Harrison (2005) reported that a small amount

of polymer dissolved in a Newtonian fluid can change the
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drop generation characteristics significantly: The drop

velocity is significantly lowered while the formation of

satellite drops is reduced. The same characteristics were

also reported by Son and Kim (2009). On the other hand,

de Gans et al. (2005) reported that drop velocity is only

dependent on the input voltage to the piezo-driven nozzle

and independent of polymer concentration and molecular

weight. Hoath et al. (2009) reported that the drop size is

not dependent on polymer concentration even though the

ligament extension characteristics are different. This result

can be explained by Yoo and Kim’s argument (2013) in

that the drop size is determined majorly by the infinite

shear viscosity of the solution. Because the infinite shear

viscosity approaches the viscosity of the pure solvent for

dilute solutions, the independence of drop size on concen-

tration can be predicted. Hoath et al. (2009) reported that

the jetting behavior is not correlated with the low shear

viscosity of the fluid and is correlated well with the high

frequency rheological behavior measured at 5 kHz by a

PAV (piezoelectric axial vibrator) rheometer. This result is

also explained by the Yoo and Kim’s (2013) argument in

that the elasticity of the fluid manifests itself as the

increased extensional viscosity and the drop velocity is

determined by the extensional viscosity when the input

voltage is the same. Yoo and Kim’s (2013) result is also

consistent with Shore and Harrison’s (2005) and Son and

Kim (2009).

The generation of suspension drop also has been explored

from several researchers. Furbank and Morris (2004)

demonstrated that the ligament becomes thinner and more

satellite drops are generated when particles are added to a

Newtonian fluid up to 10%. They also showed that par-

ticle size and thread thickness are strongly correlated. Reis

et al. (2005) reported that the jetting behavior of suspen-

sion is affected by the physical properties and acoustic

behavior. They argued that drop velocity and size are

related with the change in printhead volume and Ohne-

sorge number. It is noted that their argument appears to be

applied to any inkjet drop generation. Wang et al. (2012)

performed inkjet drop generation experiments with colloi-

dal suspensions and showed that the dynamics of suspen-

sion drop generation are similar to those of a simple

Newtonian fluid under conditions of good jetting. They

found that the pinch off of the 15% suspension drop is

faster than that of the pure liquid with the same viscosity.

However it is not clear which causes the difference because

the infinite shear viscosities of the suspension and the

Newtonian fluid they used (glycerin-water mixture) are

not the same. Also, Bonnoit et al. (2012) reported the

accelerated detachment of drop from dense granular sus-

pensions of 15-55% and van Deen et al. (2013) showed

that particles accelerate the detachment of suspensions

with the volume fraction of 6% or less. van Deen et al.

(2013) confirmed that the faster detachment is caused by

the particles within the filament. Yoo and Kim (2015)

reported that, in the case of suspension in Newtonian flu-

ids, the generation characteristics are almost the same as

long as the viscosity and surface tension are the same irre-

spective of the presence of particles. The studies on the

drops of suspensions in Newtonian fluids showed that no

qualitative change is observed in the generation of sus-

pension drops except that drop detachment is faster.

Because the suspension in Newtonian fluid does not show

rheologically unusual behavior compared with the New-

tonian fluid itself, it is not surprising that the behavior of

suspension drop generation does not show unusual behav-

ior.

Until now no systematic study on the generation of drops

of suspensions in polymeric liquids has been reported in

the literature as far as the authors are aware of. This topic

is an important issue because most inks contain polymers

or surfactants as binders and/or dispersants. Recently

Hoath et al. (2014) considered the drop generation of the

suspension in polymeric liquid. However, no detailed

information is reported on the rheological properties of the

system. By extending the previous studies of Yoo and Kim

(2013, 2015), the generation characteristics of suspensions

in polymeric fluid are investigated in the present study.

Model suspensions are prepared by dispersing spherical

particles in dilute polymer solutions and the drop gener-

ation characteristics are investigated experimentally. The

rheological properties are characterized by using the rota-

tional rheometry and the diffusive wave spectroscopy. In

addition to the shear properties, the extensional properties

were found to be important in inkjet drop generation. The

extensional properties are estimated by the capillary thin-

ning method using the CaBER. The detailed theory of

capillary thinning can be found in McKinley (2005), Rodd

et al. (2005). The theory directly applied to the inkjet sys-

tem can be found in Yoo and Kim (2013) and Vadillo et

al. (2010). The result reveals that it is often easier to gen-

erate inkjet drops from dilute suspensions in polymer

solutions than from the polymer solution without particles

even if the viscosities of suspensions are larger than the

polymer solution. It is also found that the drop size becomes

larger by the presence of particles. This result on the sus-

pension is different from the previous report on polymer

solutions without particles in that the drop size is depen-

dent of high shear viscosity only at a given wave form. It

is ascribed to the different meniscus shape when the lig-

ament is detached from the nozzle exit due to the large

cohesive force and to the increased density by the addition

of particles.

2. Experiments

2.1. Inkjet system and imaging
To investigate the generation characteristics of inkjet
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drops of suspensions in polymer solutions, an inkjet sys-

tem is set up as shown in Fig. 1a. This equipment is basi-

cally the same as the set that the authors used for the

previous study on inkjet drops of suspensions in a New-

tonian fluid (Yoo and Kim, 2015). The system consists of

an inkjet nozzle, a jetting driver (pulse generating system),

a high speed camera and an illumination source. 

The inkjet droplet was generated by a piezo-type nozzle

purchased from MicroFab Co. (Model # MJ-AT). The

nozzle diameter at the exit was 80 μm. To generate a drop-

let a unipolar wave form was used as shown in Fig. 1b. It

is known that the nozzle expands and shrinks during the

rise and fall periods, respectively. However, the fluid flow

continues during the dwell periods due to the compress-

ible nature and hence the finite sonic velocity of the fluid

in the time scale of nozzle operating time affects the flow.

Depending on the voltage imposed on the piezo-element a

drop or drops of different sizes and velocities are gener-

ated. In the present research, the rise- and fall times in the

voltage pulse to the nozzle were set at 2 μs. The dwell

time was 8 μs, and the dwell voltage (input voltage hence-

forth) was in the range of 100-140 V. 140 V was the max-

imum allowable voltage of the nozzle. Drop generation

experiments were carried out while varying the input volt-

age and the drop size and the velocity were measured by

using the image processing technique. The high speed

camera (Phantom v7.3, Vision Research Inc.) was trig-

gered by the jetting driver as a wave pulse was delivered

to the inkjet nozzle. The camera was equipped with a micro-

scopic objective lens (Mitutoyo, M plan Apo, 10×) with a

tube (Proximity Series, Infinity Boulder). As the illumi-

nation source, a back lighting system (Super Bright LED,

Komi Co.) was installed. With this lighting system blurs

were negligibly small in measuring the drop size and posi-

tion.

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

has to be small (64 × 456 pixels; the pixel size is 2.62

μm). Considering that the drop diameter and travel dis-

tance are in the order of 60 μm and 1 mm, respectively,

the numbers of pixels to cover these sizes are about 23 and

382. Therefore the image resolution was enough to mea-

sure drop diameter and velocity sufficiently accurately.

The temperature and the relative humidity were kept at

the ambient condition of 24.5 ± 0.5°C and 20 ± 2%,

respectively. The air draft was kept as weak as possible by

using two glass walls surrounding the nozzle. The tem-

perature of the nozzle tip (which should be the initial drop

temperature) was kept at the same ambient temperature.

The illumination was used only during the instant of pho-

tographing the drop generation.

2.2. Materials
Suspensions for the inkjet experiment were prepared by

dispersing spherical particles in a Newtonian solvent with

or without dissolved polymer. Spherical particles of poly-

styrene (PS particles) were synthesized by the dispersion

polymerization in a polyvinylpyrrolidone (PVP, molecular

weight 40 kg/mol) solution in ethanol (Lok and Ober,

1985). The detailed procedure is described in Shin and

Kim (2012). The diameter of PS particles was in the range

2.03-2.05 μm, hence they were practically mono-disperse.

No dispersant was added in dispersing the particles in the

dispersing medium. Polymer solutions were prepared by

dissolving PVP in 1-heptanol (heptanol henceforth). It is

noted that PVP is also used in the dispersion polymeriza-

tion of PS particles. Both materials were purchased from

Sigma Aldrich Co. and used as received. The molecular

weight of PVP was 1,300,000 g/mol. First polymer solu-

tions of 1, 2, 2.5 and 4 wt% were prepared by dissolving

proper amount of polymer in heptanol using a magnetic

stirrer at 100 rpm. These solutions were mixed with sus-

pensions in the Newtonian fluid with 1 to 9 ratio and then

stirred further for two days to obtain the suspensions with

the particle volume fraction of 0.0225-0.27 in polymer

solutions of 1000, 2000, 2500 and 4000 ppm PVP. Table

1 shows the compositions and related properties of the flu-

ids tested here. Because the particles are well dispersed in

heptanol without aggregation, the surface properties of

particles were not extensively studied. The zeta potential

does not seem to be important because the dielectric con-

stant of heptanol is as small as 12 so that electrostatic

effect is very small and the stabilization is primarily by the

hairy PVP polymer on the particle surface. Due to the

hairy structure the particles cannot approach to each other

within the PVP hair size and hence the depletion interac-

tion (Russel et al., 1989) does not seem to affect the sta-

Fig. 1. (Color online) (a) Schematic diagram of the experimental

apparatus and (b) input wave form to the nozzle.
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bility of the particles.

The shear viscosity and linear viscoelastic properties of

liquids were measured by a rotational rheometer with a

Couette fixture (AR2000, TA Instrument). High frequency

linear viscoelastic properties of the polymer solutions

were measured by a DWS (diffusive wave spectroscopy)

microrheology rheometer (Rheolab, LS Instrument) using

polystyrene spheres of 620 nm in diameter as tracer par-

ticles. The cuvette thickness was 5 mm and the properties

were measured under the transmission mode. The exten-

sional viscosity was estimated by using a capillary breakup

apparatus (CaBER, ThermoHaake Co.). To handle low

viscosity fluids, two small plates of diameter 1.5 mm were

machined from titanium. The initial gap distance was 0.5-

1 times the radius of the plate and the gap distance when

the capillary thinning begins was set to be 2.07 mm. The

duration of the upper plate movement was set at 30 ms to

reach the final position. Surface tensions were measured

by using the Wilhelmy plate method (DCAT11, Data

Physics GmbH). The density of testing fluids was mea-

sured by density meter (DMA5000, Anton Paar GmbH).

The sedimentation velocity of the 2 μm particle in hep-

tanol is 310 μm/hr without Brownian diffusion. Because

the whole time required for the experiment including stor-

age in the reservoir of the inkjet system is in the order of

10 min, the sedimentation effect should be negligible. The

sedimentation does not affect the rheological measure-

ment, either, as the measurement time is also 10 min

approximately.

3. Results and Discussion

3.1. Rheological properties
Fig. 2 shows the viscosities of polymer solutions as a

function of shear rate. The figure shows that the viscosi-

ties are almost constant irrespective of shear rate until

shear rate of 200-500 s−1. Based on the zero shear viscos-

ities of the polymer solutions, the intrinsic viscosity ([η]0)

is found to be 0.18 m3/kg from the following relationship:

(1)

where η is polymer solution viscosity, c is polymer con-

centration and ηs is the solvent viscosity. The radius of

gyration (Rg) is then

. (2)

In the above equation MW is molecular weight and ΦV is

the Flory-Fox parameter (2.56 × 1023). Because Rg is much

smaller than the particle size, it may be regarded that par-

ticles are suspended in a homogeneous liquid. The coil

overlap concentration is 

c* = 1/  ~ 5600 ppm, (3)

and hence the polymer solutions used in the present exper-

η[ ]0 =  
c 0→

lim
η ηs–

cηs

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

Rg = 
1

6
------

η[ ]0MW

ΦV

------------------
⎝ ⎠
⎛ ⎞

1/3

40 nm≈

η[ ]0

Fig. 2. (Color online) Viscosity of the solvent (1-heptanol) and

the PVP solutions in the solvent.

Table 1. Fluids used in this study and their properties.

Zero shear viscosity

(Pa·s)

Surface tension

(mN/m)

Density

(kg/m3)
Particle volume fraction

1-Heptanol 0.00604 27.0 819 0-0.27

1-Heptanol + PVP 1000 ppm 0.00715 27.0 819 0-0.27

1-Heptanol + PVP 2000 ppm 0.00830 27.0 820 0-0.18

1-Heptanol + PVP 2500 ppm 0.00902 27.0 820 0-0.18

1-Heptanol + PVP 4000 ppm 0.01100 27.0 820 0-0.18

1-Heptanol + PVP 2000 ppm + PS 2.25% 0.00860 27.0 825

1-Heptanol + PVP 2000 ppm + PS 4.5% 0.00910 27.0 832

1-Heptanol + PVP 2000 ppm + PS 6.75% 0.00950 27.0 839

1-Heptanol + PVP 2000 ppm + PS 9.0% 0.01060 27.0 846

1-Heptanol + PVP 2000 ppm + PS 18.0% 0.01380 27.0 857
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iments are dilute. The diluteness also can be seen from the

almost non-shear thinning viscosities. Fig. 3 shows the

viscoelastic properties of 2000 ppm PVP solution and

18% suspension in the PVP solution measured by the rota-

tional rheometer and the DWS. Here we measured the vis-

coelastic properties of the 2000 ppm polymer solution as

a typical example. The other solutions are found to behave

in the same fashion rheologically. First of all, the DWS

data are properly continued to the rotational rheometer

data. The set of data reveals that the polymer solutions

show the typical behavior of dilute solutions. The very

high viscosities at about 104 s−1 are slightly shear-thinning,

but the values are still larger than the solvent viscosity. G'

of the 2000 ppm PVP solution and the suspension cannot

be measured accurately by the rotational rheometer. The

reason is that the inertial effect is too large compared with

the viscoelastic stress for this low viscosity material with

a very weak elasticity at high frequencies and the torque

is too low to detect at low frequencies. G'' of the suspen-

sion shows a similar behavior to G'' of the polymer solu-

tion. From this similarity it is expected that G' of the

suspension is similar to G' of the polymer solution.

Fig. 4a shows the viscosity of the suspension of PS par-

ticles in the Newtonian fluid. The viscosities are not shear

thinning up to 30%. This result is consistent with literature

(Mewis and Wagner, 2012). The viscosities are fitted to

the following equation:

. (4)

The second order coefficient of 7.25 is larger than the

value of 5.9 for Brownian hard spheres (Bergenholtz et

al., 2002). It appears that van der Waals (vdW) energy

appears to affect the interaction between two particles.

This is plausible because the van der Waals energy is

0.0013 kT when two particles are separated by 1 particle

diameter which is roughly the average distance at the par-

ticle volume fraction of 10% while it is raised to 15.1 kT

when two PS particles approach each other by 10 nm

which is thought to be approximately the polymer brush

length. Here the van der Waals energy is estimated by the

following formula (Russel et al., 1989):

. (5)

In Eq. (5) AH is the Hamaker constant, a is sphere radius

and r is the center-to-center distance between two spheres.

AH is obtained by the following formula (Israelachvili,

2011)

(6)

where ε is dielectric constant, n is refractive index, νe is

UV absorption frequency (3 × 1015 s−1) and h is Planck

constant. Also subscript 1 and 2 refer to polystyrene and

heptanol, respectively. PVP may change n and ε of the

solution slightly. But in the calculation of AH the polymer

ηr = 
η

ηs

----- = 1 + 2.5φ + 7.25φ
2

ΦvdW = −
AH

6
------

2a
2

r
2

4a
2

–
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2
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2
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2
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2
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Fig. 4. (Color online) Viscosities of suspensions in 1-heptanol (a)

and in the 2000 ppm PVP solution (b).

Fig. 3. (Color online) Linear viscoelastic properties of 2000 ppm

PVP solution and 18% suspension in the solution measured by

the rotational rheometer and the DWS. The points in the box are

from DWS. G'' of the solution and suspension cannot be mea-

sured due to the mechanical limit. Other solutions behave in the

same fashion.
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effect is assumed to be negligible due to its low concen-

tration. For the suspensions, DWS measurements were not

carried out because the particle size in the suspension is

much the same as the size of typical tracer particles used

for the measurement. If two sizes are comparable with

each other, the measured value could be the solvent prop-

erty rather than the suspension property.

Fig. 4b shows the viscosities of the suspension in the

2000 ppm PVP solution. As in the case of the suspension

in heptanol, the viscosities are not shear thinning within

the range of shear rates for which the rotational rheometry

was used. The zero-shear viscosities are well fitted to the

relation shown below:

. (7)

As long as the shear viscosity is concerned, the suspen-

sions in polymer solutions behave as Newtonian fluids.

The increased second order coefficient (8.90) from the

value of the Newtonian suspension (7.25) appears to

reflect the increased hydrodynamic interaction between

two particles in the viscoelastic PVP solution.

3.2. Extensional viscosity
In the present experiment using the CaBER, two plates

of 1.5 mm in diameter were used to reduce the gravity

effect. Because the capillary length ( , σ: surface

tension; ρ: density; g: gravitational acceleration) of hep-

tanol is 1.7 mm and the plate size is smaller than the cap-

illary length, the fluid surface can be assumed to be hold

by surface tension properly with negligibly small gravity

effects. Because heptanol viscosity is small, the thinning

process occurs in a very short time and hence the stretch-

ing of the upper plate has to be as fast as possible. With

the present equipment, the fastest time to pull the upper

plate is found to be 30 ms without oscillation which is far

longer than the recommended pull off time (Rodd et al.,

2005) of the Rayleigh time ( , R: plate radius) of

3.6 ms for heptanol. However this time could not be

achieved with the CaBER. The stretching distance was set

between 0.86 and 2.07 mm.

Fig. 5 shows the photographs of the filament of suspen-

sions with different particle volume fractions just before

the break up. It is noted that the filament shows the beads-

on-a-string structure. A central drop is formed which is

frequently observed for fluids with low viscosities (Vadillo

et al., 2010). Because of the central drop formation, the

extensional viscosities of the suspensions could be mea-

sured only for limited cases. Also, because not all the

measured values here are obtained while keeping the thin

rod shape, they may not be the true extensional viscosities.

Hence the values should be used only for reference.

Fig. 6a shows the normalized diameter (D/D0: D is the

ηr = 1+2.5φ + 8.90φ
2

σ/ρg

ρR
3
/σ

Fig. 5. Filament shapes of PVP 2000 ppm polymer solution and suspensions in polymer solution just before the break off. From the

left to the right, particle volume concentration increases from 0 to 18%: (a) PS 0%, (b) 2.25%, (c) 4.5%, (d) 6.75%, (e) 9.0%, and (f)

18.0%.

Fig. 6. (Color online) (a) Normalized filament diameter profile as

a function of time. t = 0 corresponds to the initial movement of

the plate and (b) magnifying view of the diameter profile during

the capillary thinning process.
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diameter of the liquid bridge. D0 is the diameter of the

plate.) profiles of the 2000 ppm PVP solution and the sus-

pensions in the solution with time during the CaBER

experiments. The upper plate moves upward until the time

of 0.03 s (the vertical line in the Fig. 6a) after which the

liquid column thins with time by the capillary force.

Because the viscosity is not much different and the surface

tension is the same, the profiles appear to be similar during

the mechanical pull off period (0 < t < 0.03 s). During the

filament thinning, however, differences are noted. Fig. 6b

shows the magnified views of the diameter profile during

filament thinning. For all the fluids tested here, the diam-

eter decreases linearly first. In the next stage, the diameter

decreases faster than the initially linear decrease and then

the rate of decrease slows down. Even though the quali-

tative nature appears the same, the rates of decrease are

slightly different for the polymer solution and for suspen-

sions. It is noted that the diameter of the 2.25% suspen-

sion decreases faster than the polymer solution without

particles. But the rate of diameter change decreases again

as more particles are dispersed. Considering that the shear

viscosity increases monotonically with the addition of par-

ticles and all the fluids contains the same amount of PVP,

the non-monotonic rate of diameter decrease requires some

explanations. Because the whole process occurs as an

unsteady process, the extensional viscosity cannot be

uniquely determined and hence it may be reasonable to

choose a representative value for the extensional viscosity

and the extensional rate at which the extensional viscosity

is measured. In the present case, the inflexion point of the

curve is chosen as the point at which the extensional vis-

cosity is calculated. Fig. 7 shows the extensional viscosity

calculated by the following relationship and the exten-

sional viscosities and the extensional rates at the inflexion

point are listed in Table 2: 

, (8)

. (9)

Each point is obtained by averaging at least 5 experi-

ments. First of all, the extensional viscosities of the PVP

solution and suspensions are almost an order of magnitude

larger than the three times the Newtonian viscosities,

which is due to strain hardening of polymer molecules.

Because the extensional rate is extremely large, the depen-

dence of extensional viscosity on extensional rate may not

be a strong function of extensional rate because the strain

hardening effect can be saturated. Because of the enhanced

extensional viscosity, the ligament stretching can be

strongly hindered in the case of polymeric liquids. Sec-

ondly, the extensional viscosity is not a monotonically

increasing function with the increase in particle concen-

tration. It first decreases and then increases. The decrease

of the extensional viscosity by the addition of particles is

known to be caused by the presence of the shear compo-

nent due to particles (Le Meins et al., 2003). A similar

phenomenon has been also reported for suspensions of PS

particles in a 1:1 mixture glycerin and ethylene glycol

(Han and Kim, 2014). In a concentrated suspension, a

strong hydrodynamic interaction between two nearby par-

ticles which are positioned in such a way that the con-

necting line between the centers of the two particles is

parallel to the extensional axis appears to be present to

increase the extensional viscosity. 

ε·  = −
2

Dmid

----------
dDmid

dt
-------------

ηE = −
σ

dDmid/dt
--------------------

Table 2. Extensional viscosity and the extensional rate of PVP solution and suspensions in the solution measured by the CaBER.

Extension rate (s−1) Extensional viscosity (Pa·s)

1-Heptanol + PVP 2000 ppm 19617 ± 622 0.0845 ± 0.0023

1-Heptanol + PVP 2000 ppm + PS 2.25% 21471 ± 914 0.0760 ± 0.0024

1-Heptanol + PVP 2000 ppm + PS 4.5% 21918 ± 1175 0.0763 ± 0.0033

1-Heptanol + PVP 2000 ppm + PS 6.75% 20611 ± 1117 0.0781 ± 0.0038

1-Heptanol + PVP 2000 ppm + PS 9.0% 20166 ± 1193 0.0822 ± 0.0035

1-Heptanol + PVP 2000 ppm + PS 18.0% 15250 ± 612 0.0989 ± 0.0038

Fig. 7. Extensional viscosity of the suspension in polymer solu-

tion as a function of the particle volume fraction. Error bars are

obtained from at least 5 repeated experiments.
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3.3. Effect of particles on jettability
Fig. 8 compares the jetting characteristics of fluids with

or without PVP and PS particles at the same driving volt-

age of 115 V. In Fig. 8a, the Newtonian fluid shows the

typical drop generation characteristics: protrusion of liquid

column; ligament stretching; formation and separation of

a satellite drop by end pinching; coalescence of the sat-

ellite drop into the main drop. In Fig. 8b, the suspension

in the Newtonian fluid shows almost the same jetting char-

acteristics as the Newtonian base fluid. A slight increase in

jetting velocity should be due to the particle effect. This

topic will be discussed later in this article. When 2000

ppm of PVP is dissolved in the Newtonian liquid, the jet-

ting characteristics become qualitatively different from

that of Newtonian fluid as shown in Fig. 8c: the formation

of a thin ligament; no end pinching; no satellite drop; pull

back of the main drop to the nozzle exit. The drastic

decrease of drop velocity is caused by the elasticity of

PVP. The elastic effect will be discussed later. When 4.5%

of particles are added to the PVP solution, drop velocity

increases as shown in Fig. 8d while the ligament stretch-

ing characteristics appear to be similar. When PS particle

volume fraction is 6.75%, drop velocity decreases again

and even the pull-back phenomenon appears as shown in

Fig. 8e.

By carrying out the similar experiments while changing

the operating voltage, particle volume fraction and/or

polymer concentration, a phase map showing the regions

of operating parameters at which inkjet drops with posi-

tive drop velocity can be obtained is drawn in Fig. 9.

Because the experiments were carried out at discrete points,

the curves in the figure are drawn by somewhat arbitrarily

for guiding eyes and hence they cannot be exact. At a

fixed particle concentration, a higher voltage should be

applied to obtain an inkjet droplet of a higher PVP con-

centration, which is expected. At a fixed PVP concentra-

tion, the change in threshold input voltage with particle

concentration is not monotonic. As particle concentration

increases, a lower voltage is required to generate a drop

then a higher voltage is required for a higher volume frac-

tion. This alternatively means that at the same voltage, a

purely polymeric drop cannot be generated while a drop

can be generated by adding particles even if the viscosity

increases as shown in Fig. 8, which is serendipity. If par-

ticle volume fraction is increased further, drop cannot be

generated again due to increases in the shear and exten-

sional viscosities. It is noted that, if a different wave form

is used, the phase map should be different but the quali-

tative nature will be the same.

Fig. 10a shows the change in drop velocity with the

change in driving voltage. First of all, it is noted that a

Fig. 8. Comparison of jetting dynamics of different fluids at the

same input voltage wave. (a) Heptanol; v = 1.88 m/s, d = 68.6

μm (b) 4.5% PS suspension in heptanol; v = 1.92 m/s, d = 68.6

μm (c) 2000 ppm PVP solution in heptanol; The main head

pulled back to the nozzle (d) 4.5% suspension in 2000 ppm PVP

solution in heptanol; v = 0.05 m/s, d = 65.3 μm (e) 6.75% PS

suspension in 2000 ppm PVP solution in heptanol.

Fig. 9. (Color online) Phase map of drop generation. Experi-

ments were carried out at crosses, circles and triangles. Curves

are drawn for guiding eyes only. O: jetting successful; X: jetting

failed; Δ: jetting possible, but the velocity smaller than 0.5 m/s.
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minimum voltage is required to generate a drop. This is

because the liquid element has to overcome the surface

tension force to protrude out from the nozzle exit. It is also

noted that drop velocity slightly increases when particles

are added and the velocity attains the maximum value

when particle volume fraction is 4.5%. When the volume

fraction is 9%, the velocity decreases significantly. Fig.

10b shows that drop diameter increases with the driving

voltage, which is expected. Perversely, however, diame-

ters of suspension drops are larger than the diameter of the

drop from the PVP solution which has a lower viscosity

than the suspensions. In the following, the reasons for the

observations on drop velocity and drop size will be con-

sidered. Fig. 10c and Fig. 10d are the plots of the change

in drop velocity and diameter of 1000 ppm PVP solution

and suspensions in the solution showing qualitatively sim-

ilar trends with the suspensions in the 2000 ppm PVP

solution.

The reason why the velocity of a more viscous suspen-

sion drop is larger than the velocity of a polymer solution

drop can be explained as follows: Drop velocity is deter-

mined by many variables representing the operating con-

dition and the material properties. Of those variables, the

ejection speed and ligament break off are two most

important ones. At the same input voltage, both the ejec-

tion velocity and drop diameter decrease with the increase

in fluid viscosity as shown in Yoo and Kim (2013) by

numerical simulations. If this theory is applied to the pres-

ent study, the ejection velocity of a suspension should be

smaller than that of the polymer solution without particles.

This means that the velocity of a polymer solution drop is

more reduced during the ligament break off from the noz-

zle. Before the ligament break off, the ligament is extended

from the protruded portion of liquid from the nozzle.

During the ligament extension, the force balance on the

control volume shown in Fig. 11 can be written as follows

(Han and Kim, 2014):

.

(10)

In Eq. (10), m is the mass of the control volume, U is drop

head velocity, t is time, p is pressure, nz is the axial com-

ponent of the surface normal (n), ρ is fluid density, Vj is

jetting velocity from the nozzle exit, VD is the velocity at

the neck and D is the neck diameter. The term at the left

m
dU

dt
------- = − mg −  ∫ pnzdA − ρVj Vj VD–( )

πD
2

4
--------- + ηEε

· πD
2

4
--------- + πDσ

Fig. 10. (Color online) Change of drop velocities and diameters as a function of driving voltage. (a) and (b) show velocity and diameter

of suspension drop in 2000 ppm PVP solution, respectively. (c) and (d) show velocity and diameter of suspension drop in 1000 ppm

PVP solution, respectively. 
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of the equal sign is mass times acceleration and the terms

at the right of the equal sign are gravity, pressure force,

convective force, extensional force and surface tension

force holding the ligament sequentially. The pressure term

can be obtained by the following equation:

 . (11)

In Eq. (11), pamb is the ambient pressure, and R1 and R2 are

the radii of the principal curvatures. Also A is the surface

of the whole control volume. The ambient pressure term

vanishes because = 0 for any closed surface A. In

calculating the pressure force term, the outlines of the lig-

ament and the main head of the drop were obtained by

image processing followed by curve fitting. The two cur-

vatures were obtained by the following formulas for

axisymmetric surfaces (Pozrikidis, 1997).

. (12)

In Eq. (12) the function f is the surface profile along the

axis. The surface profiles of the ligament and drop head

were also used in calculating the extensional rate and

acceleration of the main drop. The relative magnitude of

each term in Eq. (10) will vary as a function of time. At

the initial stage the convective term should be very large,

but it drops off rapidly after a liquid element is ejected by

the acoustic wave. In Fig. 12c and d, after the first two

frames, the ligament volumes are almost constant and the

Vj will vanish so that the convective term vanishes. Fig.

12c shows the acceleration multiplied by the mass, surface

tension force, pressure force and extensional force for the

 
A

∫– pnzdA =  
A

∫– pambnzdA  
A

∫– σ
1

R1

-----
1

R2

-----+⎝ ⎠
⎛ ⎞nzdA

 =  
A

∫– σ
1

R1
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1

R2

-----+⎝ ⎠
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∫ n dA

1
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----- + 
1
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----- = κ1 + κ2 = − 
f ″

1 f ′2
+( )

3/2
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1

f 1 f ′2
+( )

1/2
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Fig. 11. Control volume of inkjet drop and edge outline for cal-

culating drop volume and curvatures. Here σ is the radial coor-

dinate.

Fig. 12. (Color online) Jetting dynamics when input voltage is 135 V. Frame rate is 20 μs. (a) Generation of drop of 2000 ppm PVP

solution in heptanol. (b) Generation of drop of 6.75% PS in the PVP solution. (c) and (d) present force terms for the case of (a) and

(b), respectively.
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ligament calculated from each image shown in Fig. 12a as

a typical example. In Fig. 12c and d, the deceleration of

the main drop is due to the sum of pressure, surface ten-

sion and extensional forces. The surface tension and pres-

sure forces continue to play important roles in reducing

the drop velocity until the break off. But the extensional

force term cannot be neglected especially at the early

stage. Because the surface tensions of both the polymer

solution and the suspension are practically the same, one

may think that the difference in drop velocity should be

caused by the difference in extensional viscosity only. In

the following, it is explained that both the extensional and

surface tension forces affect the drop velocity. 

As explained in the above section, the extensional vis-

cosity of a suspension in 2000 ppm PVP solution is

smaller than that of the PVP solution without particles

when particle concentration is less than 6.75%. Therefore

the suspension drop velocity can be less decelerated by the

extensional force than the PVP solution drop velocity

when particle concentration is less than 6.75%. When par-

ticle concentration is 9%, the extensional viscosity is

slightly smaller than that of the PVP solution, and hence

the drop velocity can be larger by a small value. But, in

actual case, the velocity is reduced in a large value. The

reduction in drop velocity appears to be affected by the

surface tension, too. Fig. 13 shows the surface tension

force term (π Dσ) tends to increase with the increase in

particle volume fraction when the images in Fig. 8 are

considered. Here images in Fig. 8 are used for more clear

contrast because images. In this case the increase is not

due to the change in surface tension value (material prop-

erty) itself, but due to the increase in neck diameter.

Because the extensional viscosity of polymer solution is

larger than that of 4.5% suspension, if the difference was

caused by the extensional force only, the 4.5% suspension

is more easily extended and hence the neck diameter of

the suspension should be smaller than the neck diameter

of the polymer solution. The difference in neck diameter

appears to be caused by the difference in shear viscosity.

The effect of shear viscosity is considered with the drop

size dependency as below. 

The reason why the drop size is larger for suspension

drops can be explained as follows: As pointed above, the

ejected volume from the nozzle will be smaller when the

viscosity is larger. If the break off position is just at the

exit of the nozzle, the drop size should decrease with the

increase in viscosity. However, the break off position is

not the same as shown in Fig. 12a and Fig. 12b. In the fig-

ure, the free surface of the PVP solution is retracted into

the nozzle exit and a thin ligament is emanating from the

center of the free surface while the free surface of the sus-

pension is not retracted into the nozzle and a thicker lig-

ament is drawn from a cone-shaped free surface at the

outside of the nozzle. The change of free surface shape is

caused by the reflected wave inside nozzle. If we assume

that the sonic velocity will not be changed appreciably by

the addition of particles, the pressure wave will be the

same for both cases. Because the surface tensions are the

same, the difference should be caused by the difference in

shear viscosity considering that the flows in and out of the

nozzle are shear-dominant. It appears that the suspension

would not flow into the nozzle easily due to the larger vis-

cosity and hence larger viscous dissipation inside the noz-

zle during the ejection. Also the suspension can draw

larger volume from the nozzle due to the increased momen-

tum of the main bead or the leading element of the liga-

ment caused by increased density. Because both the

density effect and the viscosity effect tend to increase the

volume, it is not sure which has the stronger or dominant

effect over the other. But it is certain that the density

change only does not result in the same result. As shown

in Fig. 8a, for the case of suspensions in heptanol (a New-

tonian fluid) drop diameter remains the same even though

both the density and the viscosity increase due to particles.

Hence the density increase by the addition of particles is

not solely responsible for the increase in drop volume. It

is believed that only an elaborate mathematical-model

considering the compressible nature of the fluid can give

the detailed information on drop size change and the pro-

cess of drop generation in general. The mathematical

modeling is far out-of-scope of the present experimental

research and hence it is not sought here.

The flow near the nozzle exit at the early stage (< 60 μs)

of ligament formation seems to affect the drop velocity

also. When the meniscus is pulled back by the acoustic

wave, the neck diameter becomes thinner by the combined

effect of the pull-back and the ballistic motion of the main

head. Therefore the neck diameter size (surface tension

force, equivalently) is in the order of viscosity value as

shown in Fig. 13 and the drop velocity is affected in that

order. Because drop velocity is the combined effect of sur-

Fig. 13. (Color online) Surface tension force change as a func-

tion of time for the polymer solution and two suspensions with

volume fractions of 4.5 and 6.75%.
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face tension, pressure and extensional viscosity and no

one term dominates over the other terms and they change

independently with time, the tendency of drop velocity

change with concentration appears to be non-monotonic.

As already described, an elaborate mathematical-model

may explain the difference clearly. Because the accurate

constitutive equation for the suspensions in polymer solu-

tions is not available now, such a model study is out of

scope of the present research. The reduction of drop

velocity of polymer solutions is already reported by Yoo

and Kim (2013). In the present case, the extensional vis-

cosity is as small as approximately 1/10 of the xanthan

gum solutions that Yoo and Kim used. But the smaller

extensional viscosity still appears to affect the drop veloc-

ity to have a larger velocity for the suspension than for the

polymer solution at least for a certain range of concentra-

tion.

4. Conclusion

In the present study, the generation of inkjet drops of

suspensions in polymer solutions is investigated experi-

mentally. The primary purpose of the study was to exam-

ine the effect of the addition of polymeric binders or

dispersants on the generation of suspension drops. To

mimic the practical situation more closely, PVP with very

weak elasticity is chosen. The elasticity of the polymer

solutions and the suspensions in the polymer solutions is

too small to measure with a conventional rotational rhe-

ometer at low frequencies. But the DWS measurement

shows that the PVP solution has a weak elasticity. The

extensional viscosity measured by the CaBER reveals that

both the polymer solution and the suspension show the

strain hardening behavior. The difference in drop velocity

is ascribed to the differences in the extensional viscosity

and shear viscosity. While the extensional viscosity affects

the velocity directly only during the early stage of liga-

ment stretching, the shear viscosity affects the velocity

indirectly through the change in neck diameter. This

observation is somewhat different from the case of more

strongly elastic xanthan gum solutions for which the

extensional force continues to affect the ligament stretch-

ing until the last stage of break off. The drop size of the

suspension is larger than the drop size of the polymer

solution without particles at the same driving voltage even

though the viscosity of the suspension is larger. This dif-

ference can be ascribed to the difference in shear viscosity.

The suspension with a larger viscosity appears to change

the break off position by changing the free surface shape

near the nozzle exit. The density increase by the addition

of particles may affect the drop size because the convec-

tive term (ρν 2) becomes larger. For better understanding

of the generation process, an elaborate mathematical

model has to be used. Because the surface tensions of the

fluids tested here are the same, the effect of surface ten-

sion force cannot be examined even though the force anal-

ysis shows that the surface tension force is larger than the

other forces such as extensional and convective forces.
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