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Abstract

Inkjet printing is the most widespread technological application of microflu-
idics. It is characterized by its high drop productivity, small volumes, and
extreme reproducibility. This review gives a synopsis of the fluid dynam-
ics of inkjet printing and discusses the main challenges for present and fu-
ture research. These lie both on the printhead side—namely, the detailed
flow inside the printhead, entrained bubbles, the meniscus dynamics, wet-
ting phenomena at the nozzle plate, and jet formation—and on the receiving
substrate side—namely, droplet impact, merging, wetting of the substrate,
droplet evaporation, and drying. In most cases the droplets are multicompo-
nent, displaying rich physicochemical hydrodynamic phenomena. The chal-
lenges on the printhead side and on the receiving substrate side are interwo-
ven, as optimizing the process and the materials with respect to either side
alone is not enough: As the same ink (or other jetted liquid) is used and as
droplet frequency and size matter on both sides, the process must be opti-
mized as a whole.
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INTRODUCTION

Inkjet printing is the most widespread technological application of microfluidics. It is character-
ized by its high drop productivity, small volumes, and extreme reproducibility. Besides the graphic
printing industry, this drop deposition technique is used in dozens of other applications, such as so-
lar cell printing, printing of microlenses, fuel cells, batteries, light-emitting displays, flat-panel and
liquid-crystal displays, circuit boards, rapid prototyping, additive manufacturing, and even print-
ing of polymers, DNA, proteins, and living tissues (Le 1998, Sirringhaus et al. 2000, Williams
2006, Dijksman et al. 2007, Wijshoff 2010, Hoath 2016, Dijksman 2019). Some of these appli-
cations require 100% reliability: For example, if inkjet printing is applied to create electronics
(Kateri et al. 2003), missing a single drop can already lead to circuit failures. Similar precision is
required in medical diagnostics and precision dosage of drugs (Daly et al. 2015).

There are two main principles to generate droplets, namely continuous inkjet printing and
drop-on-demand (DOD) techniques. Whereas in continuous inkjet printing, drops are continu-
ously created thanks to the Rayleigh—Plateau instability of the jet and sorted afterward by deflect-
ing them, only directing a fraction of them toward the substrate and recycling the rest, in DOD
techniques the drops are generated on demand and jetted toward the substrate. To do so, an ac-
tuation pressure has to be built up in the ink channel, and this is achieved either by piezoacoustic
actuators (piezoelectric DOD) or thermally by nucleating a small vapor bubble with a thin-film
heater (thermal DOD). While this latter technique is mostly used for inkjet printers at home, for
high-end printing technologies piezoelectric DOD is the preferred and more flexible technique:
The drop volume and velocity can easily be modulated with the piezoacoustic pulse width and
strength, high jetting rates can be achieved, and thanks to the MEMS (micro-electromechanical
systems) technology, such printheads can today be manufactured cheaply. This review will there-
fore focus on the piezoacoustic DOD inkjet printing technique.

A time series of stroboscopically imaged jetted droplets generated with the DOD technique
is shown in Figure 1, conveying a visual idea of the high degree of reproducibility which can
and must be achieved. At the same time the figure also reveals the aesthetic beauty of the droplet
jetting process. The stability of the process is the more remarkable given the fast timescale and the
small length scale of the printing process, namely for piezoacoustic DOD inkjet printing normally
in the range of 10-100 kHz and for a droplet volume of ~0.5-100 pL. A typical droplet diameter
is 20 pm, corresponding to 4 pL, and a typical droplet velocity is 10 m/s.

The fluid dynamics challenges in inkjet printing lie both on the printhead side—namely, the
piezoacoustic actuation and the detailed flow inside the printhead, entrained bubbles, the menis-
cus dynamics, wetting phenomena at the nozzle plate, and jet formation—and on the receiving
substrate side—namely, droplet impact, merging, the wetting of the substrate, droplet evapora-
tion, and drying. These challenges are interwoven, as optimizing the process and the materials
with respect to either the printhead side or the receiving substrate side is not enough: As the same
ink is used and as droplet frequency, velocity, and size matter on both sides, the process must be
optimized as a whole. One example for conflicting requirements from the printhead side on the
one hand and from the receiving substrate or, more specifically, the paper side on the other hand
is the volatility of the ink: At the nozzle, it would be preferable if the evaporation of ink were
avoided to prevent nozzle clogging, but on the paper side, fast evaporation of ink is desirable to
enable productive printing and to prevent paper deformation.

Synopsis of the Jetting Process

The series of events in inkjet printing is visualized in Figure 2, in which we identify seven funda-
mental fluid dynamics challenges:
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Figure 1

Time series of jetted ink droplets in piezoacoustic inkjet printing, stroboscopically recorded with single-flash photography. (Lef# to
right) Multiple images of single droplets with a delay of 3 s between the individual droplets. Here the opening radius of the nozzle is
15 pm and the diameter of the droplet 23 pm, which corresponds to a droplet volume of 11 pL. The final velocity of the droplet is

4 m/s. The figure illustrates the imaging quality and the absence of motion blur due to the use of the 8-ns iLIF (illumination by
laser-induced fluorescence) technique. Figure reproduced with permission from van der Bos et al. (2014).

m The process starts in the ink chamber (@) in the printhead, where pressure is periodically
built up with a piezoacoustic actuator; in response, ink is pressed out of the nozzle, provided
the pressure is large enough.

m Under certain conditions bubbles (®) can be entrained into the nozzle of the printhead, se-
riously disturbing the printing process, as the pressure pulse is then absorbed by the bubble,
rather than leading to jetting.

m The jetting frequency is in fact limited by fluid dynamical instabilities that can occur at the
edge (®) of the nozzle, where the flow inside the nozzle interacts with that on the nozzle
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Figure 2

Visualization of the series of events and physical processes in inkjet printing, from the ink-piezo actuator interaction (/ef?), via ink
jetting (middle), to the interaction between ink and the receiving substrate (right). The circled numbers refer to the seven fundamental
fluid dynamics challenges referenced in the sections of this review: (@) the flow and acoustics in the inkjet printhead; (@) bubbles that
are entrained into the nozzle and disturb the printing operation; (®) the wetting dynamics on the nozzle plate, including the meniscus,
droplet, and film dynamics; (®) the jetting process, including satellite formation; (@) the drop impact and spreading on the substrate;
(®) drop coalescence, drop—film interaction, and ink—paper interaction; and (@) the evaporation and solidification of the ink.
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plate. The geometry of the nozzle and the wetting properties of the nozzle plate are crucial
for achieving optimal stability, as they affect the fluid dynamics of the oscillating meniscus.

m For large enough pressures, droplets form at the tip of the jet, detach, and fly toward
the substrate. When exactly they detach (@) and what size they have depend not only on
the driving pressure, driving frequency, and geometry but also on the material properties
of the ink.

m Finally, the drop impacts on the substrate and spreads sideways ().

m Often the impact is not on a dry surface but on a thin film of ink or a coating layer that
had been previously deposited, or on/close to droplets that had previously landed on the
substrate. There, drop—film and drop-drop interactions such as merging become very cru-
cial (®). Often these interactions determine the quality of the print. The interaction of the
droplet with the substrate can also be relevant as with, e.g., paper, in which ink intrudes and
is absorbed.

m Finally, in the case of aqueous inks the droplet will partially evaporate (@) and leave behind
pigments, or in case of inks consisting of molten wax, it will solidify, thanks to cooling or to
chemical reactions and cross-linking of some polymer. The optical appearance of the dried
pattern is the final result and reflects the quality of the print. In any case, the drying process
can take very long, up to hours or even days.

Here the circled numbers not only correspond to those in Figure 2, but also to those of the later
sections of this review.

Control Parameters

The control and design parameters of inkjet printing are geometrical parameters such as the ink
chamber volume and nozzle diameter and shape; the pressure amplitude and frequency and, more
generally, the shape of the pressure pulse; the material properties of the ink such as the surface ten-
sion, viscosity, thermal diffusivity, density, and volatility; and the geometrical and material proper-
ties of the substrate. Most inks are not pure liquids but have a very complex composition, contain-
ing multiple liquids with different material properties, pigments, other colloidal particles, latex,
cross-linkers, surfactants, and polymers. The ink can be either of aqueous or of organic character,
and depending on this, solidification is achieved by evaporation, cooling down below the melting
temperature, cross-linking triggered by ultraviolet (UV) radiation, or other chemical reactions.
For inks with complex compositions further control parameters come into play, such as the rel-
ative mass or volume fractions of the different ingredients, and, in the case of colloidal particles,
their size, shape, and chemical nature. This further complicates the printing process, leading to
new, exciting, and rich physicochemical hydrodynamics phenomena in and between the droplets.
For example, surfactants accumulate on the interface during the droplet-spreading process, lead-
ing to a time- and position-dependent surface tension, and pigments potentially cluster, leading to
clogging in the nozzle. After the deposition of multicomponent droplets, certain ingredients of the
liquid evaporate preferentially, leading to concentration gradients at the interface and thus gradi-
ents in the surface tension, resulting in Marangoni flows. These can also occur between droplets
of two different liquids or with a droplet on a film of a different liquid.

As in all fields of fluid dynamics, it is very convenient and therefore common to express the
control parameters for inkjet printing in terms of dimensionless numbers, which are ratios of
different forces or time- or length scales. For better readability, we have summarized the most
important dimensionless numbers in inkjet printing in the sidebar titled Dimensionless Numbers
for Droplets in Inkjet Printing.
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DIMENSIONLESS NUMBERS FOR DROPLETS IN INKJET PRINTING

Just as in other parts of fluid dynamics, in inkjet printing it is convenient and therefore common to express the ratio
of the various forces (or time- or length scales) in terms of dimensionless numbers. The most relevant ones in inkjet
printing are the Reynolds number, Re = UR/v, the ratio of inertial to viscous forces, where R is the droplet radius,
Uis the droplet velocity resulting from the pressure buildup in the ink channel, and v is the kinematic viscosity of the
ink; the Weber number, We = pU*R/a, the ratio of inertial to capillary forces, where o is the surface tension and
p is the density of the liquid; the capillary number, Cz = nU /o = We/Re, the ratio of viscous to capillary forces,
where here 7 = v is the dynamic viscosity of the ink; and the Ohnesorge number, Ob = /\/poR = We'/? /Re, the
ratio of the viscous timescale to the capillary timescale. Obviously, only two of these four dimensionless parameters
are independent. In general, on the small length scales of the droplets, gravity is not relevant, and therefore the
corresponding dimensionless numbers such as the Bond number, the Froude number, or the Morton number do
not play a role.

However, what can play a role are non-Newtonian properties of the ink. For viscoelastic liquids, these are par-
tially characterized by the Deborah number, De = t, /7., where 7, is the relaxation timescale of the non-Newtonian
liquid and 7. = (pR*/0)'? is the capillary timescale.

The frequency € of the acoustic pulses driving the jetting in dimensionless form is expressed as the Womersley
number, Wo = L./Q/v, where L is a characteristic length scale of the nozzle. Additionally, the surrounding air (or
more generally, the surrounding gas) with its dynamic viscosity 1, and its density p, plays a role, as it exerts friction
on the flying droplet and an air layer has to be pushed away upon impact of the drop on the substrate. Its effect is
expressed in terms of the Stokes number, St = pRU/n, = pRe/ p,.

Once the ink is multicomponent, the diffusion of one component in another and, thus, the diffusivity D become
important, giving rise to the Péclet number, Pe = UR/D, and the Schmidt number, Sc = v/D. Once thermal
effects also come into play, the thermal diffusivity ¥ matters, or in dimensionless form, the Prandtl number, Prr =
v/k, or the Lewis number, Le = «/D. Typically Pr ~ 4 and Le ~ 400, reflecting that the thermal diffusivity is
much faster than the molecular one, and that for standard liquid inks thermal transport is slightly slower than
viscous transport.

In the case of selective evaporation of one component or local cooling or heating of the droplets, Marangoni
forces also come into play. The Marangoni number, Ms = RAc /(pvD), compares the Marangoni forces with
stabilizing viscous forces and stabilizing mass diffusion. The difference Ao in surface tension may be due to dif-
ferences Ac in the composition of the liquid, where ¢(x,?) is the concentration field, or due to differences AT in
the temperature of the liquid. Roughly, we have Ao ~ 0.0 Ac, and similarly for the temperature, but note that in
general the dependence o (¢) is very nonlinear (Vazquez et al. 1995). In general, of course, o is a function of 7" and
¢,and Ao ~ 070 | AT + 0.0|7Ac.

Finally, once also chemical reactions come into play, we also need the Damkéhler number Da, which expresses
the ratio between chemical reaction rate and (diffusive or convective) mass transport rate. We revisit these numbers
below in the discussions of the various fluid dynamical effects of droplets in inkjet printing.

Objectives and Dilemmas in Inkjet Printing

In various inkjet applications, the objective is to reliably generate even smaller drops, to jet at ever
higher frequencies, or to operate the device with more viscous materials. Smaller droplets and
higher frequencies not only make piezoacoustic inkjet printers even more precise and faster but
also open up various applications in biology, medicine, microfabrication, and chemistry. But what
are the limits to achieving this?

The limiting conditions of the inkjet printing process are illustrated in Figure 3, which shows

the domain for reliable inkjet printing in the parameter space of Reynolds number Re (representing
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Figure 3

The operating regime for stable operation of drop-on-demand inkjet printing in the control parameter space
of Ohnesorge number Ob versus Reynolds number Re. The criterion for a drop to possess sufficient kinetic
energy to be ejected from the nozzle (end-pinching) is given by Lin & Reitz (1998) as Weber number

Wegic > 4 or Re < 2/0h. The criterion for the onset of splashing following impact is given by Derby (2010)
as OhRe>* > 50. For too low surface tension, not only does end-pinching occur, but also the ink filament
experiences a Rayleigh—Plateau or other type of instability and satellite droplets emerge. Here a horizontal
red line signals the regime Ob < 0.1 for satellite droplet formation (Notz & Basaran 2004; Dong et al. 2006;
Xu, Shi & An 2007). A typical example case that we repeatedly use in this review is a droplet diameter

2R =20 pum and a velocity # = 10 m/s. With p = 1,000 kg/m?, v = 10~° m?/s, and o = 0.05 N/m as typical
material properties for ink, this implies Re = 10 and Ob = 0.5 (shown as a green dot in the diagram),
corresponding to We = 25 and capillary number Cz = 0.25. A similar diagram, but in the parameter space of
1/0h versus We and including experimental data, is given by Liu & Derby (2019). Figure adapted with
permission from McKinley & Renardy (2011).

the inkjet velocity and thus the pressure buildup in the ink chamber) and Ohnesorge number
Ol (representing the material properties of the ink, i.e., the ratio between viscous and capillary
timescales; see the sidebar titled Dimensionless Numbers for Droplets in Inkjet Printing). As can
be seen, printing is only possible for intermediate Reynolds number and intermediate Ohnesorge
number: For too small Re, the actuation is not strong enough to form droplets, i.e., to achieve a
droplet pinch-off from the oscillating meniscus. In contrast, for too large Re, the dropletimpacting
on the substrate would splash, which is undesirable for precise printing. In the other direction of
the parameter space, for too large Ob the ink is too viscous to be jetted through pressure buildup,
but for too small Ob, the surface tension is strong enough to lead to satellite droplet formation
through the Rayleigh—Plateau instability of the ink filament, which is also unwanted in controlled
inkjet printing. The transitions between the various regimes follow scaling laws, which we explain
in more detail below.

Another dilemma in inkjet printing is connected with the volatility of the ink or, in other words,
with the time it takes the ink to dry. On the one hand, one would like the ink to dry quickly once
it has landed on the substrate, so high volatility or fast solidification of the ink is desirable. On the
other hand, if this holds, it also holds for ink on the nozzle plate and at the meniscus. This can
lead to clogging of the nozzle or—in the case of selective evaporation of one component of the
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ink—to concentration gradients at and around the nozzle, leading to differences in surface tension
and thus to Marangoni flows. It can also lead to a modification in the ink viscosity and therefore to
changes in the printability, with a strong bearing on reproducibility. Further dilemmas have been
sketched by Clasen et al. (2012).

The fundamental fluid dynamical challenges in inkjet printing are to find a way out of all
these dilemmas. This can be achieved by a compromise between the various requirements and
by fine-tuning the control parameters. It can also consist of introducing new degrees of freedom
into the problems: For example, for the first of the abovementioned dilemmas (strong enough
actuation to overcome the capillary forces at the meniscus but weak enough actuation to avoid
satellite droplets), a new degree of freedom is to add some polymers to the ink to introduce some
elasticity, which delays the satellite formation. For the second of the abovementioned dilemmas
(droplet solidification both on the substrate and around the nozzle), one way out is to employ inks
consisting of molten wax and to operate the printhead at a temperature above the wax’s melting
temperature. Then, on the substrate side without heating, solidification sets in immediately.

Such work-arounds to the dilemmas and diverging requirements in inkjet printing often in-
volve modifications of the ink itself. Indeed, modern commercial inks have an extremely complex,
multicomponent composition, also containing pigments and surfactants. This complex multicom-
ponent composition can again introduce various new challenges and effects, like the abovemen-
tioned selective evaporation of one or a few components, and the resulting Marangoni flows, inside
the droplets. Optimizing the inkjet printing process therefore requires a good understanding of
the physicochemical hydrodynamics of droplets far from equilibrium.

It is clear that the inkjet printing process is a multiscale problem. The timescales reach from
the nanosecond timescale relevant at the pinch-off of the droplet to the timescales of the drying
process, which can exceed weeks, or even to the timescales of the durability of the printed area,
which in many applications must be years. Similarly, the length scales span from the nanometers
of the droplet pinch-off process to tens of meters of the whole printing device or the printed

areas.

Organization of the Review

We organize the review along the series of events sketched in Figure 2 and described above, i.e.,
starting from the fluid dynamics in the printhead, via the nozzle dynamics and jetting process, to
the impact, wetting, and drying process. The seven themes of Figure 2 correspond to the next
seven main sections of this review, which in the end is accompanied by an outlook and a list of
open problems.

Another element of the review is the sidebars, which we use to introduce the reader to recur-
ring definitions or methods: In the sidebar titled Dimensionless Numbers for Droplets in Inkjet
Printing, we introduce the most relevant dimensionless numbers of the inkjet printing process, and
the sidebars titled Modern Experimental Methods in Inkjet Printing and Numerical Methods in
Inkjet Printing are used to explain new relevant experimental and numerical methods, respec-
tively. The sidebar titled Quasi-Parallel Flow Approximations in Inkjet Printing briefly conveys
the idea of quasi-parallel flow approximations and gives four examples where they are applied in
the context of inkjet printing.

Inkjet printing is a multidisciplinary endeavor par excellence, covering not only fluid dynamics
but also acoustics, chemistry, materials science, chemical and mechanical engineering, electronics,
optics, signal processing, computer science, physics, and more. This review focuses on the fluid
dynamics aspects, but touches upon many others, and emphasizes that the inkjet process—from
the ink chamber to the drying process on the substrate—must be approached as a whole.

www.annualreviews.org o Fluid Dynamics in Inkjet Printing

355



Annu. Rev. Fluid Mech. 2022.54:349-382. Downloaded from www.annualreviews.org

Access provided by 178.197.201.179 on 02/22/23. For personal use only.

MODERN EXPERIMENTAL METHODS IN INKJET PRINTING

Up to about three decades ago, the traditional approach in industrial inkjet printing research was to exclusively
focus on the final static result of the print, namely, by optical microscopy. With this, an optical resolution of the
final print of about one micrometer could be achieved. With electron microscopy or X-ray microscopy one could
go beyond this toward smaller scales.

However, it became increasingly clear that in order to make further progress in the understanding of the
inkjet printing process, dynamical measurements would be necessary, and the advent of advanced high-speed and
ultrahigh-speed digital imaging about two decades ago has made this possible (Thoroddsen et al. 2008). Nonethe-
less, it is still extremely challenging to visualize the jetting and breakup of inkjet-printed droplets, as they are very
fast and very small: For any high-speed camera, for high frame rates a dichotomy between good temporal resolu-
tion and good spatial resolution becomes unavoidable (Versluis 2013). For a given frame rate, the minimal properly
resolved length scale of a moving object is proportional to its velocity. The typical drop velocity for inkjet printing
is 10 m/s, the meniscus speeds are above 20 m/s, and the typical diameter of a droplet is about 20 pm. To visualize
the details of such dynamics, one requires a high-speed camera with frame rates up to 25 million frames per sec-
ond. Ultrahigh-speed imaging is highly relevant not only for the jetting of the droplet but also for its impact and
spreading on the substrate.

Alternatively, to overcome the challenges of ultrahigh-speed imaging, one can often take advantage of the gen-
erally very high reproducibility of the ink-jetting process and apply stroboscopic techniques (see, e.g., Hutchings
et al. 2007). van der Bos et al. (2011b) developed the so-called iLIF (illumination by laser-induced fluorescence)
technique, allowing for two sequential frames separated by 500 ns imaged with an illumination time of only 10 ns.
This technique can reveal the details of the jetted droplets and of the meniscus motion up to the optical limit of the
microscope (less than a micron) and has made the recording of the time series of jetted ink droplets in Figure 1
possible (van der Bos et al. 2014).

If applied to the bottom view of impacting droplets on a transparent substrate, high-speed photography can
also be connected with interferometric and total internal reflection imaging (Thoroddsen et al. 2003, Driscoll &
Nagel 2011, Bouwhuis et al. 2012, Kolinski et al. 2012, van der Veen et al. 2012, Shirota et al. 2016) to allow for,
respectively, micrometer and tens-of-nanometer resolution of the closing air pocket between the impacting droplet
and the transparent substrate, or to spatially and temporarily resolve the early solidification of a liquid droplet on a
supercooled substrate (Kant et al. 2020).

For the much slower evaporation process of the deposited drop or for droplets on the nozzle plate, less time
resolution is required, but still very high spatial resolution is needed, and preferentially in 3D. Two relatively new
techniques that have great potential for inkjet printing are confocal microscopy (Hell 2009), which allows for 3D
visualizations of flow within droplets, and digital holography microscopy (DHM) (Garcia-Sucerquia et al. 2006),
which can be seen as complementary to confocal microscopy, focusing on interfaces rather than on the bulk, as in
standard confocal microscopy. In the context of inkjet printing, DHM is ideal for high-precision visualizations of
thin (deforming) films and droplets with small contact angles.

There are many other very good reviews and even books on inkjet printing, with widely
varying focuses aimed at readers from various disciplines with varying objectives. Here we would
like to refer the reader to Wijshoff (2010) on the structure dynamics, acoustics, and fluid dynamics
of the piezo inkjet printhead operation; Dijksman (2019) on the design of piezo inkjet printheads;
de Gans et al. (2004) on the inkjet printing of polymers; Eggers (1997, 2005) on the fundamentals
of the breakup of the jet and the resulting droplet formation; Basaran (2002) on the more
applied aspects of these processes; Basaran et al. (2013) on the pinch-off and droplet formation
in nonstandard inkjets with complex liquids as inks; Derby (2010) on the printing of functional and
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NUMERICAL METHODS IN INKJET PRINTING

Any high-speed imaging of the inkjet printing process must be complemented by numerical and theoretical work, as
only then can one achieve an understanding of the mechanism and make predictions for other control parameters.
Commercial computational fluid dynamics codes such as Ansys/Fluent, Comsol, or Flow3D are helpful to gain an
overview, but for several applications they have limitations, often presumably due to numerical grid resolution issues
that sometimes lead to artifacts. Therefore, they should be cross-checked against and accompanied by scientific
codes.

Many of the numerical approaches can be used both on the ink channel side to describe the meniscus dynamics,
the entrained bubble, and the droplet jetting and pinch-off and, at the same time, on the receiving substrate side
to describe the droplet impact and spreading. It is crucial that the scientific codes and methods be benchmarked
against each other and against experimental observations.

Finite-element methods with sharp interface representations of the free surfaces are ideally suited for various
applications in the context of inkjet printing, such as jetted droplets (Antonopoulou et al. 2020) or droplets with
mass exchange, which occurs at evaporation (Diddens et al. 2017b). Both require a well-resolved interface with the
surrounding phases, which can be achieved with a mesh that is always conforming with the interface and, thus,
is adaptive. This requires comoving all mesh nodes accordingly with the interface, which can be done with a so-
called arbitrary Lagrangian—Eulerian algorithm (Notz & Basaran 2004; Heil & Hazel 2006, 2011; Diddens 2017).
Additionally, for multicomponent droplets or interfaces with surfactants, this technique has proven to be extremely
versatile (Tan et al. 2016; Diddens et al. 2017b; Kamat et al. 2018, 2020; Li et al. 2019a,b), but the challenge remains
to efficiently parallelize such codes.

A sharp interface can also be achieved with level set methods, which in the context of inkjet printing have been
used, e.g., to study droplet jetting out of ink chambers (Zhong et al. 2018) or droplet oscillations (Wang et al. 2019).

The volume of fluid (VOF) method (Josserand et al. 2009, Popinet 2018) is an Eulerian scheme that tracks the
interface (including surface tension) and in general allows for adaptive grid refinement. Implementations include
Gerris and the updated version Basilisk, which is an open source multiphase flow solver. With respect to VOF
methods implemented in commercial packages, Gerris has the major advantage of being open source, and thus it
allows for precise control of the models used and the possibility of adding new specific features.

Phase-field (or diffuse-interface) models have emerged over the past years as a comprehensive and versatile
modeling paradigm for multicomponent flows, enabling realistic descriptions of complicated physical phenom-
ena such as evaporation and condensation (Gomez et al. 2010, Liu et al. 2013), topological changes of fluid—fluid
interfaces due to coalescence and pinch-off (Jacqmin 1999, Kim et al. 2004), contact-line motion at fluid-solid in-
terfaces (Seppecher 1996, Jacqmin 2000), and elastocapillary effects of complex fluids on elastic solid substrates (van
Brummelen et al. 2016).

Lattice Boltzmann methods are based on coarse-grained versions of the molecular theory of fluids and allow for
massive parallelization. They have been adapted to capillary phenomena, surface wetting, and suspension droplets,
including phase transitions such as evaporating droplets (Aidun & Clausen 2010, Harting et al. 2014, Hessling et al.
2017).

structural materials and the formation of drops of complex fluids; Le (1998), Martin et al. (2008),
and Castrejon-Pita et al. (2013) on the technological aspects of inkjet printing; Wijshoff (2018)
on various types of drop dynamics during the inkjet printing process; Josserand & Thoroddsen
(2016) on droplet impact on a solid surface; Yarin (2006) and Yarin et al. (2017) on drop impact
phenomena on solids and thin films; Quéré (2008) and Bonn et al. (2009) on the wetting and
spreading of liquids on substrates; Cazabat & Guéna (2010) and Erbil (2012) on the evaporation
of single-component liquid droplets; Brutin & Starov (2018) and Zang et al. (2019) on single- and
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QUASI-PARALLEL FLOW APPROXIMATIONS IN INKJET PRINTING

Quasi-parallel flow approximations of the Navier-Stokes equations with their respective boundary conditions
are extremely powerful in various situations in inkjet printing. Mathematically speaking, they can be seen as long
wave expansions (Eggers 1997, Oron et al. 1997). They can be applied when the flow velocity in one direction is
much larger than in the other ones or, correspondingly, when the flow geometry is such that the spatial extension in
one direction is much smaller than in the other ones. Here we briefly sketch four examples in the context of inkjet
printing.

The jetting flow velocity is much faster than the flow velocity in the direction perpendicular to the jetting
direction (see the section on challenge @ below). In this context the quasi-parallel flow approximation is called
slender jet approximation, thanks to which the Navier-Stokes equations and the Laplace equation for the free
interface can be simplified to two coupled partial differential equations for the radius of the jet and for the liquid
velocity, as functions both of the axial distance and of time (Eggers 1997, Eggers & Villermaux 2008). Obviously,
this breaks down if, for fixed axial position, the interface is no longer single valued, but is instead three valued, due
to overhanging structures like bulky droplets close to a pinch-off position. For a detailed comparison between the
full simulation and the slender jet approximation (see, e.g., Ambravaneswaran et al. 2002).

Just before drop impact, the ink spreads radially outward, skating on a very thin film of air that can be treated
within a thin film approximation or lubrication approximation (Mandre et al. 2009, Bouwhuis et al. 2012, Mandre
& Brenner 2012) (see the section on challenge ©). Here, remarkably, one can apply the viscous lubrication approxi-
mation for the thin air film between the drop and the substrate, as its thinness implies a very small Reynolds number.

After touchdown of the droplet, again the thin film equations (Oron et al. 1997, Craster & Matar 2009) can be
used to describe droplet spreading on the substrate or on a thin film (Gaver & Grotberg 1992, Bonn et al. 2009)
and wetting phenomena (Snoeijer & Andreotti 2013), including droplet coalescence (see the sections on challenges
@ and @). This also holds for wetting phenomena and drops with small contact angles on the nozzle plate (see the
section on challenge ©).

Finally, for small contact angles, i.e., for very small heights of the droplet as compared to its lateral extension,
the droplet evaporation (see the section on challenge @) can also be described within a lubrication approximation
(Deegan et al. 1997, Marin et al. 2011, Diddens et al. 2017a), as then the flow velocity parallel to the substrate is
dominant.

multiple-component drop evaporation, including application aspects; Sefiane (2014) on patterns
from drying droplets; and Lohse & Zhang (2020) on the physicochemical hydrodynamics of mul-
ticomponent droplets, including their evaporation. Finally, we mention the handbooks by Hoath

(2016) and Zapka (2017).

CHALLENGE ©: FLUID DYNAMICS AND ACOUSTICS IN THE
DROP-ON-DEMAND INKJET PRINTHEAD

The most controllable inkjet printheads are based on piezoelectric devices. In such devices
(Dijksman 1984, 1999; Antobe & Wallace 2002; Feng 2002; Shin et al. 2003; Magen & Gottlieb
2004; Meacham et al. 2005; Le 1998) a voltage pulse applied to a piezoelectric element causes
it and thus the ink-filled channel to deform, thereby creating a pressure wave in the ink. Fluid
acoustics (Tijdeman 1975) is involved to guide the waveform energy toward the nozzle (typically
20-30 pum in diameter) and to create pressure and velocity profiles needed for the droplet jet-
ting process. The whole process from the electrical signal at the piezo actuator to its mechanical
deformation, the resulting pressure buildup, and, finally, to the jetting is schematically shown in
Figure 44, which also sketches a typical piezo inkjet channel. A commercial printhead consists of
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(@) Side view of a MEMS (micro-electromechanical systems) piezoacoustic inkjet channel, showing the principle of piezoacoustic inkjet
printers: The electrical signal applied to the piezo actuator is transferred to a mechanical deformation, which leads to a pressure
buildup in the ink chamber and, if large enough, finally to the ejection of a droplet, which is jetted toward a substrate. The membrane
connected to the piezo is shown at pressure maximum in red and at pressure minimum in dark blue. The ink (/ight blue), coming from
the reservoir, enters through a restriction, from where it flows into the actuation ink chamber. Below the actuation chamber a
feedthrough is placed, after which the nozzle (with a diameter and length typically around 20-30 pm) is reached. (5) Bubble
entrainment in the inkjet channel. Subpanels 7 and ii show typical bubble nucleation events, in subpanel i from a dirt particle entering
the nozzle from outside, and in subpanel i from a dirt particle floating inside the ink channel. The corresponding timing of the piezo
actuation pulse and the meniscus position can be seen from the pressure signal and the meniscus position shown between subpanels 7
and 7. Figure adapted with permission from Fraters et al. (2019b).

thousands of such channels. The piezo actuators are made with a thin layer deposition technique
(Briinahl & Grishin 2002, Funakubo et al. 2012). The advantages of the piezoacoustic MEMS de-
vices are the very high printing precision (i.e., small drops), the very fast printing rate, and the low
production costs. Note that the dependence between the amplitude and frequency of the electrical
signal at the piezo actuator and the resulting pressure amplitude, and, thus, the droplet volume
and velocity, is highly nonlinear, and resonances play a major role (Wijshoff 2010).

What are the typical acoustic pressure amplitudes which are required for jetting the droplets?
Following Wijshoft (2010), we take as example a nozzle diameter of 2R, = 30 pm, corresponding
cross section A, a nozzle length of L, = 100 um, a rise time of the driving wave of 5 ps, and a
droplet firing speed of # = 7 m/s, which is similar to the flow velocity in the nozzle. The material
properties of the ink are roughly p = 1,000 kg/m? for the density, n = 10 mP:s for the dynamic
viscosity, 0 = 0.05 N/m for the surface tension, and cos & ~ 1 for the cosine of the contact angle.
The pressures that have to be overcome to achieve jetting are the dynamic pressure pg = 1pu?,
to overcome inertia; the unsteady pressure p; = pL,du/dz, to accelerate the droplet; the capillary
pressure p. = 20 cos 6/R,,, which pays for the generated extra surface area; and an extra pressure
pv = 8nnLyu/A,, to overcome the viscous resistance of the nozzle. With the above-given material
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properties the corresponding values are pg &~ 0.25 bar for the dynamic pressure, p; ~ 0.5 bar for
the unsteady pressure, p. ~ 0.05 bar for the capillary pressure, and p, =~ 0.7 bar for the viscous
pressure. Together the nozzle pressure must be at least p, = pg + p; + pc + py = 1.5 bar to allow
for jetting at the required velocities. A more general model to estimate the various contributions,
based on a momentum balance, was developed by Driessen & Jeurissen (2016).

One of the further advantages of piezoacoustic inkjet printing is that by changing the actuation
amplitude, its waveform, and its frequency, the pressure amplitude and, thus, the droplet volume
and velocity can be modulated. In general, each channel and therefore each nozzle can be con-
trolled separately. However, one issue that must be taken care of is the so-called cross talk between
neighboring channels, meaning that pressure fluctuations in one ink channel are also partially felt
in the neighboring ink channel (Wijshoft 2010), given that the distance between neighboring
channels should be as small as possible in order to have a compact printhead.

Another huge advantage of piezoacoustic inkjet printing is that the piezoelectric element can
be used not only as an actuator but also as an acoustic pressure sensor between the pulses, which
allows the acoustics in each individual nozzle to be monitored in detail. This technique is called
PAINT (piezoacoustic sensing of ink channels in the time domain) (de Jong et al. 2006b).

CHALLENGE &: ENTRAINED BUBBLES IN THE INK CHANNEL

With the PAINT technique, de Jong et al. (2006b) succeeded at finding a correlation between
modifications of the pressure response of the ink channel and distortions of the jetting features,
namely, a reduction of the droplet jetting velocity. Under certain conditions such distortions can
develop after tens of millions of undistorted cycles. de Jong et al. (2006b) identified an air bubble
entrained into the ink channel as the reason for both a modified acoustical response and a reduc-
tion of the droplet jetting velocity. In the presence of such a bubble, the acoustic pressure building
up close to the nozzle is not fully released not only in the droplet jetting but also in the com-
pression of the entrained bubble. Sometimes, after some cycles, the entrained bubble is flushed
out together with the drop, but often it grows by rectified diffusion (Brennen 1995, Brenner et al.
2002): For high pressure in the ink channel, the entrained bubble is compressed and loses gas to
the surrounding ink, but during the low-pressure period, when the bubble is large, it can gain gas
from outside, as the ink contains some dissolved gas. For strong periodic driving, the growth can
win. The growing entrained bubble increasingly counteracts the pressure buildup in the channel
during the actuation pulse, leading to increasingly lower droplet velocities, until there is a total
breakdown of the jetting process (de Jong et al. 2006b, Lohse 2018). In a sense the PAIN'T method
allows one to listen to each ink channel and to hear entrained bubbles, so to speak. It thus also
allows one to solve the technological problem of the disturbing bubbles in the ink channel: Once a
bubble is detected, the acoustic driving is turned off. During this time other nozzles take over the
jetting. The bubble can then fully dissolve, allowing for a reactivation of the nozzle (de Jong et al.
2006b, Wijshoff 2010). Obviously it is much better to avoid the entrainment of bubbles altogether
in the first place.

The first evidence of the entrained bubble was thus only indirect, namely, acoustic. Later,
de Jong et al. (2006a) and Jeurissen et al. (2009) also succeeded at directly visualizing the en-
trained bubble by putting a nozzle plate made of glass between the ink channel and the standard
metal nozzle plate. By ultrahigh-speed imaging they could reveal the dynamics of the entrained
bubbles, both in size and in position. Jeurissen et al. (2008, 2009) and van der Bos et al. (2011a)
also developed a model to deduce the bubble size (and thus its growth) from the acoustic sensing
signal and successfully compared it with the direct optical visualization of the bubble.
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Later, Fraters et al. (2019b) further illuminated the bubble nucleation, translation, and growth
with an experimental silicon-based printhead with a glass nozzle plate, using high-speed imaging
that was triggered by changes in the ink channel acoustics (i.e., the PAINT signal). An example
for the bubble nucleation process in the ink channel is shown in Figure 4b. It can clearly be seen
that an impurity in the ink triggers the bubble nucleation upon its interaction with the oscillating
meniscus. The inception of cavitation on a dirt particle during the rarefaction pressure wave was
identified as a second possible mechanism for the formation of bubbles. Fraters et al. 2019b) even
obtained information on how much the entrained bubble reduces the acoustic pressure buildup
by employing the entrained bubble as a pressure sensor. They also discovered that the nucleated
bubbles translate toward the ink channel walls due to acoustic radiation forces and ink streaming.
The vortical flow near the oscillating meniscus was shown to trap impurities, thereby increasing
the probability of the particles—meniscus interaction and, correspondingly, of bubble entrainment.
In general, the probability of air bubble entrainment increases with increasing driving frequency
and with increasing driving pressure (Fraters et al. 2019b). In fact, it is the avoidance of bubble
entrainment that is one of the limiting conditions for inkjet printers to operate: Neither the ac-
tuation frequency nor the driving pressure must exceed certain thresholds. In the next section on
challenge ® we see why this is the case.

The above-described optical measurements were conducted with modified ink channels that
allowed for optical access. Do such mechanisms also apply to the real MEMS ink channels? With
the help of infrared imaging, Fraters et al. (2019a) were able to visualize the dynamics of the bubble
entrained in a real technological silicon printhead (which is optically inaccessible). This is possible
as the silicon of the printhead is partly transparent to infrared light. These experiments confirmed
the above-sketched picture of bubble entrainment and growth by rectified diffusion.

CHALLENGE ©: FLOW AT THE EDGE OF THE NOZZLE
AND ON THE NOZZLE PLATE

Under what conditions does the bubble get into the channel? The probability of an entrainment
event at the oscillating meniscus such as that shown in Figure 45 increases with increasing menis-
cus oscillation and, thus, with increasing driving pressure and actuation. Moreover, then the menis-
cus oscillations become more irregular and lose axial symmetry due to a Rayleigh-Taylor insta-
bility (van der Meulen et al. 2020). The (initially) exponentially growing meniscus distortions can
lead to bubble entrainment as well.

However, an ink film on the nozzle plate can also play a role, with a typical thickness of ~10 nm
(deJong etal.2007). Its emergence is aided by the inkophilic nature of the nozzle plate. On this film
a flow can develop and transport dirt particles toward the meniscus and then distort it, potentially
leading to bubble entrainment. This nozzle plate flow can have several possible origins. One is
simply air-induced flow due to the jetting of ink. This air flow can drag part of the ink in the film
toward the nozzle (see Figure 54). A concentration gradient in the film can be another origin for
such flow, as it induces a Marangoni flow (Scriven & Sternling 1960). Such gradients can develop
between neighboring nozzles that jet different inks or due to selective evaporation of one or more
components of the ink. The latter case is illustrated in Figure 5b. There, the ink in the nozzle is
well mixed, thanks to the acoustic field driving the flow, and therefore has the material properties
of the original ink. Further away from the nozzle in the ink film on the nozzle plate or in droplets
already sitting on the nozzle plate for longer periods, certain ingredients of the ink have selectively
evaporated. This induces a concentration gradient and thus a Marangoni flow along the film-air
interface (Beulen et al. 2007, de Jong et al. 2007). Once this flow is directed toward the nozzle, as
shown in Figure 5b, it can lead to transport of dirt particles into the nozzle.
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Fluid dynamics on the nozzle plate. (#) The jetting of droplets induces an air flow along the jet and also toward the nozzle due to
continuity above the surrounding nozzle film, which can partially be dragged along with the air. (4) Selective evaporation of one
component of the ink induces concentration gradients in the ink film, which has a thickness of about 10 nm (not drawn to scale) on the
nozzle plate, leading to Marangoni flows. Here, the high surface tension of the well-mixed ink inside the nozzle leads to a Marangoni
force on the ink—air interface, attracting liquid from ink film regions or droplets sitting on the film that have already been subjected to
evaporation for some time and have lower surface tension. (¢) Once a nozzle is at rest for some cycles, partial selective evaporation of
one component will lead to a modified surface tension and viscosity at the ink—air interface and, thus, to modified requirements for the
pressure pulse to jet the next drop.

Figure 5b also shows a droplet on the nozzle plate. Such droplets or ink bands (with a typical
thickness of # ~ 1-10 pm) on the nozzle plate can occur thanks to the overfilling of the noz-
zle during the high-pressure phase. They can be many tens of micrometers in diameter and can
communicate with the ink in the nozzle thanks to the surface tension difference Ao and the re-
sulting Marangoni flow. A simple dimensional analysis gives the scaling relation for the distance
x(t) between the droplet on the ink film and the nozzle as (Oron et al. 1997, de Jong et al. 2007)

x(t) ~ (bAa /m)'? (tg — )% 1.

that is, the droplet velocity #(t) ~ (hAo /n)'/*(ty — t)~/? diverges with time and the droplet is
sucked toward the nozzle with increasing velocity, where it can distort the meniscus oscillations,
just as with the dirt particle.

Selective evaporation of one component of a multicomponent ink can cause further problems:
Imagine a nozzle at rest for some printing cycles since the particular ink in that nozzle is not
needed. In that time—say, many seconds—one or more components of the ink can selectively
evaporate out of the nozzle. This changes the material properties of the remaining ink such as the
surface tension and the viscosity, and therefore, the required pulse strength for jetting once the
nozzle is activated again—a major source of inaccuracy. For example, when the remaining liquid
at the meniscus has a higher surface tension or viscosity than the well-mixed ink prior to (partial)
evaporation of one or more components, a larger pressure pulse is needed to jet the first droplets
after having paused the nozzle, which is clearly an adverse effect for the reproducibility of the
jetting process.
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Experimental results on end-pinching and escape from end-pinching. (#) Images showing the generation or formation of a filament
from a nozzle of diameter 2R and the temporal evolution of the filament’s shape. The minimal radius of the filament’s neck is Rin (?).
(b) Variation with normalized time 7 = #//pR? /o of the normalized minimum filament radius Ry = Rpin/R from three experiments:
(red curve) water, Ob = 0.0017; (green curve) water, Ob = 0.0023; and (blue curve) water plus the surfactant SDS (sodium dodecyl sulfate),
Oh = 0.0017. As also shown by the images depicted in panel ¢, the filament of water of Ob = 0.0017 end-pinches, whereas the other two
filaments escape from end-pinching. (¢) Images showing the filaments at two instants in time for the three cases in panel 4. Panels a—
adapted with permission from Kamat et al. (2020). (d) Four single-flash images from experiments (/ef?) shown alongside the
corresponding snapshots from numerical simulations with a finite-element method (right), for the same control parameters. Panel d
adapted with permission from Castrejon-Pita et al. (2011). (¢) Comparison between the experimental and numerical result for a case of
colliding droplets. We show the experimental evolution (/ef?) and the numerical results (ight) at different times. The numerical droplet
evolution is calculated from the experimental volume and velocity distributions at # = 0 ps. The color scale represents the velocity.
Panel e adapted with permission from van der Bos et al. (2014).

CHALLENGE ©: THE JETTING PROCESS, PINCH-OFF,
AND SATELLITE FORMATION

For large enough pressure pulses that push the meniscus outward, jetting is finally achieved and the
droplet detaches from the ink filament, as seen in Figures 1 and 6. The droplet detachment pro-
cess is also called end-pinching. Figure 64—c compares a case in which end-pinching is achieved
(red curve in panel 5) with a case with only slightly higher viscosity [or, in dimensionless form,
Ohnesorge number (green curve in panel 4)] where the droplet escapes from end-pinching (i.e., re-
mains attached to the retracting meniscus; see the second pair of snapshots in Figure 6c¢). The tran-
sition between these two cases corresponds to the transition between the regime of printable fluids
(green area in Figure 3) to the regime of liquids thatare too viscous to print (blue area in Figure 3).
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The dynamics of the final phase of the end-pinching has been much discussed in the literature:
How does the minimal radius Ruin(#) approach zero with time? It depends on the regime: For
small O « 1, viscosity does not play a role, and from balancing capillary and inertial forces one
obtains the famous scaling law (see, e.g., Eggers 1997)

Ruint) ~ (0/0)" (t — )" 2.

The prefactor in Equation 2 is about 0.7. This capillary pinching of the liquid thread is described
by a similarity solution (Eggers 1993, Brenner et al. 1996, Day et al. 1998). For large Ob > 1,
viscous and capillary forces balance and one obtains (Papageorgiou 1995, Eggers 1997)

Roin(2) ~ (o /0) (to — 1), 3.

with a prefactor of about 0.071. These two scaling laws for the final phase of the pinch-off are
confirmed in various experiments and numerical simulations. In fact, the excellent agreement be-
tween experiments and direct numerical simulations holds not only for these scaling laws but also
for the full droplet jetting dynamics. An example is shown in Figure 64, but there are many more
in, for example, the papers by Notz & Basaran (2004), Xu & Basaran (2007), Castrején-Pita et al.
(2011, 2012, 2015), Anthony et al. (2019), Antonopoulou et al. (2020), and Kamat et al. (2020).

Moreover, van Hoeve et al. (2010), van der Bos et al. (2014), Mcllroy & Harlen (2019), and
many others showed that the numerical simulations within the slender jet approximation agree
very well with the experiments; van der Bos et al. (2014) achieved such a precision that even the
effect of air drag on the droplets could be identified. An example of the good comparison between
experiments and numerics in the slender jet approximation is shown in Figure 6e.

In DOD inkjet printing, end-pinching usually is the desired form of droplet formation, but
there are other mechanisms, such as droplet formation due to an instability of the filament (the
droplet’s tail). This can occur when viscosity is too low (i.e., too low Ob) and eventually lead to
satellite droplet formation. In Figure 3 we mark this regime in red, below the red horizontal line
Oh < 0.1, butvan Hoeve etal. (2010) have shown by experiments and numerical simulations in the
slender jet approximation that satellite droplet may already occur for slightly larger Ob and that
the threshold slightly depends on the pulse shape. Similar numerical results have been obtained
by Kim etal. (2012) and Mcllroy & Harlen (2019) and similar experimental results by Dong et al.
(2006) and Liu & Derby (2019), who also have given a nice overview on this subject, including the
(weak) dependence of the threshold to satellite droplet formation on the pressure pulse.

As first shown by Shi et al. (1994) and Brenner et al. (1994), the formation of satellite droplets
can be hierarchical, with a whole cascade of structures and satellite droplet sizes. Fraters et al.
(2020) succeeded at optically resolving four different hierarchies, with primary, secondary, tertiary,
and quaternary tails of droplets and satellite droplets down to femtoliters; however, not unexpect-
edly, the formation of the higher-order tails is irreproducible and therefore presumably controlled
by noise.

The competition between satellite droplet formation, end-pinching, and contraction to a sin-
gle droplet has more systematically and fundamentally been studied in the simpler geometry of
a long cylindrical ligament by Stone (1994), Schulkes (1996), Driessen et al. (2013), Anthony
et al. 2019), and others. Despite the simplification of the geometry, the outcome is very com-
plicated and various types of ligament breakup scenarios can be achieved. For small initial distor-
tions, a pure breakup through the Rayleigh—Plateau instability can only be achieved for extremely
large aspect ratios of the filament, above ~100 (Anthony et al. 2019). In contrast, Driessen et al.
(2014) controlled the jet breakup by exciting and superposing several Rayleigh—Plateau-unstable
modes (i.e., by applying large initial distortions of the jet). As summarized by Basaran et al. (2013),
next to the filament breakup by the Rayleigh—Plateau instability, in the case of temperature or
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concentration gradients the ligament can also break up by a thermocapillary instability or a
Marangoni instability, respectively.

Satellite droplet formation in DOD inkjet printing is obviously unwanted. However, it need
not be as bad as it seems, as the satellite droplets may get recollected again by the main droplets.
One example by van der Bos et al. (2014) for the collision between the main droplet with the
satellite droplet—both in experiments and in the nicely agreeing corresponding numerical simu-
lations in the slender-jet approximations—is shown in Figure 6e. Similar examples are given in
the numerical work of Mcllroy & Harlen (2019), who identify the conditions under which the
satellite droplets can merge again with the main drops. Obviously, these strategies will fail once
the satellite droplets are so small (for small enough Stokes number St) that they experience lateral
air drag forces and drift away from the jetting axis. Then they are a source of contamination.

How then to delay the formation of satellite droplets and extend the regime of printable fluids
(green area in Figure 3) toward smaller Ohnesorge numbers? One strategy is to fine-tune the
time variation of the pressure pulse (Dong et al. 2006, Fraters et al. 2020). A more drastic strategy
is to add surfactants (Kamat et al. 2018, 2020; Manikantan & Squires 2020) or use non-Newtonian
inks with some elasticity (Tirtaatmadja et al. 2006, Ardekani et al. 2010, Bhat et al. 2010, Hoath
etal. 2012, Keshavarz et al. 2015), characterized by a nonzero Deborah number De. One example
is given in Figure 6b,c, taken from Kamat et al. (2020), where the addition of a small amount
of the surfactant SDS (sodium dodecyl sulfate) suppresses even the end-pinching for otherwise
unchanged control parameters Ob and Re. The addition of surfactants or of liquid that allows
for some yield-stress can also considerably change the scaling laws (Equations 2 and 3) of the
end-pinching (Louvet et al. 2014, Wee et al. 2020).

A final aspect of the droplet’s travel between the nozzle and the substrate is connected with the
droplet’s shape oscillation: Since at pinch-off elongational forces are exerted on the droplet, after
pinch-off the free droplets undergo shape oscillations whose frequencies (Rayleigh frequency) are
set by the surface tension and whose damping is set by the liquid viscosity (Lamb 1932) or, in
dimensionless form, the capillary number Ca. Such shape oscillations have been visualized (Staat
etal. 2017) and numerically modeled (Basaran 1992, Wang et al. 2019). As this latter paper shows,
the deformation strongly and nonmonotonically depends on Cg, with a maximum around Ca =
0.7-0.8. Obviously, whether the droplet is elongated in the axial direction or compressed at the
moment of impact matters for the droplet’s spreading behavior on the receiving substrate.

CHALLENGE &: DROP IMPACT, SPREADING, AND SPLASHING

Apart from the droplet’s shape at the moment of impact, this spreading behavior is again deter-
mined by the Reynolds number and the Weber number (or Ohnesorge number) of the droplet
(see Figure 3). In addition, there are many other parameters that influence drop impact. Namely,
the spreading and splashing are strongly affected by the advancing contact angle between the liq-
uid and the substrate, the type and roughness of the targeted substrate (Quéré 2008; Xu 2007; Xu,
Barcos & Nagel 2007; Tsai et al. 2011), the impact angle (Mundo et al. 1995), the temperature
of the substrate (Tran et al. 2012, Quéré 2013), and even the ambient air pressure (Qian & Law
1997, Xu et al. 2005, Driscoll et al. 2010, Tsai et al. 2010), reflected in the Stokes number St of
the droplet at impact.

The reason for the relevance of the ambient air is that just before impact the air between the
drop and the receiving substrate is compressed. This pressure buildup leads to a deformation of the
drop, namely, a dimple formation (Thoroddsen etal. 2005, Hicks & Purvis 2010, Driscoll & Nagel
2011, Bouwhuis et al. 2012, Kolinski et al. 2012, Mandre & Brenner 2012) (see Figure 74). In the
early phase of the impact, the droplet is floating on air, so to speak. In fact, as Mani et al. (2010)
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Figure 7

The droplet during impact, spreading, and wetting, along with corresponding data. (#) The droplet just prior to impact: The pressure
buildup under the droplet leads to a droplet deformation, and an air cushion forms between the impacting droplet and the receiving
substrate. (b) The relative volume of the entrained bubble I,,/Vrop as function of the Stokes number St. Red squares are from
experiments, and blue circles are from numerical simulations. Panel 4 adapted with permission from Bouwhuis et al. (2012). (¢c) After
contact, the droplet radially spreads and a rim forms at the edge of the spreading drop, which can undergo a Rayleigh—Plateau instability
(not shown). Depending on the liquid and substrate properties, the droplet then either recoils or further wets the substrate thanks to an
advancing contact line. (d) Relative spreading R(2)/R for two different combinations of the Weber number /#¢ and Reynolds number
Re. The symbols are experimental data from Visser et al. (2015), and the solid lines are from the theory of Gordillo et al. (2019).

(e) Sketch of the contact radius R(?) for two scenarios: partial rebound and further wetting. (f) Universality of the maximum droplet
relative spreading radius [(Ry/Ro)? — (Rm(U — 0)/Ro)?]"/? after impact according to Equation 4 for various viscosities and liquids
(marked by different colors), as well as smooth (sguares) and rough (circles) surfaces. Panel fadapted with permission from Lee et al.

(2016).
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and Mandre & Brenner (2012) have shown, air is pushed out from the region between the droplet
and the substrate, and this air flow interacts with the droplet itself, which can lead to splashing (Xu
et al. 2005, Riboux & Gordillo 2014). Eventually, after touchdown, the dimple formation at the
bottom side of the droplet leads to the entrapment of an air bubble under the droplet (van Dam
& Clerc 2004, Thoroddsen et al. 2005, Bouwhuis et al. 2012, Lin et al. 2018). The relative volume
of this entrained bubble as compared to the volume of the droplet itself happens to be maximal
at the typical parameters occurring at drop impact in piezoacoustic inkjet printing. Taking again
a droplet diameter of 20 um, a velocity of 10 m/s, and ambient conditions, the corresponding
Stokes number is about St = 8,000, very close to the maximal value of the relative volume 13,/ Vrop
(Bouwhuis et al. 2012) (see Figure 7b). For larger impact velocities (or St), inertia dominates and
the effect of the air on the deformation of the droplet fades away, whereas for smaller velocities
(or St), capillarity takes over so that the droplet deformation through the air is counteracted, and
the entrained bubble is small as well. As Bouwhuis et al. (2012) showed, balancing the respective
forces in these two regimes results in the scaling laws V4, / Vo, ~ St and V3, /Virop St for the
relative bubble volume for small and large Sz, respectively.
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In inkjet printing, the flow of the escaping air prior to impact, the dimple formation, and the
resulting air bubble entrainment under the impacting droplet are unwanted effects, as the air flow
enhances splashing and the bubble entrainment can lead to modified optical properties of the drop
and reduce the direct contact between drop and receiving substrate.

After touchdown, in the second phase of the impact, the ink radially spreads outward, driven
by inertia (Figure 7¢). In the beginning of this spreading process the radius R, (#) of the touching

area obeys Wagner’ theorem, R, (t) = +/3RyUt (Riboux & Gordillo 2014), in nice agreement with
various experiments and numerical simulations over a large parameter range [see, e.g., Gordillo
et al. (2019) and Figure 7d]. Later capillary forces counteract this spreading, pulling back the ink
and leading to a rim formation at the edge (Eggers et al. 2010, Wildeman et al. 2016, Gordillo
et al. 2019) (see Figure 7¢). Additionally, viscous dissipation counteracts the spreading and, for
small Reynolds numbers, can even be dominant (Wildeman et al. 2016). During contraction, the
receding contact angle plays a role as well. The impacting droplet can also partially bounce in an
oscillatory way (Josserand & Thoroddsen 2016, Lin et al. 2018) (see the sketch in Figure 7e).
The balance between inertial forces, on the one hand, and capillarity and viscous forces, on
the other hand, determines the maximal radius R,,, = max,[R,(#)] of the spreading. As described by
Josserand & Thoroddsen (2016), various models have been suggested for the dependence R,,,/Ry =
f(Re, We) over the years. Here, we give the model by Laan et al. (2014) and Lee et al. (2016),

Ra\:  (RoU — 0\ ]"" ReSwels? B}

(R()) < Ry ) AW '

which is based on an interpolation between the capillarity-dominated regime (for small W%, with

Rn/Ry o We'”?) and the viscosity-dominated regime (for small Re, with Ry,/Ry o< Re'”*). Here

R (U — 0) is the maximal radius of a gently deposited droplet. The model has one free parame-

ter, A = 7.6, which is obtained from a fit to the experimental data. As seen from Figure 7f; these

are then well described over a large parameter range in the Re versus e parameter space. We

also refer the reader to Gordillo et al. (2019) for approximate analytical expressions for R(z) and
R (We, Re), which are based on mass and momentum balances.

For large enough impact velocity, the spreading rim can destabilize, either by a Rayleigh—
Plateau instability (Zhang et al. 2010, Agbaglah et al. 2013) or by splashing (Xu et al. 2005, Riboux
& Gordillo 2014, Josserand & Thoroddsen 2016); both mechanisms break the axial symmetry of
the process. For the latter the escaping air flow plays a central role. Riboux & Gordillo (2014)
worked out a predictive model for the onset of this splashing behavior. The splashing can also be
triggered by some roughness of the receiving substrate (Josserand & Thoroddsen 2016).

In the long term, wetting effects can play a role (Bonn et al. 2009), provided the contact angle
is small enough, for example, for ethanol droplets on glass (de Goede et al. 2019) or for silicon oil
(Tanner 1979). In that regime, Tanner’s law R(¢) ~ t'/1° holds (Tanner 1979, Kant et al. 2017) [see
Bonn et al. (2009) and the sketch in Figure 7e]. Finally, we note that surfactants can also modify
the drop impact dynamics (Zhang & Basaran 1997).

CHALLENGE ©: DROP COALESCENCE, DROP-FILM INTERACTION,
AND INK INTRUSION INTO PAPER

After impact, the jetted droplets can interact through capillary effects. Our understanding of the
merging (or coalescence) of sessile drops of pure and identical fluids (Figure 8#) has become
more detailed in recent years (Ristenpart et al. 2006, Kapur & Gaskell 2007, Lee et al. 2012,
Eddi et al. 2013, Sui et al. 2013). As compared to the coalescence of freely suspended droplets in
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Figure 8

(@) Merging of two neighboring droplets on the receiving substrate after contact due to capillary forces: side view (top) and top view
(bottom). (b) In contrast, for two drops of different liquids with different surface tensions, the one with the lower surface tension can
creep over the other due to Marangoni forces: side view (top) and top view (bottomn). (c) Two droplets on a thin viscous film can attract or
repel each other due to capillary forces, mediated by a visco-capillary wave on the thin film and induced by the droplets themselves: side
view (top) and a top view of an experimental realization for attraction (Hack et al. 2018) (bottom). (d) Self-arrangement by mutual
repulsion of droplets originally printed in a row on a thin liquid film. The only difference with respect to panel ¢ is the initial distance
between the droplets. Panels ¢ (bottonz) and d adapted with permission from Hack et al. (2018). (¢) Schematic of the ink entrainment
process into a porous substrate. Panel e adapted with permission from Pham & Kumar (2019).
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air, where the width of the neck scales as 7(¢) ~ (o/n)t log [0#/(nR)] in the viscous regime or as
7(t) ~ (0 R/p)"*+/* in the inertial regime (Eggers et al. 1999, Duchemin et al. 2003, Paulsen et al.
2011, Sambath et al. 2019, Anthony et al. 2020), for sessile drops the main complication is due to
the presence of the substrate, which introduces additional interactions that come with the com-
plexities associated to the spreading and pinning of contact lines (Bonn et al. 2009, Snoeijer &
Andreotti 2013). Considering these, Ristenpart et al. (2006), Hernandez-Sanchez et al. (2012), and
Eddi et al. (2013) obtained the scaling of the height A(z) of the bridge between the two droplets
for the viscous and inertial regimes, respectively (see Figure 84):

b(t) ~ 0%t and b(t) ~ F(O)o"p P s

In the viscous regime, which is the more relevant here, the width of the bridge now scales differ-
ently, namely as 7(t) ~ /Rb(t)/0 ~ 0*/*RV2a 12y~ 1/24 12,

In Figure 85 the coalescence of two droplets, consisting of different inks, is sketched. Though
of obvious practical relevance, in this case our understanding of the detailed coalescence dynamics
is far from complete. In the case of coalescence of different but fully miscible droplets, a large
enough surface tension difference at the interface (i.e., a large enough Marangoni number) will
lead to Marangoni flow, with the droplet of smaller surface tension liquid being pulled over that
with the larger one (Karpitschka & Riegler 2010), while the counteracting force in general is of
viscous nature. Such Marangoni flows can lead to unwanted effects, particularly if they transport
pigments, thus affecting the achievable resolution and color fidelity. In other cases the emerging
Marangoni flow between the droplets can help with mixing the droplets (bleeding of mixed colors)
(see, e.g., Sykes etal. 2020). For smaller Marangoni numbers below a certain threshold Karpitschka
& Riegler (2012, 2014) and Sykes et al. (2020) showed that the coalescence between the droplets
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can also be delayed, due to a competition between capillary pressure and dynamic pressure induced
by the Marangoni flow.

Cira et al. (2015) demonstrated that the interaction between neighboring droplets can even
occur when they are not touching each other, namely, through the ambient air by evaporation-
induced surface tension gradients. Thus, droplets can move in response to the vapor emitted by
their neighbors. Once droplets consisting of different liquids get in contact with each other, they
can also react (Jehannin et al. 2015). Then the crucial new parameter entering the game is the
Damkohler number Da, which compares the timescale of the chemical reaction with that of the
hydrodynamics.

In inkjet applications the ink often is deposited not on a dry substrate, but on a thin viscous
primer film consisting of (coalesced) prior droplets or a coating layer placed prior to the actual
printing process (see Figure 8¢). Then just prior to drop impact, both the dropletitself and the thin
film get deformed due to the air-cushioning effect (Hicks & Purvis 2011, Pack et al. 2017, Tang
etal.2019), and additionally, waves can emerge on the thin film. As Motaghian et al. (2019) showed,
surface tension differences between the droplet and the film can also lead to rapid spreading of
droplet on the film, jeopardizing precise droplet deposition.

Two drops placed close together on such a thin viscous film can interact via deformations of the
film: Hack etal. (2018) showed that the interaction can be either attractive or repulsive, depending
on the distance separating the two drops. The distance at which the interaction changes from
attraction to repulsion was found to depend on the thickness of the film and increase over time.
Hack et al. (2018) revealed that the origin of the nonmonotonic interactions lies in the appearance
of a visco-capillary wave on the thin film, which is induced by the drops. Using the thin-film
equation, they identified the scaling law for the spreading of the waves and demonstrated that
this governs the range over which the interaction is observed. A top view of the self-arrangement
of the droplets printed on the viscous film is shown in Figure 84, demonstrating that printing
straight lines on thin films can be challenging. This even holds for printed lines on dry substrates,
as Duineveld (2003) has shown.

Finally, the deposited ink droplet can also be absorbed into the substrate, provided it is porous,
such as paper (Gambaryan-Roisman 2014) (see the schematic sketch in Figure 8e). The timescale
of absorption is one of the key parameters that determines the maximum achievable printing speed.
The liquid ink can also result in an expansion of the porous substrates, leading to undesirable
instabilities such as waviness, curling, and cockling.

CHALLENGE @: EVAPORATION AND SOLIDIFICATION OF THE INK

The final stage of a droplet is its drying or solidification process, the latter happening either by
cooling or by chemical reactions, such as cross-linking of different ingredients of the ink.

The evaporation of an isolated sessile pure liquid droplet in volumes down to microliters is
today quite well understood. However, this is much less the case for the evaporation of pico-
liter colloidal droplets, which are the relevant ones in inkjet printing. Although the evaporation
of picoliter droplets will be governed by the diffusion of the vapor in the surrounding air, just
as for microliter droplets, differences may occur due to pinning/depinning effects on the surface
(de Gennes 1985, Bonn et al. 2009, Lohse & Zhang 2015) because, for picoliter droplets, the sep-
aration between the length scales of typical surface inhomogeneities and those of the droplet itself
is much less pronounced. Correspondingly, depending on the type of surface and the suspended
pigments, the droplet may evaporate in various different modes (Picknett & Bexon 1977, Stauber
et al. 2014, Zhang et al. 2015), such as the constant—contact radius (CR) mode, the constant—
contact angle (CA) mode, the stick—slip mode, or the stick—jump mode (Lohse & Zhang 2015). At
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Figure 9

Evaporation of different types of colloidal droplets with a pinned contact line. The lengths of the radially outward arrows show the local
evaporation rate, which is controlled by the vapor diffusion outside the droplet. In all cases the contact lines are pinned (i.e., evaporation
takes place in the constant—contact radius mode). (#) Pure liquid colloidal droplet, as in Deegan et al. (1997), leading to the coffee stain
effect. (b)) Binary colloidal liquid, where the more volatile liquid has the higher surface tension. Correspondingly, at the droplet—air
interface the flow goes inward toward the apex. Mean relative concentration of the less volatile liquid is indicated by darker shading. An
example would be a mixture of water (more volatile, larger o) and glycerol. (c) Binary colloidal liquid, where the more volatile liquid has
the lower surface tension. Correspondingly, at the droplet—air interface the flow goes outward toward the rim. An example would be a
mixture of ethanol (more volatile, smaller o) and water. (d) Evaporating sessile colloidal droplets on a substrate under different
conditions: (left column) a colloidal water droplet on a dry substrate, (middle column) a colloidal water droplet on a lubricated surface, and
(right column) a colloidal water droplet seeded with the surfactant SDS (sodium dodecyl sulfate). (Top row) Schematic drawings. (Middle
row) Comparison of the final deposition patterns after full evaporation of the droplets in these three cases; the red dashed lines indicate
the original contact line positions. (Bottom row) Respective deposition profiles along the radius from the center to the original droplet
edge. In the first column, ring formation is seen due to the stick-slip evaporation mode. In the second column, the deposition is only at
the center of the droplet. In the third column, it is more or less homogeneous. Figure adapted with permission from Li et al. (2020a).

first sight, a pure CR mode may seem to be the most desirable one for inkjet printing, as the full
initial contact area remains wetted up to the very end. However, for colloidal droplets consisting
of a pure liquid, evaporation in the CR mode often implies ring formation of the deposit—the
notorious coffee stain effect (Deegan et al. 1997, Marin et al. 2011, Kaplan & Mahadevan 2015),
occurring in the final stage of the droplet drying process. The mechanism of the coffee stain ef-
fect is illustrated in Figure 94: Due to the geometric singularity at the rim, the evaporation rate
is highest there, transporting the liquid there. It takes along the colloid particles, which get stuck
there, forming a ring-like deposit. Obviously, in printing applications such stain formations are
highly undesirable.

How to overcome the coffee stain effect in inkjet printing applications? The answer lies in
the composition of the ink, which usually does not consist of a pure liquid but is designed as a
highly sophisticated mixture of multiple components, also containing surfactants. This complex
composition of the ink has a huge impact on the drying process: Due to the different volatil-
ities, selective evaporation may occur, leading to concentration gradients and thus Marangoni
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forces along the droplet—air interface. These induce flows inside the droplet (Scriven & Sternling
1960; Hu & Larson 2005; Christy et al. 2011; Bennacer & Sefiane 2014; Kim et al. 2016, 2017;
Tan et al. 2016; Diddens et al. 2017b; Karpitschka et al. 2017; Edwards et al. 2018; Kim & Stone
2018; Lietal. 2018,2019a; Marin etal. 2019), with all their consequences for the pigment distribu-
tion on the substrate. Two examples for binary droplet evaporation in the CR mode are shown in
Figure 9b,c, with different relations between the relative volatilities and surface tensions, leading
to flows in opposite directions and correspondingly to different deposition and coating patterns
(Cai & Zhang-Newby 2008, Han & Lin 2012, Kuang et al. 2014, Sefiane 2014, Kim et al. 2016).
For the case of Figure 95, the inward-pointing Marangoni forces can imply a so-called Marangoni
contraction, with an effective contact angle larger than expected from the Young—Laplace equation
(Karpitschka et al. 2017).

The strength of the Marangoni flow can vary over a large range. For large Marangoni numbers
Ma it can be so violent—with velocities exceeding millimeters per second—that the axial symme-
try breaks (Kim et al. 2016, Diddens et al. 2017b). In contrast, for small M it can be so weak that
the liquid mixes insufficiently. Consequently, the selective evaporation of one liquid can lead to
segregation of this liquid in the center of the droplet thanks to shielding by the other, nonvolatile
liquid (Karpitschka 2018, Kim & Stone 2018, Li et al. 2018).

The dynamics of evaporating binary sessile droplets is further complicated once surfactants
also come into play (Kim et al. 2016, 2017; Marin et al. 2016; Bruning et al. 2018; Li et al. 2020b;
van Gaalen et al. 2021). These and the composition of the binary droplet strongly affect the pattern
of the deposit, as Kim et al. (2016) demonstrated with evaporating whisky droplets. By combining
surfactants with a lubricant oil layer, Li et al. (2020a) could even fully suppress the coffee stain
formation (see Figure 9d).

A plethora of further phenomena can emerge for evaporating droplets: Ristenpart et al. (2007)
showed that thermal effects connected with the thermal conductivity of the substrate can invert
the internal flow in the evaporating droplet and thus strongly affect the deposition pattern, with
thermal Marangoni forces playing a crucial role. Additionally, Talbot et al. (2012) and Schofield
etal. (2018) worked out the influence of thermal effects on the lifetime of the droplets and showed
that they can significantly extend it. Marin etal. (2019) revealed that the solutal Marangoni stresses
originating from dissolved salts also strongly affect the internal flow in the droplet and thus the
emerging stain pattern. Wang et al. (2021) added different concentrations of hygroscopic salts
to the droplet and could thus tune its vapor adhesive versus evaporative properties, revealing rich
and diverse flow dynamics according to the competition between capillary and thermal and solutal
Marangoni forces. Williams et al. (2021) experimentally and theoretically studied the spreading
and retraction of an evaporating sessile droplet of a volatile binary mixture on a substrate with
high wettability (i.e, with a precursor layer), as well as how this depends on the various control
parameters, including thermal effects.

For droplet evaporation on a porous substrate such as paper the remaining deposit tends to
be more homogeneous, as infiltration of the colloidal liquid into the pores can win over particle
motion (Dou & Derby 2012, Boulogne et al. 2015, Pack et al. 2015, Pham & Kumar 2019), giving
an opportunity to overcome the coffee stain effect, namely, when the combined effect of infiltration
and evaporation is faster than the timescale of advective and diffusive particle transport.

Finally, we mention that the evaporation of an isolated sessile droplet is of course the exception
in inkjet printing applications, where many droplets are closely placed on the receiving substrate
so that their evaporation processes affect each other, generally delaying evaporation due to mutual
shielding effects. This also affects the deposition pattern deposit each droplet leaves (Schifle et al.
1999, Wray et al. 2020).
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As already mentioned, beyond evaporation and droplet drying, other means of droplet so-
lidification have become increasingly important in DOD inkjet printing. For hot melt inks, this
involves solidification by cooling below their freezing temperatures and crystallization. Obviously,
the heat exchange with the substrate is of prime importance, as the spreading of the solidifying
drop is arrested when the liquid at the contact line falls below a critical temperature (de Ruiter
et al. 2017, Jalaal et al. 2018). In other cases the solidification is achieved by UV radiation trig-
gering polymerization or by chemical cross-linkers, which are brought into contact with a droplet
after deposition, leading to solidification (Visser et al. 2018). Many further cases of droplet solid-
ification of complex fluids droplets, including emerging mechanical instabilities such as buckling,
are discussed by Giorgiutti-Dauphiné & Pauchard (2018).

OUTLOOK, CHALLENGES, AND OPEN QUESTIONS

As empirical evidence over the last 40 years has shown, Moore’s law holds not only for the semi-
conductor industry but also for inkjet printing: The droplet jetting frequency per printhead grows
exponentially, roughly doubling every two years. In 1984 it was at 107 drops per second from all
nozzles of a printhead, going up to 10!! drops in 2020. We would like to stress that this is not a
law of nature but has required tremendous research and development efforts, and it will continue
to require these—if Moore’s law is supposed to be continued. In this final section we outline some
of the specific and, in particular, new fundamental fluid dynamics challenges that the community
has to confront in coming years in order to continue to be able to follow Moore’s law in DOD
inkjet printing.

Faster and More Stable Drop-on-Demand Inkjet Printing

In order to proceed toward faster inkjet printers with even smaller droplets, we need further quan-
titative understanding of the effect of the entrained bubbles on the acoustic field in the channel
and therefore on the droplet formation process. Moreover, we must find ways either to avoid air
entrainment or to get rid of the bubble faster than its passive dissolving, e.g., by applying some
kind of recovery pulse to the piezo actuator in an early phase after bubble entrainment.

"To achieve this, one must better understand the fluid dynamics within the printhead, including
the acoustics and the wetting properties at the nozzle, the droplet formation process, and the
droplet dynamics at the nozzle. This includes the actuation principles and performance, acoustic
ink channel modeling, mixing processes in the ink channel, the meniscus dynamics, air bubble
entrainment, and the wetting properties of the nozzle plate and its coatings.

However, to resolve the complicated meniscus dynamics and the dynamics of the entrained
bubble, it is clearly necessary to go beyond optical ultrahigh-speed imaging, toward imaging tech-
niques beyond the optical regime. Here, high-speed imaging with X-rays, following the pioneering
work of Agbaglah & Deegan (2014) and Agbaglah et al. (2015), offers an opportunity. With this
technique, it will be possible to image at length scales two orders of magnitude smaller that optical
imaging, thus allowing for the detection of bubble nuclei in the ink channel at a very early stage.

Colloidal Interaction

Many of the new challenges in piezoacoustic inkjet printing are due to the specific physicochem-
ical challenges of the multicomponent and multiphase nature of the ink. This holds in particular
for latex inks, which contain pigments as colloidal particles, with volume fractions of 10-20%
and particle diameters between 10 nm and 10 um. For the smaller particles, the van der Waals
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attraction is crucial, which can lead to aggregation and clogging. Its strength depends on the salt
concentration and can thus be tuned. Salt can be added not only to the ink itself but also through a
prelayer of a thin salty liquid or through salt crystals on the substrate. The repelling force between
the particles is due to steric stabilization by polymers or due to electrostatic interaction—these too
can be tuned. Both have a bearing on the ink behavior in the nozzle (clogging), on the nozzle plate,
and on the substrate (patterns like the coffee stain) and need fine-tuning, which must be based on
a thorough theoretical understanding, and not on trial-and-error. Presently, this understanding is
missing. A key question to address is: How is the droplet spreading affected by the presence of the
salt on the substrate, both from a mechanical and from a chemical point of view?

Film Formation by Evaporation

The jetted droplets eventually must form a film. For aqueous inks, with no organics involved, this
is simply achieved by evaporation: The pigments stay behind. For optimal quality of the print,
namely, a homogeneous film, droplet coalescence is essential. This holds on a short timescale of
milliseconds, but also on long timescales, as the drying process can take up to hours and even days,
as interdiffusion is a very slow process. It can be affected by surfactants, the chemical composition
of the ink’s carrier liquid, the particle size, their steric stabilization, and even cross-linking, but
also by the surface roughness, its porosity, and environmental conditions such as temperature and
humidity.

Surfactants

Surfactants deserve their own subsection or item in the list of open problems. Manikantan &
Squires (2020) call surfactants the “hidden variables controlling fluid flows,” and in DOD inkjet
printing they can play an essential role throughout the inkjet printing process, from the nozzle
plate flow to the droplet jetting and satellite formation, the impact, droplet—droplet and droplet—
film interactions, and drying (i.e., challenges ® through @). The variety of surfactants is huge and
our quantitative understanding of their impact on the fluid dynamics of DOD inkjet printing is
in its infancy.

Chemical Drying of Neighboring Droplets

What exactly happens when one reactant diffuses into a droplet of another reactant (e.g., from a
neighboring droplet or from some reservoir)? How does the reaction propagate from the droplet
surface where the two reactants first make contact? How does a two-component paint chemi-
cally dry through cross-linkers? Watching paint dry is in fact an interesting, relevant, and largely
unexplored science!

Film Formation by Polymerization by Ultraviolet Radiation

Nonaqueous inks, which contain organic liquids, are solidified by polymerization, often initialized
by UV radiation. The emerging films are more robust and used for outside applications. The
challenges are the same as for the film formation through evaporation in aqueous inks: The film
should be homogeneous. The UV radiation triggers a chemical reaction, often through cross-
linkers. With the timescale of the polymerization (i.e., with the intensity of the UV light), the
appearance of the film can be tuned: Once it is faster than the timescale of the droplet coalescence,
the film structure appears to be matte and the hilly structure of the original droplets is frozen in.
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Vice versa, once the curing timescale of the polymerization is slow, the droplets can fully coalesce
and equilibrate, and the appearance of the film is glossy. However, a quantitative understanding
of this competition process is still to be developed.

Multicomponent Droplet Evaporation Under an Air Flow

In industrial piezoacoustic inkjet printing, the multicomponent droplet evaporation takes place
not in still air, but under an air flow. This holds both for the nozzle side and for the paper side: Ob-
viously, air flow emerging from the paper that is processed will considerably enhance the droplet
evaporation. The new parameter entering is the Péclet number, given by the velocity of the paper
passing by the nozzle. Evaporation that is too fast on the nozzle side can have serious conse-
quences, such as ink drying in nozzles. This will block further jetting activity and thus must be
avoided.
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