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Abstract The flow field within a tapered, cylindrical,
piezoelectrically actuated glass inkjet nozzle is captured
using fluorescence micro-PIV (WPIV) assisted by a novel,
custom-designed PDMS micro-fabricated nozzle holder
and a microsecond-resolution cyclic triggering system. The
presented work overcomes key imaging challenges such
as distortion from the refractive index mismatched curved
glass—air interface and the typically large depth of field/cor-
relation found in inkjet imaging set-ups. The PDMS holder
permits fluorescence imaging of the seeded flow tracing
particles with minimal distortion as the holder is refrac-
tive-index-matched with the glass nozzle. The cyclic trig-
gering system allows visualization of the transient phases
of a periodic droplet ejection event. The system utilizes
an inverted microscope with an objective lens capable of
producing a low depth of correlation of 12.25 um. Double-
frame images for puPIV were acquired beginning from the
onset of droplet formation to study the flow field evolution
during droplet formation and after droplet break-off. An
oscillatory flow field was observed within the nozzle during
the droplet ejection process which closely correlates with
modelling results.
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1 Introduction

Drop-on-demand (DOD) inkjet printing provides a con-
venient method of material deposition because it can pro-
vide high droplet throughput rates, tunable ejected volumes
and non-contact material deposition and is easily inte-
grated with computer-aided design environments (Derby
2010). Due to its many advantages, DOD inkjet printing
has emerged in industrial applications ranging from 3D
rapid prototyping (Sachs et al. 1992), printed electronics
(Sirringhaus et al. 2000; Mei et al. 2005) and life science
technologies (Nakamura et al. 2005). Among numerous
actuators, piezoelectric printheads are most commonly
used in research as they generate droplets through deforma-
tion of the element causing a pressure wave to propagate
through the inkjet nozzle. This distinct droplet formation
mechanism is compatible with a wider range in the rheol-
ogy of the printed inks (Yang et al. 1997; Schoeppler 2006;
Fakhfouri et al. 2009; Magdassi 2009) when compared to
other droplet generation systems such as thermal inkjet
printheads. As a result, piezoelectric DOD inkjet printers
have been used for printing colloidal suspensions in numer-
ous life science applications including proteomics, DNA
sequencing, therapeutics and tissue engineering (Chee
et al. 1996; Lemmo et al. 1998; Cooley et al. 2001; Boland
et al. 2006; Chahal et al. 2012; Lorber et al. 2014; Xu et al.
2014). Understanding the hydrodynamics of suspension
flow inside the inkjet nozzle is an essential step in the opti-
mization of these printheads.

In recent years, numerous modelling and experimental
studies have focused on investigating the hydrodynam-
ics of fluid flow within inkjet nozzles. Several groups
have modelled the pressure and velocity field develop-
ment throughout the actuation cycle and showed a damped
oscillatory pressure and velocity field (Shin et al. 2005;
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Suh and Son 2009). To obtain an accurate understand-
ing of the hydrodynamics of inkjet printing, it is crucial
to capture this oscillatory velocity field which has been
shown to occur over very small timescales (Wijshoff 2004,
2006; Yu et al. 2007). One of the main challenges in devel-
oping numerical models for inkjet printheads is defining
the upstream pressure boundary condition. The two most
commonly used approaches include modelling the pres-
sure wave caused by the displacement of the actuator
(Dijksman 1984) or by direct measurement of the pres-
sure upstream of the flow (Wijshoff 2010). To correlate the
velocity and pressure fields, these numerical simulations
often make simplifications in the boundary conditions and
the governing equations to reduce the complexity of the
equations which are solved. While the simplifications and
assumptions are often justified, they can overlook impor-
tant parameters such as the influence of the piezoelectric
actuator or channel dimensions and nozzle geometry on
the fluid field. Moreover, numerical simulation is costly in
terms of computational time and resources.

Experimental studies, on the other hand, allow direct
measurement of the velocity field in the nozzle using micro-
particle image velocimetry (UPIV) methods. pPIV systems
typically utilize volume illumination from a pulsed laser as
opposed to the laser sheet used in conventional PIV (Mein-
hart et al. 2000). Implementation of the uPIV technique to
study inkjet systems, however, is challenging mainly due
to the optical aberrations induced by the curved glass of
cylindrical nozzles (Parker and Merati 1996). Other work
overcame the refraction mismatch in cylindrical two-phase
flow through compensation of the distortion using a priori
knowledge of the optical aberration in holographic particle
image velocimetry (Alcock et al. 2004; Wormald and Cou-
pland 2010). However, the technique requires two parallel
planes of optical access and intensive computational times
and has high sensitivity to imaging artefacts, factors which
may limit its use more widely.

Fluorescent uPIV was first performed on a planar cus-
tom inkjet cartridge (Meinhart and Zhang 2000) to meas-
ure the instantaneous velocity across droplet actuation and
the shape of the meniscus. However, the geometry of a
planar inkjet cartridge differs from that of a tapered cylin-
drical nozzle and may result in different velocity fields
during the droplet ejection process. Castrejon-Pita et al.
(2012a, b) performed a hydrodynamics study by imaging
the flow inside a tapered cylindrical glass inkjet nozzle, but
in that work, the authors used shadowgraph images and a
set-up that gave a depth of field of approximately 200 pm
in an inkjet nozzle with an 80-pm-diameter orifice. Due
to optical aberration from the glass curvature and radial
magnification due to refractive index mismatch, the noz-
zle appeared approximately 50 % wider in the captured
images. Thus, the PIV algorithm calculated velocities that
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were integrated radially through the large volume (Castre-
jon-Pita et al. 2012a).

In the present work, volume-illuminated fluorescent
UPIV is performed on a tapered cylindrical inkjet nozzle.
To address challenges arising from aberrations induced by
the curved glass, a custom-designed polydimethylsiloxane
(PDMS) holder is fabricated and used which permits high-
resolution imaging with minimal distortion from the cylin-
drical geometry of the inkjet nozzle. Moreover, to ensure
that the timing of the uPIV frame capture is synchronized
with the inkjet droplet actuation, an external cyclic trig-
gering system is utilized to obtain the temporal resolution
needed to capture the fluid motion. As a result, the velocity
field evolution within the inkjet nozzle for a low-viscosity
ink before and following the droplet ejection is captured.

2 Materials and methods
2.1 Inkjet system

A MicroFab MJ-ABP-01 (MicroFab, USA) piezoelectri-
cally actuated tapered cylindrical inkjet nozzle was used
for the study. It is composed of a glass channel which is
21.7 mm in length with an inner diameter of 0.457 mm.
At one end, the glass channel gradually tapers to an ori-
fice which is 80 um in diameter. The other end of the glass
channel forms a barbed fitting that is connected to the sup-
ply channel and ink reservoir. The inkjet nozzle is actuated
by an annular piezoelectric element placed at the centre of
the glass channel. Actuation of the piezoelectric element is
achieved by a £11.25 V, 60 Hz bipolar waveform gener-
ated by an arbitrary function generator (Agilent 33220A)
and a 50 x amplifier (TRek Model 603) placed in series.

2.2 PDMS nozzle holder

One of the challenges for wPIV in cylindrical channels,
such as the nozzle used for this study, is refraction of the
excitation laser source at the curved air—glass interface,
such that insufficient light would reach the seeded fluores-
cent particles to produce a detectable image. To facilitate
fluorescence imaging for pPIV, the inkjet nozzle is fixed
across the stage of an inverted microscope (Nikon Eclipse
TE 2000-U) by a PDMS holder as shown in Fig. 1. The
PDMS holder serves two major functions: (1) it affixes that
nozzle horizontally over the objective lens of the micro-
scope; (2) it provides a refractive index matching material
of n = 1.4 (Cole et al. 2011) to the glass nozzle of n = 1.5
for imaging with minimal distortion and attenuation of
the excitation beam and emitted fluorescence signal at the
PDMS—glass interface. The PDMS holder effectively trans-
forms the tapered cylindrical geometry of the nozzle to a
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Fig. 1 Image of the inkjet
nozzle in the PDMS nozzle
holder. The region highlighted
with the dashed box provides
a magnified view of the inkjet
nozzle within the PDMS holder
acquired with a stereo micro-
scope under 4 x optical zoom.
For clarity, the features of the
inkjet nozzle within the PDMS
are outlined
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(d) (e)
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Fig. 2 Schematic of the nozzle holder fabrication process, showing
the cross section across the middle plane of the inkjet nozzle. a An
identical inkjet nozzle is fixed horizontally across a container used as
a mould for the PDMS holder. b A 3D printed polymeric part is fitted
to the front face of the nozzle orifice in order to prevent PDMS from
filling the nozzle and impeding the droplet ejection process. ¢ PDMS
is mixed and prepared for casting. d PDMS is cast on the inkjet noz-
zle and 3D printed part. PDMS fills all open cavities including the

flat rectangular prism. To achieve these goals, the PDMS
holder is fabricated to closely fit the inkjet nozzle with the
glass nozzle, thus effectively altering the nozzle’s cylindri-
cal geometry to a rectangular prism without impeding the
nozzle’s function.

The nozzle holder is fabricated by casting PDMS around
an identical inkjet printhead and a three-dimensional (3D)
printed negative mould (Fig. 2). The 3D printed mould,
composed of an opaque photopolymer (VeroWhitePlus), is
designed using CAD software (SolidWorks®, Dassault Sys-
temes) and printed by a 3D printer (Objet24, Stratasys). It
is designed to fit in front of the inkjet nozzle orifice dur-
ing PDMS casting in order to prevent PDMS from entering
inside the nozzle mould. To fabricate the PDMS holder, an
inkjet nozzle which is identical to the nozzle that will be
used in the yPIV work is placed horizontally over a con-
tainer. To eliminate any tilting of the inkjet nozzle within
the PDMS holder, the PDMS was cast on a levelled sur-
face. The 3D printed part is then carefully placed in con-
tact with the orifice face of the inkjet nozzle. PDMS base

WA I:
Inkjet Nozzle

Y

()

Metal

. Glass

() Photopolymer
PDMS

space between the inkjet nozzle and the 3D printed part, while the
inkjet nozzle cavity remains free of PDMS. The PDMS is then cured.
e The 3D printed part is removed leaving the front face of the inkjet
nozzle exposed. The inkjet nozzle is then removed. f The completed
PDMS inkjet nozzle holder. It allows the tapered cylindrical inkjet
nozzle to be encased in PDMS, giving optical access with minimal
distortion while leaving the inkjet orifice free to eject droplets. The
fabricated PDMS holder is then bonded onto a microscope slide

and hardener are mixed in a 10:1 ratio and degassed before
being cast around the nozzle and 3D printed part in the
container. In order to minimize disturbance of the sensitive
set-up of the inkjet nozzle and the attached negative mould,
the PDMS is allowed to cure at room temperature for 6 h.
Once cured, the negative mould is peeled away from the
PDMS revealing a cavity and exposing the front face of
the inkjet nozzle. The inkjet nozzle is then removed leav-
ing a PDMS prism with a hollow core with the features of
the glass inkjet nozzle tip. The PDMS is then bonded to a
1-mm-thick glass microscope slide using oxygen plasma to
structurally reinforce the PDMS holder. Once fabricated,
the PDMS fully surrounds the periphery of the glass noz-
zle while leaving the front face and nozzle orifice exposed,
permitting unimpeded droplet formation and ejection.

2.3 puPIV imaging set-up

The flow tracing particles used for this experiment are fluo-
rescent polystyrene particles which are 1 um in diameter
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(Thermo Scientific RO100). The particles have a peak exci-
tation wavelength of 542 nm and a peak emission wave-
length of 612 nm. The bead solution is suspended in phos-
phate-buffered saline at a concentration of 0.03 % w/v in
preparation for printing (Adrian 1991). The viscosity of the
bead solution was measured to be 0.00112 Pa s at 20.4 °C
using a rheometer (Physica MCR 301, Anton Paar), and
surface tension was 67.61 mN/m as measured using a ten-
siometer (Attension Theta, KSV Instruments). The volume
fraction (¢) of our bead solution was ¢ = 2.8 x 107%; it
can be assumed to be a Newtonian fluid as shear-thin-
ning behaviour was not observed for low volume frac-
tion (¢ < 0.25) suspensions of spherical particles (Muel-
ler et al. 2010). The particle solution is supplied into the
inkjet device by gravitational forces, and the back pressure
in the system, as measured by a differential pressure sensor
(Omega PX139) connected near the nozzle’s inlet, is main-
tained at —500 Pa.

Volume-illuminated pPIV is achieved through an
inverted microscope set-up with a Nd:YAG laser (New
Wave Research Solo PIV) which is capable of producing
a 5-ns pulsed laser at 532 nm for an illumination source.
The average laser power per double-pulsed cycle is meas-
ured to be 350 uW (ThorLabs PM100). A schematic of the
complete imaging set-up is displayed in Fig. 3. A 20x 0.35
NA super long working distance objective lens (Nikon CFI
L PLAN EPI SLWD) is focused across the middle plane
of the inkjet nozzle. Due to the tapered geometry of the
inkjet nozzle, the middle plane was determined as the plane
in which the nozzle cross section appears the widest. The
depth of correlation (DOC) of the objective lens is calcu-
lated to be approximately 25 um (Rossi et al. 2011). Dou-
ble-frame images for PIV analysis are captured by a LaVi-
sion SCMOS camera which captures a two consecutive 16
bit greyscale images spaced At apart at 2160 x 2576 pix-
els with a resolution of 0.654 um/pixel. The time between
frames was acquired with a At of 2 or 5 ps delay depending
on the expected flow velocity at each measured time point.
A brightfield image of the middle plane of the inkjet nozzle
acquired with the described imaging set-up shows the fea-
tures of the inkjet nozzle (Fig. 4).

The timing of the PIV frame capture is synchronized
with the inkjet droplet actuation by an external cyclic trig-
ger system. At the beginning of each actuation cycle, the
arbitrary function generator produces a +3.3 V TTL trig-
ger output, the rising edge of which is received by a micro-
controller (Arduino Uno) as an external hardware interrupt.
The interrupt service routine on the micro-controller imple-
ments a delay (~900 ps) that allows the transient propaga-
tion of the pressure wave from the piezoelectric element
to the nozzle orifice as well as a controllable microsecond
resolution delay which permits imaging of the different
phases of the periodic droplet ejection events. At the end
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Fig. 3 Schematic of the uPIV experimental set-up. At every droplet
ejection event, the arbitrary function generator produces an actua-
tion waveform while simultaneously sending a trigger output which
is received by the micro-controller. The micro-controller then imple-
ments a short delay and sends an image capture trigger which is
received as a cyclic trigger by the PIV camera. Image capture is then
achieved at every least common multiple between the droplet ejection
frequency and the Nd: YAG laser’s maximum pulsing frequency

Fig. 4 Brightfield image of the inkjet nozzle, using a mercury arc
lamp as the light source. In uPIV, a pulsed laser is used to acquire the
image; other conditions remain the same

of this delay, the micro-controller outputs a +5 V TTL sig-
nal to the PIV camera where the rising edge initiates a dou-
ble pulse from the excitation laser spaced with Af spacing,
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Fig.5 A double-frame fluorescence image pair used for PIV analy-
sis. Two consecutive images acquired in close temporal proxim-
ity permit the motion and thus velocity of the seeded particles to
be measured. The camera initiated the capture of the first frame of
the image pair at + = 90 ps, and a At of 5 ps was utilized to capture
the second frame at r = 95 ps. The acquired greyscale image pair is
pseudo-coloured blue. The onset of droplet formation is normalized
to t = 0 ps as determined by the time point before fluid motion was
observed

synchronized with the double-frame image capture which
would be used to produce the PIV velocity vectors (Fig. 5).
As the droplet ejection rate of 60 Hz is greater than the
maximum double pulsing frequency of the laser excitation
source of 10 Hz, the cyclic trigger initiates a phase-locked
image capture at every least common multiple between the
two periods, which corresponds to a PIV image at every
sixth ejected droplet. By tuning the delay in the micro-con-
troller, the triggering system permits control over the phase
in which the periodic droplet ejection event is captured.

2.4 PIV analysis

Before PIV analysis, the image is preprocessed using a
power filter of two by multiplying each pixel value in an
image by itself. This improves the gradient between the
fluorescent signals and background and has been demon-
strated to decrease the DOC by a factor of two which in
this case would reduce the volume integrated for PIV
analysis to a thickness of only 12.5 ym (Bourdon et al.
2004). Cross-correlation for PIV analysis was performed
using Davis 8 software (LaVision, Germany) with an

interrogation window of 46 x 46 pixels acquired at 50 %
overlap. This corresponds to a 15 um x 15 um interroga-
tion window and a spatial resolution of 15 um with velocity
vectors calculated every 7.5 pum. Therefore, each velocity
vector represents the average velocity within the interroga-
tion window, vertically integrated around a 7.5-um-thick
slice across the middle plane of the inkjet nozzle. Due to
the axis symmetry of the cylindrical nozzle, the observed
velocity fields within the middle plane of the nozzle can be
extrapolated to be representative of the entire volume by
assuming radial symmetry in the velocity fields. The orien-
tation of the PIV velocity vectors is oriented in such a way
that the lateral flow is positive out of the inkjet nozzle away
from the nozzle orifice.

3 Results and discussion

Through the use of a refractive index matching PDMS
holder, fluorescent pPIV was performed on a cylindri-
cal inkjet nozzle. The system utilizes an inverted micro-
scope with the nozzle affixed horizontally above the
objective lens. The long working objective lens allows for
high resolution and low depth of correlation imaging of
the centre plane of the inkjet nozzle. Due to the axisym-
metric geometry, the 2D images are representative of the
entire 3D volume of the nozzle cavity and the low DOC
allows us to assume that out-of-plane particle motion is
negligibly small. In this set-up, the surface tension forces
dominate over the gravitational forces, allowing droplet
ejection when the inkjet nozzle is placed horizontally over
the inverted microscope stage (Xu and Basaran 2007): the
Bond number (Bo = pgr’/o), where p is the fluid density, g
is the gravitational acceleration, r is the nozzle radius, and
o is the surface tension, in the inkjet nozzle is Bo ~ 0.0002.
Due to the density differences between polystyrene and
PBS, bead sedimentation is expected to occur over time.
However, the effects of sedimentation of the seeded fluo-
rescence particles are negligible due to the small density
differences and small timescales.

UPIV was performed on the first 210 ps of the droplet
ejection cycle with the onset of droplet formation normal-
ized to t = 0 ps as determined by the time point before
fluid motion was observed. PIV double-frame images were
acquired 2-5 ps apart. Using the experimental set-up, the
velocity field inside the nozzle can be measured at dif-
ferent times. As seen in Fig. 6, the overall velocity trend
agrees with previously modelled flow fields with an oscil-
lating pressure boundary condition (Suh and Son 2009).
Both modelled results from Su/ and Son and our measured
instantaneous UPIV velocity fields show that the flow was
uniform in direction for each sampled time point and no
recirculation flows occur. During flow reversal, the velocity
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fields gradually decrease in magnitude then completely
reverse in direction. Along the centreline, the velocity vec-
tors are entirely composed of the longitudinal component
as radial flow along the centreline of the inkjet nozzle is
zero. Away from the centreline, radial components of the
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velocity vector can be observed which can be attributed to
the tapering in the nozzle geometry.

To get a better understanding of the changes in the veloc-
ity, the centreline axial velocity at 50 um away from the
orifice is plotted over time with each point averaged across
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three identical samples as plotted in Fig. 7. For expected
velocity fields greater than £ 1 m/s, a time between frame
(At) of 2 us was chosen; this included time points at t = 12,
14, 16, 32, 34, 36, 50 and 65 ps. A At of 2 ps permits more
accurate measurement of higher velocities; as an example,
a measured velocity of 2.3 m/s correlated to an average
particle displacement of 15 pixels or 33.3 % of the inter-
rogation window. All the other data points were acquired at
At = 5 ps. At the onset of droplet formation, the velocity
field was observed to be positive as the flow was directed
outwards of the nozzle. A peak positive centreline veloc-
ity of 2.29 m/s was observed at r = 14 ps. After the peak
positive centreline velocity, the velocity field gradually
decreases in magnitude until flow reversal occurs between
t = 20 and 25 ps. The flow field then reverses until a peak
negative velocity of —2.20 m/s at t = 32 ps. The flow field
continues to oscillate for another cycle reaching a second-
ary positive peak of 1.52 m/s at r = 50 ps and a secondary
peak negative value of —1.37 m/s at t = 65 ps. After this,
the droplet break-up was observed to occur at r = 85 ps.
Before droplet break-off, the net velocity flow was posi-
tive as the peak positive velocities were greater than the
peak negative velocities and the general flow direction was
towards the inkjet orifice. After the droplet break-off, the
flow produces a peak negative flow velocity of —1.07 m/s
at + = 98 ps and a peak positive velocity of 0.85 m/s at
t = 120 ps. For the first time, the peak negative velocity
was greater than the subsequent peak positive velocity. This
is due to the retracting meniscus which occurs after droplet
break-off imparting a negative overall flow on the system.

To understand the hydrodynamics of fluid flow and inves-
tigate the relationship between the velocity and pressure
fields, an analytical model (Appendix 1) was developed, and
equations are solved using MATLAB® (The MathWorks).
As shown in Fig. 7, the measured velocities are in good
agreement with the modelling results. The observed larger
difference between the modelling and experimental results
around the peak values can be attributed to deviation from
the unidirectional flow assumption in the model.

To further characterize the flow inside the nozzle and
in particular to understand the relationship between the
pressure and velocity fields, the Womersley number (Wo),
which relates pulsatile flow frequency (transient inertial
forces) to viscous effects, can be calculated as:

Wo = D(%)l/z ~ 35, )
where D is the average diameter (100 um), w is the angu-
lar speed of the oscillation of the flow (150 x 1073 s7h
and v is the kinematic viscosity (1.2 x 107> m? s~!). The
high value of Womersley number indicates that there is /2
phase difference between the pressure gradient and veloc-
ity fields, and this phase delay is confirmed with modelling

results (shown in Fig. 7). The calculated pressure gradient
at each point in the channel is 7/2 behind the local veloc-
ity. For instance, at # = 0, the velocity at 50 um away from
the orifice is zero, and therefore, the pressure gradient at
that point has its maximum negative value. The pressure
at the orifice is assumed to be atmospheric pressure, and
due to the assumed positive direction towards the orifice,
the pressure at 50 um at # = 0 has approximately its highest
positive value. An interesting behaviour of the pressure and
velocity fields happens when both velocity and pressure
gradient values are positive (for example during = 10 and
20 ps). The positive values of the pressure gradient and the
velocity during this time period mean that when the fluid
moves towards the orifice, it enters a higher-pressure region
and therefore experiences an additional resisting force that
tends to push particles that are suspended in the fluid away
from the nozzle orifice. This effect may play an important
role in the motion of larger cell-sized particles (~12 pm in
diameter) at the nozzle orifice, such as in the case of print-
ing colloidal suspensions, which may be reflected back-
wards into the nozzle (have net negative displacement after
droplet formation) as observed in previous studies (Cheng
et al. 2014). The observed oscillating velocity fields are a
result of the propagating actuation pressure wave as it is
reflected at the boundaries of the inkjet channel. Due to
the low viscosity of the ink used, the pressure wave expe-
riences low acoustic damping. The oscillating flow fields
would be mainly produced by the actuation pressure wave;
however, other forces such as the capillary action of the
extruded liquid would also influence the measured velocity
fields within the system.

Figure 8 shows the centreline velocity for selected time
points (14, 32, 50, 65 and 85 ps) across the axial direction
of the inkjet nozzle. As expected, due to the tapered geom-
etry of the nozzle, the centreline velocity decreases (in mag-
nitude) as the distance from the nozzle orifice increases.
While the PDMS holder refractive index matches that of the
cylindrical glass nozzle, reducing distortion at the air—glass
interface, a liquid—glass interface still remains in the system.
The distortion observed from this interface is mainly in the
radial direction within a tapered cylindrical geometry (Cas-
trejon-Pita et al. 2012a, b). The distortion in the axial direc-
tion is negligible due to the linear tapering of the nozzle in
the axial direction causing a constant refraction angle of the
emitted fluorescence signal at the liquid—glass interface. As
the velocity vectors are measured by the relative displace-
ment of the particles between the captured double-frame
images, a constant shift in the particle coordinates would
not affect the magnitude of the axial velocity vectors meas-
ured. As a result, measurements along the centreline of the
inkjet nozzle such as those shown in Figs. 7 and 8 are free
of any optical distortion in both the position and magnitude
of the velocity vectors calculated. The optical distortion in

@ Springer



642

Microfluid Nanofluid (2015) 19:635-646
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the measurement in the radial direction can be theoretically
calculated through ray tracing as depicted in Fig. 10 and in
Eq. (2) and is in agreement with previous work (Kang et al.
2004; Minor et al. 2007). The distortion in the radial meas-
urements is dependent on the distance of the particle away
from the centre point (d) and the cross-sectional radius (R).
The radial measurement error normalized with the cross-
sectional radius is derived in Appendix 2.

)} 2

error = \V/ R? — d? tan {sin_1 (f) —sin~! (

Due to the liquid—glass interface in the inkjet nozzle,
the position of the acquired velocity vectors is radially
distorted. This can be easily corrected by shifting each
velocity vector position (d/R) by the factor (e/R) accord-
ing to Fig. 11 in Appendix 2. Although the magnitude of
the radial distortion is small, this shifting was performed
to correct the measured velocity values at different radial
positions (as shown in Fig. 9). The observed deviation from
the parabolic velocity profile and the change in the curva-
ture of the velocity profile are attributed to the high Wom-
ersley number inside the nozzle.

The work presented here is the first direct measurement
of the velocity fields within a cylindrical inkjet nozzle. The
UPIV results show an oscillating velocity field within the
inkjet nozzle during the droplet ejection cycle. This cor-
responds with previous work on numerical simulation and
measurements of pressure waves within the inkjet nozzle.
Wijshoff developed a system named Piezo-Acoustic sens-
ing of INk channels in the time domain (Paint) to directly
measure the pressure waves within the inkjet channel

(Wijshoff 2010). The system utilized the piezoelectric ele-
ment which actuates the inkjet nozzle to both produce and

-d
R

ni

ns
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record the reflected pressure waves at the piezoelectric
element which is placed at the centre of the inkjet chan-
nel. The measured Paint signal shows the oscillating pres-
sure wave propagating within the inkjet channel. Addition-
ally, numerical simulations of the flow fields predicted the
occurrence of uniform flow oscillations during the droplet
formation process (Suh and Son 2009).

4 Conclusion

For the first time, fluorescence uPIV was performed on
a cylindrical inkjet nozzle. A refractive index matching
holder reduced imaging distortion, while the objective lens
gave a low depth of correlation, permitting direct measure-
ment of the flow field. Oscillating flow fields were observed
to develop during the droplet formation process as well as
after droplet ejection. A peak positive velocity of 2.29 m/s
and a peak negative velocity of —2.2 m/s were observed to
occur before droplet break-off. The direct measurements
of the oscillating flow field confirm previous work on flow
field modelling and previous measurements of the pressure
waves which implied an oscillatory flow. This work would
help future developments in inkjet printing technologies,
especially in the printing of colloidal solutions such as
cell suspensions which is an increasing area of interest for
research and technology development.
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Fig. 9 Axial velocity plotted across the inkjet nozzle radial cross sec-
tion at 50, 75 and 105 pm away from the nozzle orifice. The selected
time points plotted were at a r = 14 ps, b = 32 ps, ¢ t = 50 ps and
d t = 65 ps. The radial position of each velocity point plotted is cor-

Appendix 1

The governing equation for the fluid flow inside the tapered
nozzle is the Navier—Stokes equation as:
n 9%u,
0z2 )’

3

1 du,
r or

du, du, du, 1 ap (82uz
=———+v

a0 Mo T T ez ar2

where u, and u, are the z- and r-component of velocity,
respectively, pr is the fluid density and v is the fluid kinetic
viscosity. In this analysis, it is assumed that fluid is incom-
pressible and the walls are rigid. Moreover, it is assumed tl;at
pressure gradient in r-direction, convective terms and 382”21
are negligible (Shin et al. 2005). Therefore, the linearized
Navier—Stokes equation for unidirectional flow becomes
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rected based on the expected degree of distortion as shown in Fig. 11
in Appendix 2. No correction to the measured velocity is necessary as
the error is only found in the radial direction of the inkjet nozzle

It can be shown that the analytical solution to the lin-
earized Navier—Stokes equation for an oscillatory pressure
gradient of

a
& _ exp(iwt)

9z &)

is (Shin et al. 2005)

u(r,z,t) = u(r,z) exp (iot), (6)

and

u(r.2) = l. (1 __Jo(ar) ) D
oriw Jo(ZR(2))

where

R(z) = Ry —ztan#6 ®)

and

/1=\/—ia)/v. )
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In these equations, J, is the Bessel function of first
kind, 6 is the tapered angle and R, is the inner radius at the
upstream of nozzle. On the other hand, the equation for
pressure, p(z), can be obtained from the continuity equation
as:

R@) 5 9 R(z)
/0 E(m,)dr + Py /0 ruzdr | =0, (10)
which simplifies to
32 3
P9 4 P22 — o, (1
0z 0z

where F3(z) = Fy(2)/F,(2)F(2).F(2), and F(z) and F,(z)
are defined as

_ R@) Jo(Ar)
Fl(Z)—/O e e (12)
R(2) Atan 6 J1(AR(2))
Fy(z) = Jo(Ar)ydr———————
2(2) /0 onar= e S (13)

As a result, the pressure and velocity fields can be
obtained as:

Z ¢
pix)=Ci +C2/ exp <—/ Fs(é)dé)dc (14)
21 Z1
O Jo(4r) ¢
== (1= sty ) o0 (- [ o)
(15)

Due to the linear nature of the simplified Navier—Stokes
equation, in most of the previous studies (Shin et al. 2005;
Shin and Smith 2008), the pressure resulting from the
piezoelectric actuator is expressed as a sum of oscillat-
ing pressure using Fourier series, and the velocity field is
found by superposition. However, in this study, the veloc-
ity field is measured directly. Therefore, using Fourier

Fig. 10 Diagram depicting a
cross section of the liquid—glass
interface of the inkjet nozzle
with a cross-sectional radius

of R. Inset shows the emitted
and refracted light path and the

d = distance of particle from the center
p = fluorescent particle

R = cross-sectional radius

0, = incident angle of the emitted
fluorescence light relative to the
tangential line at the interface of the

series, the measured velocity at the upstream of the flow
(at z = 105 um) can be expressed as a sum of oscillating
velocity terms, and as a result, the pressure field and veloc-
ity at other points can be found.

Appendix 2

The error due to distortion from the liquid—glass interface is
calculated by projecting the refracted light ray back to the
imaging plane and finding the difference of the projected
position relative to the original particle position (Fig. 10).
This is first done with Snell’s law.

ny sin(61) = ny sin(6;) (16)
6, = sin~! ("1 sin(@z)) (17)
np

The angle in which the refracted light is deviated from
the undistorted path (6,) is then identified by

04 =01 — 0 (18)

0.10

n,=1.33
n,=1.50

0.08 1

0.06 1

e/R

0.04 A

0.02 1

0.00

0.0 0.2 0.4 0.6 0.8 1.0
d/R

Fig. 11 The degrees of deviation in the radial direction due to the
liquid—glass interface at the boundary of the inkjet nozzle as a func-
tion of the distance along the nozzle radius normalized to the cross-
sectional radius of the inkjet nozzle. Due to the close refractive indi-
ces, the degree of deviation is small relative to the distortion present
in a cylindrical air—glass interface

circle
0, =refracted angle
4 = angle of deviation
n, = refractive index of liquid with the
nozzle

n, = refractive index of nozzle material
e=error

subsequent radial measurement
error (e) which occurs
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-d
64 = 01 — sin”! (’“ ) (19)

npy-r

0 i fd\ .y (m-d
4 = sin sin (20)
r ny-r

Once 0, was identified, the radial error (e) can be easily
calculated from simple trigonometric identities as depicted
by the inset in Fig. 10.

e=Vr?2—d?tan {Sin_1 <d) —sin~! <n1 : d)] 21
R ny - R

The radial error (e) and distance of the particle (d) can

then be normalized by the total cross-sectional radius (R) to

produce a profile of the expected radial error measurements

along R. As expected, the error is zero during the case of

d = 0 and d = R with the error generally increasing with d.
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