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bstract. New techniques have been developed for analyzing, in
etail, the shape and development of ink jets and drops. By using
ash illumination of very short duration (ca. 20 ns), high quality,
ingle-event digital images of jets and drops can be captured. A
omputer program, PEJET, has been written to automate the pro-
essing of such images and to generate quantitative data about the
hole ink stream. From this data, it is then possible to compute the
ariation in fluid volume, volume flow, and velocity as a function of
oth position and time. The method has been shown to have high
ccuracy. The results can be used to study the influences of nozzle
esign, drive waveform, and fluid properties on jet and drop forma-

ion, as well as to provide accurate data for comparison to the re-
ults of computational modeling. Examples of results from a drop-
n-demand system are presented that illustrate the potential of the
ethod to compare quantitatively the performance of print systems
nd inks. © 2007 Society for Imaging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2007�51:5�438��

NTRODUCTION
s the range of applications of ink jet systems expands, so

he need grows to understand their performance with an
ver-widening range of fluids, which are sometimes difficult
o print. These may be fluids with complex rheologies or
uids containing high loadings of solid particles.

The visualization of jet and drop formation close to the
rint head can lead to insights into how the system is
ehaving.1–3 From detailed measurement of the shape and
ize of jets as they develop over time, the volumes and ve-
ocities of the jets and the drops which form from them can
e computed. These results can then be used to compare the
erformance of print head designs and printing fluids, and
heck the validity of numerical models.

This paper describes techniques that have been devel-
ped to make such quantitative observations and gives ex-
mples of different ways in which this information can be
sed to explore the performance of inks and print heads.

We have examined model inks jetted from a Xaar drop-
n-demand print head as part of development work at the
ambridge Inkjet Research Centre, in some cases replicating
revious studies in order to establish techniques and to un-
erpin more novel analyses. In particular, we present some
ork used to provide input to current theoretical models
eveloped by our research partners.4

eceived Mar. 1, 2007; accepted for publication Jun. 20, 2007.
062-3701/2007/51�5�/438/7/$20.00.
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PPARATUS AND EXPERIMENTAL TECHNIQUES
igure 1 illustrates the equipment used in this work. The key
lements are as follows:

• a high resolution digital camera with a lens system ca-
pable of imaging a field of view of a few millimeters,
connected to a PC for control and image storage

• an ink jet print head with drive electronics and data
source

• a very short duration ��20 ns� flash light source with
delivery optics

• means to delay the flash relative to the initiation of the
printing event and to measure that delay time accurately

he experiments for the measurements described below
sed a Xaar 126-200 print head with a linear array of
0 �m diam nozzles. The fluid was a simple semi-
ransparent UV-curable ink with a Newtonian viscosity of
0 mPa s at 25°C.

Jets and drops emerging from ink jet printers are com-
only visualized stroboscopically by creating composite im-

ges, superimposing tens or hundreds of individual events in
single frame.5 This procedure relies on the repeatability of

he drop formation process to give the impression of observ-
ng individual jets and drops. In some cases, as shown in
igure 2(a), the events are not completely reproducible,
hich results in some blurring of the image, particularly at

ong times after drop ejection. For stroboscopic images of
his kind the flash duration is typically �1 �s, which, given
he high velocity and small size of the objects being ob-
Figure 1. Schematic of apparatus.
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erved, can result in significant movement blur. However,
ome information about the development of the jet and
rops can be obtained from strobed images by changing the
iming or phase of the illuminating flashes relative to the
rinting event.

Alternatively, a high-speed camera can be used to ob-
erve single events as they occur.6 This requires the use of a
amera with a very high framing rate (in megahertz), but
ypically the pixel resolution of such equipment is poor and
nly a small number of frames can be captured.

All the images used in this work were obtained by using
short duration ��20 ns� flash and a high resolution still

amera. Hence, each captured image was of a unique event.
n cases where the events are reproducible, a sequence can be
uilt up by taking pictures of successive events at increas-

ngly greater time intervals from an appropriate event trigger
ignal. The time delay before firing the flash was set by using
ignal delay electronics and was measured with an oscillo-
cope detecting the trigger signal and an output from the
ash.

The apparatus shown in Fig. 1 was used to capture in-
ividual printing events. A typical image is shown in
ig. 2(b). Because of the very short duration of the flash

llumination, there is no significant motion blur. In cases
here the events are reproducible, the time development of

he event can be investigated by capturing a series of images
ith different delays. Less reproducible events can also be

aptured repeatedly and information on their variability de-
ermined. Because of the high quality of the imaging, it is
ossible to determine drop and ligament sizes and shapes
nd then to use this information to compute drop and liga-
ent volumes. By comparing images within timed se-

uences, the velocities of the various components of the ink
tream can also be determined.

The Xaar XJ126-200 drop-on-demand print head uses a
hared-wall piezoelectric design to reduce the head drive
oltage needed to form jets of a given velocity. As a result,
eighboring nozzles are influenced by the need to actuate

he shared walls. The print head can be driven in a single-
hot mode that fires a particular group of nozzles at one
ime, cycling around the three groups A-B-C-A-B-C- and so
n, but in our application, a single trigger event caused the

igure 2. Comparison of images from different techniques: �a� compos-
te image �strobed illumination� and �b� single event �20 ns flash
llumination�.
rint head to print in the sequence A-B-C with fixed short p

. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
ime delays between the three groups. The actual nozzles
red depend on the image presented to the print head. In

his work, the images were solid blocks arranged either to
rint all the nozzles, a designated block of 16 nozzles, a
ingle A-B-C set, or a single nozzle from group A, B, or C,
ccording to the phenomenon under study.

A logic circuit was devised to handle the asynchronous
ature of the print command and the print head cycle time
lock, in order to ensure reproducible firing of individual
ozzles on a timescale of �1 �s. The actual ink jet printing
tarts at a fixed time in relation to the clock edge, so that
ithout the use of this logic circuit, an additional undesir-

ble timing jitter, equal to the clock cycle time of �1.75 �s,
ould be introduced, thereby disrupting pseudosequences
btained with shorter time steps. Residual timing uncertain-
ies were �0.70 �s, due to randomness in the triggering of
ome flashes, which were also associated with weaker light
utput and, thus, darker images. An oscilloscope was used to
etermine the precise relative timing of the nozzle firing and

mage capture to a precision of 20 ns. The timings of all
mages presented here are accurate to �0.1 �s.

MAGE PROCESSING AND DATA EXTRACTION
o extract quantitative information from the images, it is
ecessary to analyze them and decide which parts of the

mage belong to the background and which to the ink drops
nd ligaments. Standard techniques and various proprietary
mage processing tools are available to find edges and objects
ithin images.7 However, there are particular features of

hese backlit images, which make the use of such tools labo-
ious and sometimes inaccurate. In particular, the back-
round intensity often varies both within each image and
rom image to image. Within a single image, there is often a
hin extended ligament that starts at or near the nozzle.
hading by the nozzle means that the background intensity
aries significantly along the length of the ligament. Al-
hough the light source provides a very short duration pulse,
he nature of the source means that the intensity can vary by
0% or more from image to image. Drops and ligaments
rom a transparent fluid often show light central regions
ecause light from the bright-field source passes straight
hrough these areas, rather than being refracted away from
he optical path as it is at the edges of these features.

The example in Figure 2(b) illustrates some of these
ssues. An image processing method was developed, which
ould cope with these variations and artifacts and allow
undreds of images at a time to be analyzed automatically.
hysically reasonable assumptions can be made about the
bjects being imaged to simplify this task. For example, liq-
id drops and jets will not have holes within them and the
dges should be represented by smooth curves at a pixel
evel. The area within the image in which the drops and
igaments are expected to appear is often known. Fixed fea-
ures within all the images in a timed sequence can be used
o compensate for any small, inadvertent positional move-

ent between the object and the imaging system during the

rocess of image capture.

439
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The image processing is carried out in several steps, as
hown in Figure 3. First, from a selected area of interest (a)
relatively fast but inaccurate technique is used to find the

pproximate edges of the features by looking for regions of
apid brightness change (b). In the next step (c), the edges
re examined in detail to determine which parts of the edges
re inside and which parts are outside the feature, based on
threshold level determined by the local ranges of bright-

ess levels. Finally, any “holes” within the features are filled
d).

A computer program, PEJET, was written, which incor-
orates these processing techniques, together with a way to
elect a region of interest within a set of images. The pro-
ram allows a fixed datum to be defined within the image,
hich is then used to correct for any slight shift of the cam-

ra relative to the object over the course of the experiment.
he program includes a way to detect and label each feature
nd to output images indicating the features selected. It also
utputs the size data associated with each feature into a text
le or spreadsheet. The program can be set up to process a
omplete set of images (for example, a timed sequence)
ithout operator intervention. Figure 4 is an example of the

mage output from this program in which the various drops
nd ligament have been recognized and their edges indi-
ated.

The program has not been optimized for speed because
t is not used to process images as they are captured but
ather to batch process them subsequently. The sensitivity of
he edge detection algorithm can be adjusted to suit the
ontrast and noise level within the image. It can also be set
o reject unwanted or spurious images by defining the region

igure 4. Raw image �above� and processed version �below�, showing
he results of automated feature selection and edge detection. The largest
rop in this image has volume of �80 pl and the smallest a volume of
0.2 pl.

Figure 3. Image processing sequence.
f interest and rejecting spots below a preset level. However, u

40
ur experience with the images we have captured has been
hat the program will reliably detect features four or more
ixels across. A drop with a diameter of four pixels, with the
agnifications typically used, is equivalent to a drop volume

f approximately 0.01 pl. The majority of the features ob-
erved are traveling at �10 m s−1, and, hence they will move

200 nm during the 20 ns flash duration, which is
0.3 pixels at the typical magnifications used here. We
ould not expect the feature velocity to have any significant

nfluence on the measurements of volume.
As well as the calculated data the program also outputs

mages on which the detected edges have been marked. In
his way, the proper functioning of the program was ensured
y checking the edges detected; in some cases, the volume
alues were also calculated manually for comparison to those
alculated by the program. By flashing a second time after a
hort delay, two images of exactly the same drop could be
aptured in the same frame but with the drop moved and
ith an evolved shape. The program correctly calculates the

ame volume for these second drop images.
The threshold level selected to make these measure-

ents can have some effect on the measured sizes of the
bjects. The correct threshold value can be determined in a
umber of ways. A calibration object of known size can be

maged in the system instead of the jets, and the correct
hreshold determined by experiment. Alternatively, an image
eature of known size (such as the nozzles themselves) can
e used to check the accuracy of the measured objects. It is
lso possible to consider the effect of optical blurring on a
harp edge and to compare edges in the images to those in
omputed images.

Once the images have been processed, the dimensions
nd volume of each component of the ink stream can be
omputed. The camera and print head are usually arranged
o that the drop and ligaments travel along the vertical axis
f the image. If it is assumed that the ink stream has a
ircular cross section at all points, then each horizontal line
f pixels in an object represents a circular slice through that
bject. By summing these slices, the volume of the whole
tream, or of any horizontal slice through the stream, can be
stimated. By comparing such measurements at various
tages of drop development, a picture can be built up of how
he volume of the object, or any part of it, changes over time.
articular features, such as the tip of the jet or drop or its
enter of mass, can be tracked, and the method thus pro-
ides a powerful tool to generate velocity and flow informa-
ion.

The evolution of drop and satellite formation can be
racked by dividing the ligament and drop into volume ele-

ents and processing successive images to calculate how the
olume elements move over time. In the initial image of the
equence, each volume element is chosen to contain a fixed
umber of pixel slices (Figure 5) and the volume of each
lement is computed. In subsequent images, the boundaries
f each fixed volume element can be determined by sum-
ing the volume of ink from each pixel slice until the vol-
me of the element has been reached. In cases where, after a

J. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
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hort initial ink ejection period, the volume of ink external
o the nozzle remains substantially constant, the accuracy of
his determination can be improved by normalizing the total
olumes measured from individual jets in successive images.

ESULTS AND DISCUSSION
n the present work, the print heads were operated with

odel UV-curable inks and the main ink drops had veloci-
ies of �6 m s−1 after 1 mm flight. Ink jets emerging from

Figure 5. Tracking jet development.

igure 6. �a� Group of jets emerging from a Xaar XJ-126 print head. The
istance between neighboring nozzles is 137 �m. �b� Image at a later

ime, for the nozzles shown in �a�, showing the evolution of the jets to form
igaments, satellites and main drops.
n array of nozzles (spaced at 137 �m), together with more fi

. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
ully developed ligaments, are shown in Figure 6(a). These
harp images resulting from a single �20 ns flash may be
ompared to those reported elsewhere (e.g., Ref. 6).

During the early stages of the ejection of ink through
he nozzle, the jet ligament becomes rapidly narrower, down
o a diameter smaller than that of the orifice at the nozzle
late. This implies that the meniscus must lie within the
ozzle, thereby allowing some air to enter the nozzle.

Figure 6(b) displays jets at various later stages, showing
igament stretching, the snapping of ligaments, the forma-
ion of satellites, and almost spherical main drops followed
y trails of satellites.

Example images are shown in Figures 7 and 8. Figure 7
hows a raw image and corresponding processed image with
our jets, one after separation of a tail satellite, with lateral
uctuations, tail ligament thinning, and beading visible. It
as possible, in principle, that these tail deflections could
ccur through the influence of adjacent jets via aerody-
amic, acoustic, or other means. Figure 8 was obtained by
ring only a single nozzle and demonstrates that deflection
f the tail can occur without requiring influences from jets

igure 7. Raw and processed images showing satellite separation and
ateral fluctuations.

igure 8. Image showing tail deflection while the ligament is still at-
ached to the nozzle; the orifices of the neighboring nozzles are visible
nd no other nozzles were fired.
red from neighboring nozzles. The time after firing at

441
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hich deflection occurred was similar in all images, whether
or single jets or multiple groups, or after cleaning the nozzle
late. Figure 8 also shows the ink patches associated with the
rifices of the two unfired neighboring nozzles.

Break off occurs when the stretched ligament thins
own and snaps. The two sections then follow independent
istories: one will probably move backward into the nozzle
rifice and the other will retract toward the main head. Ei-
her or both sections may then produce satellites, but usually
he initial rupture is close to the nozzle and all satellites
riginate from the long ligament.

Figure 9 shows the edge profile, derived by the methods
escribed above, from a jet that had broken. The time after

he first rupture was enough to allow a satellite to form, and
hus, at least one more ligament break had occurred between
he nozzle plane and the main ligament. The ligament width
uctuations suggest that other breaks may have been immi-
ent. In this image, the ligament does not appear to point
way from the same apparent origin (dotted-dashed line)
hroughout its length but shows a distinct angular deviation
y �1° at �520 �m. The later tail section and the satellite
ppear to point (dotted line) from another location
10 �m off center. We believe that this implies that the thin

nk jet ligament became attached to the edge of the nozzle. It
s possible that at some point as it thins, the ligament be-
omes unstable in a central position and that some small
isturbance or asymmetry will then cause it to move to the
dge of the nozzle.

Ligament development proceeds, as described earlier,
ith the stretching of the material between the nozzle plane

nd the ink jet head. The stretched ligament has a small but
nite minimum radius during the process; we have found

hat the ink jet ligament can be represented by a truncated
one with a specific half angle at the typical distance at
hich ligament rupture occurs near the nozzle, even if the

igament happens to rupture elsewhere before this, due to
he width fluctuations in the thinning ligament.

The tail width fluctuations observed in still-attached
igaments are consistent with net mass movements along a
runcated cone shape fitted to the downstream ligament be-

igure 9. Edge profile for a jet that has broken away from the nozzle
vertical bar�, showing a satellite and the center projection �dotted-
ashed broken line� of the mass flow from the nozzle. A dotted line
epresents the lateral deflection of the end of the tail. The lateral scale is
xaggerated.
ind the jet head; this cone had a diameter of �6 �m at the d

42
osition of the nozzle plane. This is illustrated in
igure 10(a), which shows part of the �0.9 mm long liga-
ent attached to the nozzle, together with a straight line

epresenting an equivalent undisturbed conical profile
atching the ink material volume. The ink jet head is not

hown because it was �50 �m wide. The ligament width is
learly not constant along the length, nor is it zero near the
ozzle plane: the minimum ligament width was �6.4 �m.
hese data relate to the conditions �120 �s after printing:

trong width fluctuations appear at positions up to
250 �m from the nozzle. The trajectories of the main

rop and its ligament were accurately directed away from the
enter of the nozzle orifice for a relatively long time, until
he tail was apparently disturbed in some way. This suggests
hat it would be wrong to model the system as axisymmetric.
t later times, the ligament tail appeared to be straight but
ffset, and originating from the edge of the nozzle opening.
hese effects were not random; they were consistent and
ifferent for each nozzle, perhaps reflecting imperfections at

he nozzle edges or some other variability, such as nozzle
etting or contamination.

Figure 10(a) also shows the lateral position of a liga-
ent tail plotted on the same scale as the width fluctuations.
he center of the ligament lies accurately on the line joining

he center of the head to the center of the nozzle back to a
istance of 300 �m from the nozzle, then shows a lateral

igure 10. Independence of tail deflection and tail width fluctuations.
he center of the jet head was at a position of 888 �m. �b� Tail deflection
ithout width fluctuations at an earlier time for the nozzle of �a�. The
enter of the head was at a distance of 826 �m.
isplacement of up to 2 �m before returning to the nozzle

J. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
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enter; the angles between the original ligament axis direc-
ion and the tail lay between −0.5° at a distance of 300 �m
nd +1° at the nozzle plane. Figure 10(b) shows the geom-
try of a jet from the same nozzle as that in Fig. 10(a), but
6.1 �s earlier. At this earlier time, there are no appreciable
idth fluctuations but still a significant lateral shift. The
henomena of width fluctuations and lateral shift therefore
ppear to be independent. Furthermore, the timing and dis-
ance information implies that the lateral shift has moved
onsistently with the axial stretching rate, while width fluc-
uations have appeared within 20 �s of Fig. 10(b). The
raphs in Fig. 10 were generated by averaging the images
rom three events captured with the same time delay. The
mall fluctuations derive from the digital nature of the im-

igure 11. �a� Jet tip profiles for �nominally� 6 m/s ink drops emerging
rom a 50 �m diameter nozzle, at various times �in microseconds� follow-
ng emergence. �b� Evolution of the diameters of the jet tip �maximum
idth� and ligament �minimum width�. �c� Percentage of total ink volume
long a jet beyond the nozzle plane, for various ligament lengths and
atios of length to main head width.
ges, which allow only certain values to be obtained for the w

. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
idth and position of the ligament and have an intrinsic
rror of ±1 pixel in the width measurement at each point.

Ligament widths and tip diameters vary with time in a
ystematic fashion. Figure 11(a), for example, shows tip pro-
les of jets at several short times after emerging from the
ozzle. The precision of the technique is illustrated by the

inear uncertainty of only 1 pixel �=0.61 �m� in this ex-
mple, similar to the wavelength of the imaging light. Figure
1(b) shows the rapid growth in the tip width of the emerg-
ng jet, followed by a rapid fall and then a rise toward the
nal drop size (corresponding to �100 pL printed drop vol-
me in this example). The nozzle width is shown for com-
arison. The minimum ligament width falls quickly after the
mergent tip starts necking, and continues to shrink as the
igament stretches.

When the ligament is long and unbroken, the volume
ying beyond the nozzle plane stretches as the ligament ex-
ends, while the volume fraction in the head increases. For
he example shown in Fig. 11(c), the ratio of the length of
he ligament to the diameter of the head reaches �20 before
he ligament snaps, at which point there is still �30% of the
otal volume in the tail and �70% in the head section. The
otal downstream ink volume can be calculated (assuming
eproducible ligaments with circular cross section) at differ-
nt locations. Figure 12 shows that the ink volume beyond
he nozzle plane initially overshoots the final drop volume,

igure 12. Ink volume passing beyond various downstream planes vs
ime.

igure 13. Illustration of the shapes of three long jets that have been fitted
y simple empirical functions.
hereas it undershoots at downstream locations even as

443
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lose as 17 �m (one-third of the nozzle diameter). This in-
icates that some ink flows backward into the nozzle from
ery close range, while the rest moves forward as a ligament.
n these experiments, the ligament stretched for tens of mi-
roseconds before it broke off.

The leading surfaces of the jets studied in this work
ave been found to be very closely hemispherical, once the
mergent phase has passed, as would be expected if the
hape is controlled by surface tension and negligible aerody-
amic flattening occurs. The rear surface of the head exhibits
shape that can be approximated by constant, linear, and

Figure 14. �a� Image sequence and �b� element length evolution.
uadratic terms linked to the nozzle plane via ligament

44
tretching, with additional exponential and cubic terms ex-
ending to the main drop hemisphere (see Figure 13). As
oted above, the ligament behind the main drop tapers
moothly.

Figure 14(a) shows a sequence of images of jets from
he same nozzle as they develop over time. Two volume
lements have been selected and tracked. The element nearer
he nozzle exhibits considerable extension during jet devel-
pment. In contrast, the element within the head shows a
light contraction, as shown in Fig. 14(b).

ONCLUSIONS
y using flash illumination of very short duration (ca.
0 ns), high quality, single-event digital images of jets and
rops can be captured. A computer program, PEJET, has been
ritten to automate the processing of such images and to

enerate quantitative data about the whole ink stream. From
his data, it is then possible to compute the variation in fluid
olume, volume flow, and velocity as a function of both
osition and time. The method has been shown to have high
ccuracy. The results can be used to study the influence of
ozzle design, drive waveform and fluid properties on jet
nd drop formation, as well as to provide accurate data for
omparison to the results of computational modeling.

The level of quantitative information that can be ex-
racted from high speed flash images allows jet profiles and
atellite formation to be studied over time. As examples,
ail-width fluctuations, lateral deflections, and satellite ve-
ocities have been quantitatively analyzed.

It has been shown that, at a late stage, the jet ligament is
nstable and tends to move away from the center of the
ozzle. At similar times the ligament rapidly forms fluctua-

ions leading to break off and satellites. This late-stage lateral
isplacement of the ink jet ligament occurs in the absence of
erodynamic, acoustic, or other influences from adjacent
ets.
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