
A
j
p
t
w
d
“
l
i
t
n
fi
s
c
m
fl
h
t
m
t
d
S
�

I
I
t
m
(
e
(
w
m
i
t
f
i
[
s
m
M
g

�

R
l

1

Journal of Imaging Science and Technology® 55(1): 010501–010501-6, 2011.
© Society for Imaging Science and Technology 2011

J

A New Method to Assess the Jetting Behavior of
Drop-on-Demand Ink Jet Fluids

Sungjune Jung�, Stephen D. Hoath�, Graham D. Martin� and Ian M. Hutchings�

Institute for Manufacturing, Department of Engineering, University of Cambridge, 17 Charles Babbage
Road, Cambridge CB3 0FS, United Kingdom
E-mail: imh2@cam.ac.uk

f
t

e
a
d
P
e
m
j
i
fl
j
u
e
s
f
s
c
m
H
p
u
j
c
s
f
a

j
i
m
c
N
f
c
a
fl
d
fi
p
w
t

bstract. We present a new experimental method to assess the
etting performance of fluids for use in drop-on-demand (DoD) ink jet
rintheads. The oblique collision of two continuous liquid jets leads

o the formation of a thin oval liquid sheet bounded by a thicker rim
hich disintegrates into ligaments and droplets. Under certain con-
itions the flow structure exhibits a remarkably symmetrical
fishbone” pattern composed of a regular succession of longitudinal
igaments and droplets. For a series of model elastic fluids contain-
ng polystyrene (PS) in diethyl phthalate (DEP), and also for solu-
ions of polyethylene oxide (PEO) in glycerol/water, ejected from
ozzles with an internal diameter of 0.85 mm, the shape of the
shbone pattern varies strongly with polymer concentration. The
ame fluids were also used in a Xaar piezoelectric DoD print head to
haracterize their jetting performance in terms of the maximum liga-
ent length, a crucial parameter in determining the printability of the

uid. There are close similarities between the ligament collapse be-
aviors in both experiments. Good correlation was found between

he maximum included angle of the fishbone pattern and the maxi-
um ligament length in the jetting experiments, which suggests

hat a test based on oblique impinging jets may be useful in the
evelopment of fluids for ink jet printing. © 2011 Society for Imaging
cience and Technology.

DOI: 10.2352/J.ImagingSci.Technol.2011.55.1.010501�

NTRODUCTION
nk jet printing technology has been widely applied not only
o conventional graphics printing but also as an industrial

anufacturing process for radio frequency identification
RFID) tags, printed circuit boards (PCBs), and organic
lectronics such as plastic organic light emitting diodes
P-OLEDs) and organic thin-film transistors (OTFTs), as
ell as to the deposition of biological material.1–6 For opti-
al performance in drop on demand (DoD) ink jet print-

ng, the fluid should satisfy specific physical properties. In
he case of Newtonian fluids which have now been used
or more than 30 years, it has been proposed that Z, the
nverse of the Ohnesorge number of the fluid
Z=1/Oh= ���d�1/2 /�� where � is the fluid density, � is its
urface tension, � is its viscosity and d is the jet diameter]

ust lie in the range 1�Z�10 for proper drop formation.7

ore recently, a printable range of 4�Z�14 has been sug-
ested by considering characteristics such as single droplet

IS&T member

eceived Dec. 22, 2009; accepted for publication Aug. 17, 2010; pub-
ished online Dec. 14, 2010.
b062-3701/2011/55�1�/010501/6/$20.00.

. Imaging Sci. Technol. 010501-
ormability, positional accuracy and maximum allowable jet-
ing frequency.8

Ink jet printing with non-Newtonian fluids, which is
ssential for various industrial applications, is significantly
ffected by the presence of viscoelasticity in the ink as the
roplet is formed and ejected in a highly extensional flow.
oor jetting behavior will occur above a certain degree of
lasticity, which typically arises from the presence of poly-
ers; such fluids may form jets with very long tails, or the

et may even fail to detach from the nozzle. So far, few stud-
es have been conducted on the printability of viscoelastic
uids. The correlation between filament stretching and

etting performance for viscoelastic fluids has been studied
sing a modification of a multi-pass rheometer.9,10 Apparent
xtensional viscosities of the fluids were obtained from mea-
urement of the midfilament diameter and the values were
ound to depend on polymer concentration and Hencky
train. The transient stretching and break-up profiles re-
orded with this method correlated well with ink jet liga-
ent behavior and the tendency to form satellite drops.
oath et al. studied jet formation and evolution for dilute

olymer solutions. They found that the viscosity measured
nder low shear-rate conditions showed no correlation with

etting performance, whereas the jetting behavior was well
orrelated with high frequency rheological properties mea-
ured by piezoelectric axial vibration (PAV).11 However, high
requency rheometry involves specialized techniques which
re not widely available.

In this article a new method is proposed to assess the
ettability of non-Newtonian ink jet fluids, without using an
nk jet printhead. An experimental investigation of the for-

ation, destabilization, and atomization of the liquid sheets
reated by the oblique impact of two laminar jets of a
ewtonian liquid has recently been reported.12 That work

ocused on the remarkably symmetrical “fishbone” pattern
omposed of a regular succession of longitudinal ligaments
nd droplets which is observed in this system under certain
ow conditions and which was previously also studied in
etail by Bush and Hasha.13 The occurrence and shape of the
shbone pattern were found, for Newtonian fluids, to de-
end strongly on fluid viscosity: in this study, for glycerol/
ater mixtures, such patterns were only observed for viscosi-

ies between 6 and 20 mPa s. In subsequent work14 it has

een shown that, for polymer solutions, development of the
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shbone pattern was also strongly influenced by the pres-
nce of small concentrations of polymer and could be cor-
elated with the elastic component of the complex viscosity
s measured by PAV rheometry.

There is an extensive literature on the formation and
ehavior of the liquid sheets resulting from the collision
f jets, and on related aspects of the fluid mechanics of

ree-surface flows, which have mainly been studied for
ewtonian fluids.12,13,15,16 The behavior of viscoelastic fluids
nder these conditions has received rather less
ttention.14,17,18 A fuller discussion of previous relevant work
s available from these references; it is the purpose of the
resent paper to focus on the possibility that the observation
f periodic atomization patterns produced by the oblique
ollision of two viscoelastic liquid jets, i.e., the fishbone pat-
erns, might be used to access rheological information which
s relevant to the behavior of the same polymer-containing
uid when it is jetted from a piezoelectric drop-on-demand
rinthead.

XPERIMENTAL METHODS
xperimental Fluids
olutions of polystyrene (PS) in diethyl phthalate (DEP)
ere formulated to investigate the effects of polymer con-

entration and molecular weight. DEP (99.5% purity) which
s a relatively good solvent for PS at room temperature was
urchased from Sigma-Aldrich (Milwaukee, WI), and
onodisperse PS was obtained from BASF (Germany). PS
ith three different molecular weights of 1.10�105,
.10�105, and 4.88�105 g mol−1 was dissolved in DEP
ith concentrations from 0.01 to 1 wt %. For brevity, these
olymers are designated PS 110K, PS 210K and PS 488K,
espectively. For these molecular weights the relaxed (fully
oiled) end-to-end molecular lengths range from 8 to 17
m, although since DEP is a good solvent for PS, the
nextended molecular lengths would be expected to be
omewhat greater. The fully extended chain lengths would be
rom 0.3 to 1.2 �m. The viscosities were measured with a
iscolite 700 vibrational viscometer (Hydramotion Ltd.,
.K.), and lay in the range 11–14 mPa s. Equilibrium surface

ension was measured with a bubble pressure tensiometer
SITA pro line t15) and was almost the same
�37 mN m−1� for all the PS solutions.

In order to investigate whether solutions of a different
olymer also behaved in a similar way, a series of solutions
f polyethylene oxide (PEO: Sigma-Aldrich, average molecu-

ar weight 1�105 g mol−1, designated PEO 100K) was pre-
ared in a glycerol/water solvent (ratio 60%:40% by weight).
he PEO concentrations ranged from 0.001 to 1 wt %, and

hese solutions had zero-shear viscosities between 10 and 13
Pa s and surface tensions of �53 mN m−1.

xperimental Apparatus
igure 1 shows a schematic diagram of the region where the
wo jets collide. Fluid from a reservoir was pumped through
exible tubing via a flow meter into a splitter, and divided
etween two identical stainless steel hypodermic needles

with square ends) with an internal diameter of 0.85 mm. p

. Imaging Sci. Technol. 010501-
he angle between the axes of the two needles was held
onstant at 78°, for which the fishbone pattern was found to
e best developed for pure DEP and for the pure glycerol/
ater mixture. The jet lengths, defined as the distances from

he ends of the nozzles to the impact point, were 3.5 and 6.5
m. This asymmetry in nozzle position was required to

enerate the flow instability needed for a symmetrical
shbone structure, which also required precise alignment of

he needles. The rotor-based flow meter with an electronic
ulse output was calibrated for each solution by measuring

he frequency of the pulses and the fluid volume ejected
rom the needles over a set time. The jet velocity from the
ozzles was varied by changing the speed of the pump, in
rder to observe the progression of the resulting fluid pat-
ern as it was changed from �1.5 to 6 m s−1. The corre-
ponding ranges of Reynolds number (Re=�dV /� where V
s the jet velocity) and Weber number �We=�d2V /�� were
0�Re�700 and 30�We�600.

Single-flash photography with back illumination was
sed to capture individual images of the jet interaction re-
ion and to extract quantitative information such as the sizes
f the resulting droplets and the spacing or angle between
he droplet streams. The light source was a xenon lamp with

1 �s flash duration, and the image was captured with a 10
egapixel digital single lens reflex camera (Nikon D40X).
he short duration of the flash ensured that there was no

ignificant motion blurring. The axis of the optical system
as normal to the fluid sheet. Further details of the experi-
ental method have been published elsewhere.12

In order to study the correlation between fishbone pat-
erns formed in the impinging jet experiment and the jetting
ehavior from a DoD printhead, the fluids were also jetted at
oom temperature �25°C� from a Xaar XJ126–200 drop-on-
emand printhead with a 50 �m nozzle diameter, which

Figure 1. Schematic showing the collision of two liquid jets.
roduced droplets �80 pL in volume (i.e., �54 �m in di-

Jan.-Feb. 20112



a
t
t
s
s
t

I
I
F
t
r
i
T
r
w
t
f
m
s

R
O
A

s
r
c
c
‘
w
l
c
e
a
s
t
t
fl
3
s
U
i
s
r
i
c
s
i
d
fl

E
T
m
a
fl
a
a
a
t
s
d
l
t
l
f
t
e
e
m
c

t
v
d
l
4
t
t
F
i

F
�
�

F
f
4
s
v

Jung et al.: A new method to assess the jetting behavior of drop-on-demand ink jet fluids

J

meter). The same pull-push drive waveforms were used
hroughout, but with the drive level adjusted for each fluid
o achieve a constant jet velocity of �6 m s−1 at 1 mm
tandoff distance. The jets and drops were analyzed by high-
peed imaging, based on very rapid (20 ns) single-flash pho-
ography as described previously.19

mage Processing
mage processing was performed in several steps as shown in
igure 2. An 8 bit grayscale image (b) was obtained by ex-
racting the intensity plane from an original HSI (Hue, Satu-
ation and Intensity) image (a). In the next step, threshold-
ng was applied to isolate objects of interest in the image.
hrough this process, the grayscale image with pixel values

anging from 0 to 255 was converted into a binary image
ith pixel values of 0 or 1 (c). Binary morphological opera-

ions were also performed in order to remove unwanted in-
ormation. Finally, particle analysis was carried out to make

easurements such as drop diameter, drop spacing and
tream angle, defined by four points (d).

ESULTS AND DISCUSSION
bservations

igure 2. Image processing sequence. �Images are rotated through 90°�
a� 24-bit RGB image; �b� 8-bit gray-scale image; �c� 2-bit binary image;
d� particle analysis. Scale bar: 5 mm

igure 3. Single-flash images showing the evolution of the fluid sheets
ormed by impinging jets of a liquid with low elasticity �0.01 wt % PS
88K in DEP�. �a, b� fluid chain; �c, d� periodic atomization; �e� smooth
ingle sheet; �f� sheet with fluttering; �g� disintegrating ruffled sheet; �h�
iolent flapping. Scale bar: 5 mm
s seen in Figure 3, the collision of two jets of a dilute w

. Imaging Sci. Technol. 010501-
olution of PS 488K (0.01 wt % in DEP) with low elasticity
esults in the formation of various fluid patterns with in-
reasing flow velocity: oscillating streams (not shown); fluid
hain [Figs. 3(a) and 3(b)]; periodic atomization (the
fishbone’ form) (c and d); smooth single sheet (e); sheet
ith fluttering (f); disintegrating ruffled sheet (g); and vio-

ent flapping (h). Initially, the successive sheets in the fluid
hain in Figs. 3(a) and 3(b) consist of thin oval fluid regions
ach bounded by a thicker rim. The oval film becomes larger
s the flow rate increases. Small perturbations on the rim
tart to appear and gradually grow, leading to periodic de-
achment of droplets. As the flow rate is increased, the pat-
ern adopts the characteristic fishbone form, consisting of a
uid sheet, a series of ligaments and droplets [Figs. 3(c) and
(d)]. The ligaments elongate, and the degree of that exten-
ion depends on both the viscosity and elasticity of the fluid.
nder these conditions, the droplets generated are �1 mm

n diameter and traveling at �2 m s−1. The speed of exten-
ion of the ligaments is �0.8 m s−1. When this pattern
eaches its maximum extent [Fig. 3(d)], it suddenly converts
nto a stable single sheet larger than that seen in the fluid
hain, and then on further increase in velocity becomes un-
table again, giving rise to random droplets. As the jet veloc-
ty is increased further, the sheet becomes ruffled, forming a
isintegrating ruffled sheet with a stable rim. Finally, violent
apping ensues at very high flow rates.

ffects of Viscoelasticity on the Fishbone Pattern
he effects of fluid viscoelasticity on the flow structures are
ost clearly observed in the fishbone regime. As discussed

bove and shown in Figs. 3(c) and 3(d), in this regime the
ow pattern consists of a single oval fluid sheet bounded by
thicker rim which becomes unstable, forming ligaments

nd droplets. The velocity profile within the two original jets
t their point of impact plays a key role in the initiation of
he instability on the rim of the fluid sheet. The instability
tarts from the upper part of the sheet and continues to
evelop around the rim on each side, forming longitudinal

igaments which eventually break up into droplets. The ex-
ension and break-up of the ligaments is controlled by simi-
ar processes to those which influence the behavior of jets
rom a drop-on-demand printhead, although the size and
imescales both differ. How the changes in various param-
ters such as jet length, alignment or fluid properties influ-
nce the form of the fishbone pattern, and the origin and
echanism of the periodic atomization of the sheet, are dis-

ussed elsewhere.12

The concept of the “fishbone angle” is useful to describe
he degree of development of the fishbone structure which
aries with the elasticity of the fluid.14 The fishbone angle is
efined as the angle ��� between the trajectories of the drop-

ets on each side of the central spine as illustrated in Figure
. The maximum fishbone angle is the angle ��max� at which
he flow structure is fully extended, just before it changes to
he next regime [i.e., the smooth fluid sheet shown in
ig. 3(e)]. For precise and reliable measurement through the

maging processing technique, the two consecutive droplets

ere selected which had just detached from the ligaments on

Jan.-Feb. 20113
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ach side of the pattern. The computed centers of mass of
hese four droplets were used to define the fishbone angle.

orrelation of �max with Jetting Performance
revious work has demonstrated that the elasticity of the
uid, as measured by high-speed rheometry, is correlated
ith the value of �max.14 Increasing elasticity results in a
ecrease in �max. In order to examine the correlation be-

ween �max and the performance of each fluid in a drop-on-
emand printhead, the maximum ligament length (MLL)
as measured from an image captured at the point at which

he jets had just detached from the nozzle plane. MLL is one
f the most important parameters which determines the
rintability of a fluid. Many printers operate with about 1
m stand-off distance, so that 1 mm is the maximum prac-

ical ligament length for successful printing, although a
aximum length of 0.4 to 0.6 mm might be preferable for

etter print quality.
Figures 5(a) and 5(b) shows typical images of jets

ormed from a dilute solution (0.01 wt % PS 110K in DEP)
nd from a solution close to the limit of printability (0.4
t % PS 110K). Once jets become detached from the nozzle
late they will eventually either collapse to form a single
rop or break up into multiple satellites; in extreme cases

hey may never detach from the nozzle plate, as shown for a
igher polymer concentration (1 wt % PS 110K) in Fig. 5(c).
ong ligaments that do not become detached may subse-
uently retract fully into the nozzle, while for even higher
olymer concentrations the fluid may never emerge from the
ozzle. For cases where ligaments and drops detached from

he nozzle, the size of the main drop was found to be slightly
ncreased (by a few percent at most) by an increase in poly-

er concentration. The total amount of fluid ejected from
he nozzle, however, including the volume in the ligament,
as significantly increased as the drive voltage had to be

ncreased to achieve the target speed of 6 m s−1 at a standoff
istance of 1 mm.

Figure 6 compares the values of �max as defined above
ith the values for the PS and PEO solutions as a function
f polymer concentration. The two sets of measurements
how remarkably consistent trends for all the molecular
eights and for both the polymer/solvent systems studied.
hile the values of �max for concentrations below a certain

evel (which varied somewhat for the different polymers)
ere approximately constant, above those concentrations,

igure 4. Definition of fishbone angle as the angle ��� between the tra-
ectories of the droplets on each side of the spine. Maximum fishbone
ngle ��max� is the value of � when the flow structure is fully extended, just
efore it changes to the next regime �i.e., the smooth fluid sheet shown in
ig. 3�e��.
or all the polymers, �max decreased with increasing polymer l

. Imaging Sci. Technol. 010501-
oncentration. The higher molecular weight PS solutions ex-
ibited a more rapid change in fishbone angle. The ink jet

igament length changed in a similar way; it was essentially
onstant for polymer concentrations below the same critical
evel and increased rapidly with increasing concentration.
he higher molecular weight PS solutions showed a greater
ependence of ligament length on concentration. These
hanges probably occur as the solutions move from a “di-
ute” regime into a “semidilute” regime, where polymer
hain-to-chain interactions start to occur. We may conclude
hat intermolecular interactions in these polymer solutions
trongly influence the ligament length under printing condi-
ions in the same way that they affect the fishbone structure,
espite the differences in timescale and drop/ligament size.

These results suggest that the observation of the inter-
ction of colliding continuous jets may be useful to obtain
nformation which is relevant to the dynamics of drop for-

ation and jet breakup in ink jet printing. From measure-
ents of �max for ink formulations containing different con-

entrations of polymer, it should be possible to identify the

igure 5. Examples of jets emitted from a drop-on-demand printhead: �a�
ilute polymer solution �0.01 wt % PS 110K�; �b� more concentrated
olution which still forms detached jets �0.4 wt % PS 110K�; �c� even
ore concentrated solution for which the jets do not detach �1 wt % PS
10K�. Scale bar: 100 �m
evel at which viscoelastic effects will significantly affect jet-

Jan.-Feb. 20114
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ability. The method might thus be used, after suitable cali-
ration experiments, as a guide to the maximum polymer
ontent in fluids intended for ink jet printing.

ONCLUSIONS
e suggest that information about the printability of a vis-

oelastic (e.g., polymer-containing) fluid can be obtained by
bservation of the symmetrical “fishbone” structure which is
enerated under certain conditions by the oblique collision
f two impinging jets of the fluid. We have shown that vis-
oelasticity has a strong effect on the break-up of a fluid
heet. As the elasticity of the fluid grows, the maximum
ngular extent of the fluid fishbone structure was found to
ecrease. Fluid fishbone patterns can be used to distinguish
iscoelastic regimes in terms of degree of polymer dilution.
ood correlation is found between the maximum fishbone

ngle (i.e., the maximum included angle between the droplet
treams in the fishbone pattern) and the maximum ligament
ength measured in jetting experiments from a DoD
rinthead, which suggests that the fishbone phenomenon
ay provide a simple and useful tool to explore the upper

imit of polymer concentration in ink jet printing fluids.
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