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Abstract

A drop-on-demand liquid dispensing system, based on a rotary gistap, for delivering
microlitre droplets at ~ 10 Hz is analysed. Five typesrop dormation are observed under
different pump operation schemes, characterised by theuprdshaviour of the thin liquid
ligament that develops between the forming drop and thalligumaining at the dispensing
nozzle. A range of control parameters and fluids (Newtoaiad hon-Newtonian) have been
explored in order-to identify key system parameters focigpeesatellite-free drop formation
and hence to_establish an operating window. Under a conventional ‘one-Stepejection’ pump
operation cycle, the window for satellite-free drop productis found to be small and
impractical due to the long ligament and large pendarmg dtdhe nozzle. The satellite-free
operating window can be expanded dramatically with the kgsrand pendant drop size
under control with a novel ‘two-stepejection’ process, in which the drop is first partly grown,
then allowed to settle, and then ejected via a second pulgpiid from the pump. Rapid
deceleration of the pump near the maximum flow rate at theoktnlde second pulse is

essential for satellite-free drop production.

Key words:Drop-on-demand, satellite, flow rate, Newtonian and Non-Newtofiiad, digital
printing



1. Introduction

The formation of drops from streams of liquid has fastEd natural scientists for
centuries. In the drop formation process, the physicahmpeters of the liquid
(interfacial tension and rheology), the geometryhef mozzle and process parameters
(flow rate, ejection profile, body forces) interact tonwol the highly non-linear
droplet formation process. Consequently such processesréeaiged great interest
from the academic commuwi The formation of drops has also been widely applied
in production of microarrays, fabrication of transistgurotein crystallography, inkjet
printing, and maskless lithography since it offers the gbibt repeatedly generate
controlled volumes of fluid (Martin, Hoath & Hutchings 20@amerith et al. 2007;
Beecher et al. 2007; Basaran 2002; Ng et al. 2007; Sumerel et al. D@8)@)are two
main drop formation modes: a continuous mode operating wndmnstant flow
(dripping and continuous jetting) and drop-demand (DOD) mode under a pulsed
flow. The former process has been studied for ovemtugeand the vast literature
has been well reviewed (Subramani et al. (20B@pers (1997; 2005)POD jetting
is, by comparison, a relatively new technique which was invelyedoltan(1972)
and Kyser and Sears (1976) in which a discrete pressureipapplied upstream of
a nozzle of a few tens of microns in diameter through whirehdrop (picolitres in
volume) .is ~ejected. Fromm (1984) simeldt the DOD process usinga
marker-and-cell method and subsequently a number of investgaleveloped
numerical methods with improved accuracy (Xu and Basaran a0607references
therein).

Although the driving force of drop formation in continuous &@D modes is
different, there is a phenomenological similaritythe drop breakup. In all cases, the
length of a liquid ligament that connects the nascent tiogie remainder of the
liquid increases as its diameter decreases due to a coimbioftapillary forces and
body forces (principally gravity). The ligament eventuallyghes off and a free drop
forms. The liquid thread can break off at multiple loma and result in the

production of one or more small satellite droplets. Segeldlioplets are undesirable in
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most manufacturing applications due to the uncertaintyenposition of their final
deposition. In the continuous mode, the satellite dropdets be eliminated by
applying a large perturbation upstream of the nozzlieequently a sinusoidal wave,
allowing control over amplitude and wavelengfPimbley & Lee 1977) or by
excitation with combinations of harmonig&Shaudhary & Maxworthy 1980)n the
case of DOD, finding the working conditions for the suppressid satellites for
viscous fluids remains a #&tand-error process for the formation of both micrelit
(CastrejonPita et al. 20082011; Harris et al. 2015) and picolitre drops (Wang et al.
2012; Dong, Carr & Morris 2006; Kwon 2010). Castrejon-Pita ef28l15) fitteda
nozzle with an iris to allow variation of the nozdieameter in theigl-drop generator
in order to control the number of satellites. iFhesults suggest a strong correlation
between the conditions required to eliminate the satdliaplet and the drop volume,
which could limit the flexibility to create drops of pre-uhefd size.

Whilst industrial application of precision droplet delivergshlargely been in
dispensing pL volumes of fluid, the convenience of being dbl deposit larger
droplets accurately (19 of uL) offers new manufacturing opportunitiegor example
in printed pharmaceuticals (Clarke et al. 2013) where doseasa #ne milligram range
and consequently there is a demand for larger carriptedsoThe criteria for control
of the printing process are the sameiragonventional inkjet- namely repeatable
droplet volumes without satelléeoperaton in a DOD modeand precise control of

drop volume.

This paper addresses the design and underlying behavior adpadétivery
system for pL drops using a piston pump. In develogilagge-volume DOD method,
a wide range of parameter space has been studied and fesendhta conclusions
have been drawn that illustrate the salient featureshefgrocess. We observed five
types of drop formation under different pump operation selsefsee figure 1 and the
movies) defined by how the ligament pinches off. For easlesdription, we refer to
the end of the ligament attached to the forming primary dsajpeafore end, and the
end attached to the remaining pendant liquid at the nozzlkeaaft end. The five

modes of drop break-off observed are: 1) the ligament ggoff at the fore end first
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and then the aft end with an elongated rear that seeamib a backward-moving
satellite droplet that eventually merges the pendant drop (type-FA drop formation
figure 1a and movie 1); 2) the break-offs occur at both emdke ligament almost
simultaneouly, creatinga long-lived satellite (type-S drop formation, figure 1b and
movie 2); 3) the ligament breaks affthe aft end first and then the fore end, forming
aforward-movingsaellite that merges into the primary drop (type-AF drop fation,

in figure 1c and movie 3); 4) the ligament pinches off @ilihe aft end therefore no
satellite forms (type-A drop formation, figure 1d and mo4jeand 5) the ligament
pinches off onlyat the fore end producing no satellite (type-F drop formatfigare

le and movie 5). Tise phenomena were observed in both Newtonian fluidsaand
shear-thinning suspension chosen as a model system inspirexh bgdustrial
application. Satellite production (type-AF, type-FA angets5) is undesirable since
the satellites reduce control over drop volume, accususa process equipment
reducing performance, and can be a health hazartypke-FA and type-AF drop
break-off, the satellite would ideally be absorbed by thel@eindrop or the primary
drop, respectively. However performance is vulnerable to@mwiental factors (such
as air flows caused by the movement of the substragtandrhead) that can cause the
satellite to be deposited away from the primary drop. Wevdkelow that type-A drop
formation is preferable to type-F since there is a largerability window, a shorter
break-off length (defined as the length of the pendanp dneasured from nozl
plate to its tip at the first pinch-9fand hence a lower stand-off between nozzle and

substrate, and a smaller pendant drop left attached to thlenoz
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Figure 1. Five types of drop break-off classified bydtaer in which ligament rupture occurs (F = fore, Aty &f

= simultaneous): (a) FA, (b) S, (c) AF, (d) A, (e) F.



2. Experimental setup

2.1 DOD dispensing system based on a piston pump

The experimental setup for DOD dispensoigulL drops has been described in
detail elsewhee (Yang et al. 2014; Clarke et al. 2013). The central compariethie
system is a rotary piston pump head (IVEK -3A). A singi®hgion consisting of a
fill and discharge cycle is illustrated in figure 2. A cldgéing piston sits within a
cylinder. The piston is simultaneously displaced back amth f¢controlling the
pressure within the pump - either a low pressure to fill ogha piessure to discharge)
and rotationally (controlling the opening of either the ipleit during filling or outlet
port during discharge). The frequency of rotatigngontrols the number of pump
cycles per second and the volume discharged per cyctaisolled by the lengthfo
piston travel within the bore (adjusted mechanicallydial gauge was mounted on
the pump head allowing repeatable setting of the stroke eoinrtine range-530 L.
Repeatability of 0.1% is obtainable once the stroke volisms®t. The rotation and
displacement are mechanically coupled. The linear dispiant of the pistoniion is
given by (1 —cos 8 ) Lyyroke/ 2, Where Lpoke is the maximum length that piston
travels, i.e. stroke length, amstis the piston rotary angle, whefe= 0 is defined at its

top dead center, shown in figure. Zhe discharged fluid volume V as a functionéof

is given by
Mol sson Do L
V= p|st(Z piston _ plst08n stroke (l— COS@) , (E'

where DQiswon iS the diameter of the piston ( 3.15 mm for the punguihesed here) and

for a constant angular velocity, wheref = «t, the flow rate Q, is given by
y ”Dpistonzl-stroke .
Q=V - — ®sing (2.2)

By way of confirmation of equatior2.1, the movement of the water meniscus up
a fine-bore glass capillary during the pump discharge phsse measured as a
function of rotary angle, shown in figure 3 (dotted line)isTshows good correlation

between equation 2.1 (solid Ilnend the experimental measurement, with some small
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deviations near the extrema of the piston movemensilggdue to the mechanical
design of the pump outlet. The experimental data can befitetl with a cubic
polynomial. The fitting parameters are used below to conwentp position into
discharged volumeThe calibration curve in figure 3 can be scaled for dffieistroke

volumes.

| -
e

Figure 2 (Color online) Mechanism of IVEK rotary piston pump with f@e piston is at the bottom dead centre of
its stroke @ = 180). Both inlet and outlet ports are closed, (b) the pistmultaneously retracts and rotates within
the cylinder, through the use of a swash-plate that couplesi#eemotor to the piston. The piston flat opens the
inlet port and draws fluid into the pump chamber (noting thebtitlet port remains closed), (c) the piston retracts

further towards its top dead centre of the stroke, wherputmp chamber is fully filledq = 0°). Both inlet and

outlet ports are closed, and (d) the piston flat rotaisards the outlet port creating a discharge path atiteas



piston advances inside the cylinder, fluid is discharged fhencylinder. The piston further advances to the
bottom dead centre (a) and cycle repeats. The inletpadsed in the discharging phase.

The pump head was coupled to a servo motor (Allen-Bradley,-ME0) fitted with
an accurate encoder allowing the absolute position to tegnadaed, which in turn
was driven by a digital servo drive (Allen-Bradley, Ultra30@0pwing fine control
of the motor. Software (Allen-Bradley, Ultraware) al®w user-defined pump profile
(angular velocity) to be set over one revolution, givilg ttontrol required to
investigate the effect of complex flow profile in time the drop formation process.
The actual position from the motor can also be captulledyiag the actual pump

profile to be recorded.

20}

15}
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Figure 3 Experimental data (dotted line) and calculated values fopraten 2.1 (solid line) of the dispensed

volume as a function of the piston position.

The resulting pump system was coupled between a reservbie tést fluid and
a nozzle cut from a section of PTFE tubing (Zeus), witeharp right angle cut
perpendicular to the long axis of the tube. AWG15 sized tulsngsed in the
experiments with an inner diameter of 1035 mm and outer diameter of 242605
mm

For efficient delivery, it is desirable that one rotataf the pump ejects one drop

(defined here as detached fluid containing a primary drop plusatejlites). The
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motor control parameters, mainly the ejection rate aollinwe of ejection, are
matched with the size of the tubing to discharge a eidgbp during each pump
stroke. For a given tubing and stroke volume, there existwest ejection rate, i.e. a
critical point, above which one stroke generates one dro@.stroke volume in the
experiments described below was 18L8except where otherwise specified.

We note that cavitation can occur during the pump sugtizasse. Cavitation
during filling of the pump results in a reduction in the d&ge volume. A more
viscous fluid creates a larger pressure drop over the puetpaindl shows an earlier
onset of cavitation than a less viscous fluid understiae running conditions. In all

experiments reported hem@vitation is avoided by controlling the filling rate.
2.2 Msualisation and image analysis

Shadowgraphs of the drop are obtained with back illumina#oheica CLS
100x illuminator is used as a light source. The light is catied through a singlet
lens with a focal length of 80 mm with a clear apertfr@0 mm. Two visualisation
approaches are used to trace the formation of the fagrgrdrop: a stroboscopic
imaging technique and a high-speed camera. For the strobe, imaGEL signal
generator is used to trigger the Ultra3000 servo drive diread a Jai M10SX CQ
camera through a delay circuit. The shortest exposueedfrthe camera is As. The
resolution of the delay box is 0.2% of its range (eithe20 or 200 ms). For a fixed
delay; a pseudo-frozen image of the drop at a specifisitigqoin the ejection cycle
can be visualised and quantified. It & practical tool to monitor the drop
reproducibility in real-time. To obtain a time seriesréges from a single droplet we
use a high-speed CMOS camera (Photron FASTCAM-APX RS). yfieat image
size is of 400« 1024 pixels with a resolution of 20n/pixel and a frame rate of 2000
fps (videos are replayed at 30 fp§he camera is triggered via software. The output
TTL signal from the camera is sent to the motor drivetést the pump. The drop
formationis analysed through Matlab code with an edge detection algousimg a
Sobel operator. The volumes of pendant, primary andisatirbp are calculated with

an assumption that the drop is axisymmetric.



2.3 Sample preparation and physical characterization

We have studied both Newtonian solutions anéqueous colloidal suspensions
exhibiting non-Newtonian behaviaurhe Newtonian solutions were prepared with 4
wt%, 5.6 wt% and 6 wt% hydroxypropyl cellulose (HPC-sl, Nidgo,~100,000g
mol™?) dissolved in waterThe colloidal suspension was formulated franbinder
(hydroxypropyl celluloseHPC-ssl, Nisso, average molecular weight~40,000 g
mol™"), a suspending agent (fumed sili@HK SiN20, Wacker), a dispersant (Tween
80, Aldrich) and 9,10-anthraquinone (AQ) (Alfa 988 with a density of ~ 1500 kg
m?> and very low solubility in water (~1 mg/L) as an analog dotypical active
pharmaceutical ingredient (APIAQ was micronised by an air-jet mill to give a final
size <10um measured by MasterSizer (Malvern 2000). All experiments sagaper

were executed at room temperature of21C.

An AR 2000 rheometer (TA instrument) with a caneplate geometry (plate
diameter = 60 mm, cone angle £)2vas used to measure the steady-state shear
viscosity of aqueous samples as a function of shear Tae equilibrium surface
tension, e, Of Newtonian samples was measured by drop-shape an&y&i200,

First Ten Angstroms)The density of all samples was measured using a calibrated

density bottle.

TABLE | shows the average shear viscosity over the statarof 11500 &', the
equilibrium surface tension and the density of the salatiolrhe viscosity of the
cellulose solutions was almost independent of sheamiitiean absolute variation of
< 0.7 mPa s, thus demonstrating Newtonian behaviour ovearige of investigated

shear rates.

TABLE |. Measured physical properties of cellulose soligiaith different

concentrationCompositions are given in wt% in water.

Sample 1l mPas Oeq/ MN m*? pl kg m*P
4% HPC-sl/lW 18 44.5 1005
5.6% HPC-sl/W 32 44.5 1008
6% HPC-sl/W 45 44.5 1009

2+0.5 mN m* ®+2 kg m®
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Two colloidal suspensions, AQ-20/W and AQ-33/W, were prepareld thi
weight percentages of each component listed in TablEnH.detailed preparation of
the colloidal suspension has been described elsewheneg (¥t al. 2014)The
colloidal suspensions are shear-thinning fluids with teeosity ofAQ-20/W at high
shear (1500 matching that of the Newtonian systefhe shear viscosity of the
colloidal suspensions at shear rates of 0.1 and I58Adstheir density are listed in
Table Il. Figure 4 shows the shear viscosity of the mdlossuspensions alongside the
data for the Newtonian system (5.6 wt% HBC-The dynamic surface tension (DST)
of AQ-20/W measured by the oscillating drop metfahg et al. 2014) is 47 mN
at the surface age of ~ 30 ms. For the AQ-33/W the dampithg @scillation was too

fast to permit measurement of the oscillation frequency.

TABLE Il. Shear viscosityy, and densityp, of the colloidal suspensions.

Compositions are given in wt% in water.

Sample | HPC-s| SiN-2 | Tween [ AQ u@0.1 | u@ 1500| p/kg
sl 0 80 st/mPas| s'/mPas| m?3?
AQ-20/W 4.2 1.7 0.42 20 8500 34 1085
AQ-33/W 2.8 1.6 0.39 33 18000 180 1130
a42 kg m®
0 . ;
o ) ”
© [ . o
& L
2 1L . ]
%) : ]
g | .
k2]
> n o
0.1% ) ]
. . ° . ) . - 3 'E
01 “1 | '1'0 | 100 | ”1”(')00

Shear rate /5
Figure 4. Shear rate dependence of viscosity on AQ-20/id &uare), AQ-33/W (open square) and 5.6%

HPC-sl/water (circle).
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3. Drop formation under conventional pump cycle

The simplest profile for droplet ejection is to run ghemp under constant
angular velocity. During discharge, the flow r&evill be a sinusoidal flow given by
equation 2.2For a DOD system, this pump profile is modified such thatdioplet
ejection consists of three phases: pump filling (/yell (D) and ejection (E). &
name this profile one-step-ejection (OSE). In DOD mode tHing rate is
independent of discharge, allowing faster filling for low vty fluids and a
corresponding reduction in cycle time, or slower filling foore viscous fluids to
avoid cavitation. A small modification is required in tthde acceleration and
deceleration are finite due to the dynamics of theesysFigure 5 shows a typical set
of curves describing the behaviour of the pump using feedback fhe position
sensor: angular velocity, angular position, dischargedmeland flow rate. The
discharge flow rate is similar for continuous motion émelDOD profile & sinusoidal
wave) and the flow rate reaches its maximum near tbdlenof the ejection process
shifted in time for the DOD.case owing to the pause betw#emd discharge. The
motor acceleration for the DOD case occurs at thé¢ atahe pump discharge where
the rate of fluid ejection is small (see figure 3).

Figure 6 illustrates the drop formation for 5.6% HPC-s| undeh lzonstant
pump speed (figure 6a) and DOD pump cycle (figure 6b) and for AQ-201ér
DOD profile (figure 6c). In all cases, the pump ejectioe iatjust above its critical
point, that is one stroke generates one drop, and tHeestadume is 18.8.. These
fluids have the same viscosity at a high shear ral&@® &'. Under a constant pump
speed, the long ligament in 5.6% HBIbreaks simultaneously at both ends (within
the time resolution of 0.3 ms), i.e. type-S drop foromtand the resulting satellite
droplet does not merge with either the residual pendaidt dluprimary droplet. The
two fluids show very similar behavior under the DOD prof#é&hough the low-shear
rheology of the two fluids is very different (Fig.,43t the point of discharge the
rheological properties are similar due to the high shear iexoped during flow

through the pump and the nozzle, which is discussed ilmset6. Both fluids form a
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long ligament that breaks first at the fore end and tienhe aft end with an
interaction time of 1 ms (that is the time between ruptfréhe two ends of the
ligament). In this case the resulting satellite dropheintmerges with the pendant

droplet, i.e., type-FA drop formation. For 5.6% HPC-slsoh, see also movie 1.
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Figure 5:(Color online) Comparison of pump performance undenstant pump speed (blue dots) and

one-step-ejection (OSE) DOD mode (black dots) shows (ap puafile (angular velocity); (b) position feedback;
(c) discharged volume; and (d) flow rate. The red Imeas a sinusoidal fit to the flow rate in the OS&D
process. E and F indicate ejection and filling phase, regplyc

Images, such as those shown in figure 6¢, have been ahatysketermine the
variation in drop volume during the drop formation procésgure 7 shows the
evolution of the volume of the pendant droplet during teetdirge phase (open black
squares) until its detachment into a primary drop (opeririaayle), along with the
discharge volume from the pump (solid black squares). Atstag of the pump
discharge there is a small volume of fluid from thevjanes cycle; here the pendant

drop has a volume of 2.ZL. The discharge from the pump is completed in
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approximately 65 ms, the drop starts necking under tleegoof gravity and inertia
from the ejected droplet. For this example it takesdattianal 40 ms for a pendant

drop to break fully into a primary drop, a satellite amdsadual pendant drop

— ¥V VvV Vv v

(a) -

(b)

(€)

Figure 6. (a) Type-S drop formation of 5.6%HPC-sl/W urmbastant motor speed of 500 rpm. Time interval
between images = 0.3 ms; (b) Type-FA drop formation of 5.B%idl/; andc) Type-FA drop formation of
AQ-20/W. (b) and (c) are under OSE pump cycle shown in figufénte intervals between images in (b) and (c)
are 1 ms, 1 ms, 4 ms and 1 ms from left to rightleSbar is 2 mm.

By stroboscopic imaging, we observed over 100 drops 10 mm awsaynozzle
and noted that 70 satellites out of 111 did not merge theéhpendant drop, which
indicates the variability of the satellite drop. Theiaaitity is most likely to arise
from inhomogeneities in the suspension changing the ltheml properties that
influences the break-off and the kinetic energy ingaellite. In particular, the fluid
can no longer be considered homogeneous when the liganaemétdr approaches
the length scale of the AQ crystals. Figure 8 illustrétesvariation of the volume of

satellite droplet for the AQ-20/W suspension as a fancbf ejection rate after
14



discharging. At the critical point (ejection rate = 40n), the satellite has a typical
volume of 0.01xL which is less than 0.1% of the primary drop of 18.0.2 4L,
obtained from imaging analysis. As the ejection rateemses, the satellite volume
increases exponentially. A typical Q.2-satellite generated at the ejection rate of 650
rpm is 1% of the volume of the primary drop. The uncetyain the fate of deposition
of a nanolitre drop will increase the risk of environmemahtamination whilst a

microlitre drop will degrade the uniformity of the primary drages

Volume /L

75 100 125

t /ms

Figure 7 (Color online) Drop formation foRQ-20/W suspension under OSE DOD pump cycle shown in figure 5
the volumef the pendant drop (open black squares), the pump discharigeb{aok squares, from the encoder

output), and detached drop (red triangle).
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Figure 8. Satellite volume as a function of ejectior nathe OSE DOD pump cycle for AQ-20/W suspension.

Type-FA. Stroke volumes 18.8L. Filling rate and acceleration and deceleration settiags figureb.

There are regions where satellite-free droplet formatoes exist within the
OSE pump cycleFigure 9 shows an operability diagram as a function okstro
volume and ejection rate for the AQ-20/W suspensiontelaee three defined regions
on this diagram. The one-drop multi-stroke regime existgavaesingle discharge of
the pump is insufficient to eject a droplet from the nazzte example, if the ejection
rate is less than 400 rpm for the stroke volume of 18.8 multiple strokes are
required to generate one drop. As the ejection rate isased, the minimum pump
volume required to eject a droplet is reduced, since #réianof the ejected fluid is
greater and can overcome the capillary and viscous fdtadsrestrain droplet
formation. Above this ejection critical point, one diesdormed with just one stroke.
Within the one-stroke-one-drop range, the predominanpletraegime is overall
type-FA break-off with the formation of a satellitdowever there is a small region
where just a single break-off of the capillary threadnfs at the fore end of the
ligament, i.e. type-F drop formation. The satellite-fregion is illustrated in the area
(Type-F in figure 9) enclosed by six experimental pointaldished by scanning the
ejection rate at constant stroke volume. The upper boundaliynited by the

achievable stroke volum&he repeatability of the boundaries is typicall25 rpm.
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Figure 9. Operability window of AQ-20/W suspension in the OSEDpump cycle showing the region of
type-FA (with satellite) and type-F (satellite-freeppl formation.

Figure 10 shows the evolution of type-F drop formation ajection rate of 300
rpm and a stroke volume of 284 while the conditions for filling, acceleration and
deceleration remain the same as the DOD pump cyclgunef5. The cone-shape
ligament stretches to 6.6 mm and recoils back to the pemblap. No satellite is
formed. TypeF drop formation is typically seen in the dripping case, $uiot shown
in capillary jets according to the observations of Pimlaeg Lee (Pimbley & Lee
1977).

The formation of satellite drops was also observes6&HPC-sl/water in a very
similar manneto its non-Newtonian counterpart AQ-20/W, where both reaswnilar
viscosity of at high shear rate of 1508 3ype-F drop formation was observed in this
Newtonian fluid, shown in figure le (see also movie 5), undeséime experimental
condition of AQ-20/W shown in figure 10. For details of type-and type-S drop
formation and break-off length as a function of egactrate for this Newtonian fluid
referto Appendix A.

Since the ‘operating window for satellite-free type-F daymétion is small, and
the operating conditions give a long ligament and l@eg@ant drop at the nozzle, it
is not a practical drop generation approach in a liquid d&pg system. The next set
of results describes a different approach to widen gerating window with the

preferred type-A drop formation.

y v °V
® 0o o
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Figure 10. Satellite-free type-F drop formation in thee@EDD pump cycle for AQ-20/W suspension. Images

were obtained at intervals of 1.5 ms. Stroke volume i (@8.

4. Design of new pump cycle with the elimination of satellite drops

4.1 Introduction

Systems that generate satellite droplets are generalgiugesl from use in
practical settings since the fate of the satellite @taplunknown. With the single step
ejection process described here the operating window is nempw and a high
degree of optimisation is required to find suitable fluid aperating parameters. The
small operating window also limits the flexibility of theopess with respect to drop
volume and ejection speed. To widen the operating windovaltarnative strategy
was sought through controlling the inter-cycle flow profileotime An additional
degree of freedom is introduced by breaking the dischdrtjee@ump into two parts
with dwell time part way into the delivery of fluid from tiezzle. Figure 11 shows
an example of the two-step-ejection (TSE) process igtitig the relationship
between the rotational velocity of the pump, its posit@ngular position, the
discharged volume and the flow rate. The profile isddidi into four phases: initial
growth of the pendant droplet (G), pump filling over half a hetion (F), the ejection
of the drop (E), and a dwell (D) after drop ejectione Tgrowth and the ejection
phases are each controlled by 3 parametdige acceleration of the pump .
rev/€) to a constant angular velocity (G&.,: rev/s) followed by the decelerationG
Eq: rev/€). The dwell phase is characterised by a time This rather long list of
parameters, whilst offering a high degree of flexibilitynist amenable to rational
optimisation, but by recognising that the growth and fillgghare required to create a
stable non-oscillating pendant droplet, then as long aparemeters & G,and G
are not set so high as to eject a droplet, there aye3ommaining parametersg,E,
and E. Of these, the latter two are most closely assatiatéh the ejection of the
droplet and are ultimately the controlling parameterengside, E and g, is the

ratio of volumes of fluid delivered in the ejection agrdwth phasg, expressed ag =
18



Ve/Vs, which is controlled by the piston position at the end ettgn phase. The
stroke volume delivered by the pump completes the listin¢al parameters. The key
element of this new pump cycle is the ability to alterghmp flow profile at the end of

ejection phase while the flow rate is high.
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Figure 11 Two-step ejection process: (a) pump angular velocity erdiid) position feedback, (c) discharged
volume, (d) flow rate. In this example, different ratatl velocities during the two steps have been speciigd (
=550 rpm E, = 500 rpm) with a filling rate of 800 rpm. Acceleration aledeleration rates of 1000 reV are used
throughout except for the deceleration after the first phfsgection of 2000 rev’s G, F, E and D indicate the

process of the growth of the pendant drop, filling, epacéind dwell, respectively.

Figure 12 shows an example of the TSE process with tliespmnding images
of satellite-free drop formation with AQ-20/W. The stagtipoint at t = 0 is a pendant
drop of volume Ys(= 0.7 uL) remaining after break-off of the previous drop. This
drop grows during through the growth phase (volurge ¥.2 uL) before the filling
process occurs. ds chosen to prevent ejection of a small droplet, which been

observed at very high rates. During the fill time osadlas of the pendant drop damp
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out. The final addition of fluid occurs when a volume i¥ added (= 14.GL) to
generate a primary drop of volume ¥V (= 18.8uL) alongside the residual pendant
droplet of volume \s In this casegx = Ve/Vg = 3.5. The break-off of the primary
droplet takes place about 20 ms after the fluid has stoppad pemped into the
droplet and occurs through a combination of gravity, capilfamges and the
momentum imparted by the fluid leaving the nozzle and egtéhe droplet. In this
example, the ligament breaks at the aft end and mdlitgaforms, i.e. type-A drop
formation. The cycle then stops and will restart onexternal trigger, giving a

drop-on-demand operation.
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Figure 12. TSE process with the corresponding imagedefitgafree drop formation withQ-20/W. E, =

680 rpm.

4.2 Effect of the ejection parameters on droplet formation

Figure 13 shows the range of droplet behaviour observedfascdon of the
pump speed during the ejection phasg,vith all other parameters held constant at
the values shown in figure 11. There exists a lower spkeejgction below which the
droplet does not eject from the nozzle. Beyond this tleists a transition in the type
of breakup of AF—A—AF as the ejection rate E, is increased from 450 rpm to 750

rpm. At the lowest ejection rate to generate one stookedrop, a long, thin ligament
20



forms and breaks offat the aft end first and then the fore end forming
forward-merging satellite (type-AF drop formation), shownfigure 13a. As E
increases to 580 rpm, the ligament gets shorter with aAfpbreak-off and the
residual drop and satellite get smaller, shown in figure 13bE,At 600 rpm, the
ligament is still thin but shorter with only one pinch-affthe aft end leading to a
type-A break-off without a satellite, shown in figure 13¥ithin the satellite-free
window of E = 600- 740 rpm, the ligament gets thicker ag iBcreases with a
pronounced conical shape at the rear of the primary drapiétthe residual drop
becomes barely discernible (figure 18c The ligament length reaches its minimum
near E= 660 rpm (figure 13d). With a further small increase ptd=750 rpm, there
is a transition from type-A to type-AF drop break-off.lakge satellite appears and

later on merges with the primary drop.
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Figure 13. Transitions of the drop formation for AQ-20/\§Ensiorin the TSE process with pump profile similar
to that of figure 11 but with varied,Bf (a) 450 rpmaat critical point; (b) 580 rpm (c) 600 rpm;G60Q rpm; (e)
720 rpm; (f) 740 rpm and (g) 750 rpm, with image time inteofdéh) 1 ms; (b) 1 ms; (c) 0.5 ms; (d) 0.5 ms; (e) 1

ms; (f1-f3) 1.5 ms; (f3-f6) 0.5ms; and (g) 1.5 ms. [Stroolumeis 18.8,.L.

The transition of drop formation illustrated above h#&® been observed in 5.6
wt% HPC-sl, shown in figure 1c (type-AF, see also movie 3)fmgude 1d (type-A,

see also movie 4), under similar pump parameters.

Figure 14 shows the break-off length as a function afith the break-off type
marked under the same condition as in figure 13. The mmirbreak-off length
associated satellite-free drop formation corresponds doejbction rate near the
middle of the type-A operability window. Stroboscopic imaging wsed to check the
reproducibility of 400 droplets under the working conditions of f#gdBd. The
droplets were imaged at a distance from the nozzle ofD11lmm with a drop speed
of 0.37 m &. The mean drop volume analysed from images is [18\5ith a standard
deviation of 0.1uL which is believed a real measure of drop variability. Nelkz
was observed which demonstrates a high degree of repegtalfilthe droplet
production process. For a fixed time delay between ejeatwhimaging, there is
barely any perceivable difference in the droplet shape antiopoafter break-off
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across multiple droplets. At the break-off there igtar of 2 pixels, i.e. maximum

variation of 40um in the break-off length.

A second parameter associated with the ejection pkabe ideceleration rate of
the pump, E, at the end of the cycle. Figure 15a shows the chande ingerating
window for the cases ok = 1 (circles) and 3.5 (squares), where= Ve/Vs. Other
experimental parameters are as indicated in figure 11.hAsdeceleration rate
decreases, the operating window defined by the lower and uppssval E also
reduces. The satellite-free window fully closes at dectderaates below 600 rev’s
for both = 1 and 3.5. We note that with the slower deceleratibaws in figure
15b), the volume of fluid is added over a longer period (gmae5 ms out of

approximately 25 ms for the ejection) hence the momenmtilirbe reduced.
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Figure 14. Break-off length as a function gfuder the TSE process #€0-20/W suspension. Labels A and AF

indicate type-A or type-AF drop formation, respectivebtters (a)-(g) corresponds to cases in figure 13.

4.3 Effect of the pump overshoot on drop formation

Rapid deceleration at the end of ejection phase (E) in T&tegs leads to an overshoot in
the pump position (as consequence of the PID control loop) cabsimgmp to reverse and suck
liquid back into the pump chamber, shown in figure 16 profilé/ therefore modified the pump

profile to minimise the overshoot in the TSE process to stedgfiect on drop formation. We
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varied the ejection rate and set several deceleratips sear the end of ejection to avoid the
overshoot, shown in figure 16 profile-2 and -3. For profile-3, daell between E and G is
disabled in the motor command. The drop formation of sample BB&s|/water under profile-1
with large overshoot is shown in figure 17a. Figure 17b corresptmgrofile-2 with small
overshoot and figure 16c to profile-3. While minimisation loé tovershoot at the end of the
ejection phase does not change the nature of type-A break-dbes lead to a longer, thinner
ligament, which is undesirable. The overshoot enhances type-A deak-bif. The most likely
hidden information is that the larger the overshoot the lotigeiinteraction time between two
possible pinch-offs (though of course this interaction time caactolly be measured because

the ligament recoils before the second pinch-off occurs).
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Figure 15(Color online) (a) Deceleration-rate dependence of ttadlitafree window for type-A drop break-off
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with & = 1 (circles) and 3.5 (squares), respectively. Satéléregion is confined within the solid and open
symbols of the same type. Pump profile is similar to ohéigure 12. Sample is suspension AQ-20/W. The solid

black line shows the threshold of &ove which satellite-free drop fosnNote that E= 1200 rpm (red line)
represents the upper limit of measurements and notsaitgshe limit of the operability from a fluid mechaal
perspective. (b) Flow rate profile under different deegien rate of & of 600 rev & (open square) and 2000 rev

s?(solid square) forr = 3.5 and E= 500 rev &.
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Figure 17. Type-A drop break-off under the TSE process witérdift pump overshoot at the end of ejection

phase for 5.6% HPCsl/water. Drop formation is contralieder (a) profile-1, (b) profile-2 and (c) profile-3 in

figure 16, respectively. All images have a time interval & fs.« = 3.5.

4.4 Effect of ratio of ¥/ Vs on operability

Figure 18 shows the effect at on the operating window for satellite-free

formation (typeA) for AQ-20/W. The other conditions are as indicated in figure 11

but with varied E For each stroke volume, there is a satellite-freéoregdicated

between two dotted bounding lines. The triangular symb@lda « = 3.5 and the

circles fora = 1; the filled symbols indicate the lower limit of the ogiérg window

and the open symbols the upper limit of the operating windawaddition the

diagram is bounded by two solid lines, giving the minimum speedegbimp during

phase Eto effect ejection for one drop one stroke (open squargédlack line), and

an upper limit due to the maximum speed of the pump (red line)siialer value of

o provides a much larger operability window. However, a swvallle of o also

results in a larger pendant drop which requires a lonigner in the filling process to

ensure tht oscillations have fully damped out before the growthhef hext droplet

and smaller Gto avoid its detachment from the nozzle.
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Figure 18. Satellite-free operability windowTSE process with pump profile similar to that of figtudebut with
varied E. For each stroke volume, there is a satellite-fegéon with confined Ewithin the solid and open
symbols (triangles forr = 3.5 and circles forr = 1, respectively)Open squares are critical points gff& each
stroke volume. Note that,E 1200 rpm represents the upper limit of measurementéirfegdand may not be the

upper limit of the operability diagram.

5. Discussion

5.1 Mscosity effects on satellite-free drop formation

The effect of viscosity on satellite-free drop forrmativas studied by comparing
the center of the satellite-free window among 4%, 5.6% 6% HPC-sl solutions in
water. The satellite-free window is shifted to higher f&r the higher viscosity
solutions, shown in figure 19.

For the non-Newtonian suspension of anthraquinone ptiole explored the
upper limit on the weight fraction of AQ that could be sssbdly delivered as a
satellite-free drop. Figure 20a shows drop formation for at38 suspension of AQ
in water (AQ-33/W) under a constant pump speed of 480 rpm andawdinoke
volume of 15 pL. The long ligament eventually split®imultiple satellites. Figure
20b shows the drop at its breakup under the two-step ejectiile phaving a typeA

drop formation without satellite.
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Figure 19 Centre of satellite-free (SFwindow of solution under TSE process with pump profileilsinto
that of figurell but with varied Efor 4% (solid square, red), 5.6% (open square, bkaui)6% HPC-sl

solutions (triangle, blue}x = 3.5. The bars indicate the extent of the operating window.

(a) (b)

Figure 20. Discharge of a drop of AQ-33/W suspension wjth (ang ligament formed in the constant pump
speed of 480 rpm and stroke volumeyd5 and (b) type-A drop formation under TSE with £550 rpm, =

2000 rev &, a.= 1, and stroke volume = 2212
5.2 Shear rate inside the nozzle

To estimate the shear rate inside the pipe, we assupaaholic flow For a
time-dependent flow rate (for example sinusoidal) withaximum of @, of 500 uL
s*, (e.g. figure 5), we have the maximum velocity at there¢pipe W = 4Q./(7°R?).
For the AWG15 nozzle that we used in the experiment, R250nm and = 0.4m
s Therefore the maximum shear rate ofyRJis 1 s* at the wall. Our Newtonian
5.6%HPC-sl/W solution was deliberately chosen to match the shear vigcosi
suspension AQ-20/W at high shear rate of 1580v8e noted that in both OSE and
TSE cases, the drop formation from these two fluidsimsilar under the same
experimental condition. AQ-20/W is a shehinning fluid and so could display
shear-banding or wall-slip, in which a central high-viscopitygy moves down the
center of the tube and there is an annulus of high-slosawviscosity liquid near the
walls. The fact that the fluid behaves as though it thes high-shear viscosity

throughout the fluid suggests that these potential complexitiehe fluid dynamics
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do not actually materialise or at least do not adversely influence the drop formation
process. A possible explanation is that all the fluigxposed to high shear in the
pump and the structure that gives rise to the yield sti@ss not have time to recover
during the short period of time before ejection from tiozzle We measured the
dynamic surface tension and shear viscosity of suspedE®20/W immediatly
after drop formation by the oscillating drop method (Yahgle2014). The viscosity
and dynamic surface tension of suspension are similaatmthihe polymer solution

on the relevant timescales.
5.3 Dimensionless groups and characteristic times

Several non-dimensional parameters are commonly useddracterise the
balance of inertial, surface tension, viscous and graui@t forces on the drop
formation process: the Weber numbie, Ohnesorge numbeédh, capillary number

Caand Bond numbdBo. Theseparameters are defined as

2
_pbu . oOh=_*~ Ca:ﬁ, Bo = pgD?o;

o ,/poD’ o

where p is fluid density, o is surface tension, D is the drop diameter, g is the

We

gravitational acceleration and U is the mean flow ei#gjo The Ohnesorge and Bond
numbers depend only on the fluid and the drop. dizeour experiment, the stroke
volume varies in the range 130 L and drop diameter 288 mm.Oh lies between
0.05'(4%HPC) and 0.5AQ-33/W at a shear rate of 1508)sBo is about 1.72.9. We

note that the maximum volume of the pendant drop tisnated by the balance of
capillary and gravitational forces, i.ema¢d= onD/(pg), where D is the diameter of the
capillary tube. In our case pendant drop fully wets thezleoplate, D is the outer
diameter of the tube, i.e. 2.25 mm and we havgex¥ 32 uL. Thus for our
experimental drop volume of 1230 uL, the Worthington number (Berry et. al. 2015)
which is defined a%b = V/ Vinaxand has the same physical meaning as Bond number,

is in the range of 0.4 0.9.

The Weber and capillary numbers depend on the flow vgloakich is not
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constant through thBOD pump cycle We estimate the mean flow velocity from the
maximum flow rate @ by, U = 2Q./(n°R%), where R is the nozzle inner radius of
0.725 mm. For both OSE and TSE cases, shown in figure 5 and fijurespectively,
the pump ejection rate,Es about 600 rpm and the maximum flow rate is about 500
uL s* which gives us mean flow velocity about 0.2 T(which is also the drop speed

near the end of ejection) alié ~ 3 and Ca ~ 0.1 for the given fluid and drop size.

From the operability window of AQ-20/W suspension in the OS#ur¢ 9) and
TSE processes (figure 18), we see thaMband Ca numbersavethe same order of
magnitude in both casediowever, we have shown that the variation of the
time-dependent flow profile can hawepronounced effect on drop formatiofnhe
typical times for the break-off of a 188- primary droplet are about 40 ms for OSE
and 20 ms for TSE after the fluid has stopped being pumpedthet droplet. The

characteristic timescale for drop pinch-off at theknex the capillary time/%,

which is about 10 ms under our experimental condition. Fmeralant drop there are
also capillary and gravity-driven oscillations, with timeripds of 2r /% and

Zn\/%, respectively (Lamb 1881). Under our experimental condititirese

timescales are 325 ms and 8495 ms, respectively. Therefore the oscillation of the
large primary drop due to capillary forces may play a roletietching the fine

ligament between the primary and residual drop, but the grianéhforce does not

6. Conclusions

We have described a dram-demand liquid dispensing system based on a piston
pump with precise control of discharged volume in thgeal2-30 uL. We observed
five types of drop breakup with both Newtonian and Non-Newtoniadsflstudied in
the paper, depending mainly on the temporal profile of tive filmfile. We identified
a persistent satellite problem aadery narrow satellite-free operating window under
aconventional one-step-ejection process. A novel pumfilgmas designed in which

the drop is ejected in two steps and this profile was appbedqueous model
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suspensions and polymer solutions. The satellite dropecafirbinated within a wide
operability window over a range of viscosity of the sample key factors that affect
the formation of satellite-free droplets under the de=sighSE profile, with the key
physical requirement for satellite-free type-A drop bretikis a rapid deceleration in
the flow rate near its maximum. Such a rapid deceleratgmmot be achieved in the
one-step profile owing to the sinusoidal form of the flowfite during the ejection
cycle. This satellite-free DOD liquid dispensing systemdastential application in
pharmaceutical manufacturing and other dispensing applisatwimere precise

delivery of viscous fluids with volumes in the micrefirange is required.
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Appendix A. drop formation of 5.6%HPC-sl/W solution under the

OSE DOD process

Figure 21 shows the drop break-off length increases as the ejeat&ofor 5.6%HPC-sl/W
with the stroke volume of 18.8L. The pump setting is the same as that for its non-Newtonian
counterpart, described figure 8. The break-off length is defined as the distance leetwezzle
plate and first pinch-off. For the studied pump stroke, HPC drepkbroff mostly in type-FA
mode except that in the case of ejection rate of 670 rpm thmdigt breaks simultaneously at

both ends (shown in figure 1b and movie 2), i.e. type-S mode.
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Figure 21. Break-off length as a function of ejection tatger DOD pump cycle (the same as figure 8) for

5.6%HPC-sl/water, showing a monotonic increase withiejecate. Stroke volumis 18.8 L.
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Highlights
e Analysis of a liquid dispensing system based on a piston puthypvécise control.
e Categorisation of drop formation into five types.
¢ Design of a two-step fluid flow profile for satellite-&€lrop production.
¢ Identification of the key parameters for optimal drop delive both Newtonian and

Non-Newtonian fluids:

¢ Determination of the operating window for precise sateflite drop formation.
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