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Abstract

Inkjet deposition enables a more efficient, economic, scalable manufacturing process for a wider
variety of materials than other traditional additive techniques. The interaction dynamics of
inkjettted droplets on surfaces are crucial for controlling the formation of the printed patterns, the
accuracy of which is critical to the functionalities of the printed device (e.g., electronics).
However, little research has been reported on this front due to the prohibitive computational cost
of simulating the dynamics of multiple droplet interaction on surfaces. Recently, Zhou et al. [1]
reported an efficient numerical solver based on Lattice Boltzmann Method (LBM) that enabled
the simulation of multiple droplet interaction dynamics on an ideal surface (i.e., smooth and
homogeneous). In this model, the final shape of the droplets always relax back to the equilibrium
shape (i.e., spherical cap) prescribed by the static contact angle of the idea surface, which does
not provide any useful information on the final printed pattern. In order to simulate the printed
pattern in real world, it is necessary to take into consideration of the contact angle hysteresis
phenomenon on a non-ideal surface, which is caused by the surface roughness and chemical
inhomogeneity of the surface. In this paper, a dynamic contact angle boundary condition is
developed to take into account the contact angle hysteresis effect based on the previously
reported LBM model. The improved LBM model was validated with experimental data from
literature. The influence of the printing conditions, droplet spacing, and surface conditions on the
two-droplet interaction dynamics were investigated with the validated LBM model. Interesting
phenomena were observed and discussed. The interaction of a line of six droplets on a non-ideal
surface was simulated to demonstrate the powerful capability of the developed numerical solver
in simulating real-world inkjet printing process.

Introduction

As a digital material distribution technology, inkjet has become an increasingly popular choice
for manufacturing, such as printed electronics and printing 3D structures. The interaction
dynamics between the droplets and the substrate are critical to the accuracy and quality of the
printed pattern, especially for electronics printing, where inaccuracy may lead to malfunction of
the circuits (e.g., shorting or breaking). Droplet impinging on a substrate is a century-old
problem that involves physics spanning multiple length scales, from Van der Waals force to
capillary length. A standard no-slip wall boundary would not apply to a moving contact line. A
full understanding of the contact line dynamics is still elusive [2]. Nonetheless, significant
research progresses have been reported over the past century, including experimental
observations [3-6], analytical modeling [7-10], and numerical simulations [11-15]. Most of prior
research focused on the spreading dynamics of single droplet on a substrate due to the difficulty
of conducting experiments on multiple droplet interaction and the prohibitive computational cost
for simulating multiple droplet interaction dynamics.

Understanding of multiple droplet interaction dynamics is important to understand inkjet
deposition as a manufacturing process. Zhou et al. [1] developed an efficient numerical
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algorithm based on the Lattice Boltzmann (LB) method that is capable of simulating multiple
droplet interaction dynamics on a solid substrate ~100 times faster than conventional commercial
software. Their research demonstrated that multiple droplet interaction dynamics is much more
complex than single droplet impingement dynamics, which are not only influenced by the
impingement velocity and fluid properties, but also further complicated by the droplet spacing
and the number of droplets. In their model, however, an ideal smooth and homogeneous surface
was used, which could not be used to simulate real-world inkjet deposition process because
droplets behave differently on a real surface than on an ideal surface.

Contact angle hysteresis, a phenomenon referred to the difference between the advancing contact
angle and the receding contact angle for a contact line moving in opposite direction at the same
velocity on a surface, often occurs on real surfaces due to surface roughness and chemical
inhomogeneity. Without contact angle hysteresis, the droplets would coalesce into a large droplet
sitting on the surface, which would make it difficult to print a line or other feature patterns using
inkjet. Therefore, in order to simulate inkjet deposition process, it is important to take into
account contact angle hysteresis. Similar to the contact line dynamics, research on the theory of
contact angle hysteresis is far from settled despite decades of research efforts have been devoted
to it [16, 17]. From a perspective of free energy, one explanation is that there exists a local
minimum in Gibbs free energy of the droplet between the advancing contact angle and the
receding contact angle and a contact angle larger than the advancing contact angle or smaller
than the receding contact angle is required to overcome this local energy barrier [18]. Extensive
research has also been reported on the numerical modeling of contact angle hysteresis. P. Spelt
developed a level-set approach for simulations of flows with multiple moving contact lines with
hysteresis [19]. Wang et al. developed a multiphase LB scheme for simulating the dynamic
behavior of a droplet sliding along a wall with contact angle hysteresis [20]. Kusumaatmaja et al.
also developed a LB model to simulate droplet behavior with contact angle hysteresis on
chemically patterned and superhydrophoboic surfaces [21].

However, none of the previous research has studied multiple droplet interaction dynamics on a
real surface with contact angle hysteresis, the understanding of which is critical to improve the
printing accuracy and quality of inkjet. In this paper, an efficient LB model is developed for
simulating multiple droplet interaction on a real surface based on the model in [1]. The LB
model is then validated against experimental data from literature [22]. Simulations are performed
with the validated numerical model to study two-droplet interaction under various conditions
with an objective of forming a uniform line on the substrate. Simulations of a line of six droplets
interacting with each other are also conducted to demonstrate the powerful capability of the
developed numerical solver in simulating real-world inkjet deposition process. Results show the
multiple droplet interaction dynamics in inkjet deposition process is much more complex than
the single droplet impingement dynamics examined by previous research. This paper provides
the first peek into this complex dynamics and discusses some interesting phenomena observed.
The rest of the paper is organized as follows. In section 2, the proposed LB model with contact
angle hysteresis is presented and validated. Results obtained from simulations with the validated
LB model are discussed in section 3. Conclusions are given in section 4.

Lattice Boltzmann Modeling
A. Lattice Boltzmann method for two-phase flows




The multiphase LB model used here was originally proposed by He et al. [23] and improved by
Zhou et al. [1]. Two distribution functions were used to track the evolution of the pressure field

and the phase composition of the fluid:
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where gi = gi(X, €i, t) and hi = hi(x, ej, t) are the distribution functions for tracking the evolution
of pressure field and phase composition C respectively, x is the spatial coordinates, e; is the local
particle velocity in the i" direction of a discretized velocity space, A is the time scale for local
particle distribution relaxing back to its equilibrium state, F is the external body force exerted on
a particle, p is fluid density, cs is the lattice speed of sound, which is a scaling factor that depends
on the specific lattice structure [24], u is the macroscopic velocity of fluid, M is mobility, Lis
chemical potential, gi® and hi© are the equilibrium distribution functions, and
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where p is pressure, ti is the weighting factor that depends on the specific lattice model, which is
usually identified as d-dimensional b-velocity DdQb model. A summary of different lattice
models can be found in [25].

A diffusive interface model is employed, in which the moving contact line is driven by the
chemical potential gradient to minimize the Gibbs free energy in the droplet. This resolves the
singularity issue caused by the no-slip wall boundary condition. This is realized by defining the
interaction force between the fluid particles F in a way such that the LB equations can recover
the macroscopic phase-field equations:
F=-Vy(p) +puvC+ pg (8)

where p is the chemical potential defined as derivative of Gibbs free energy with respect to C at
constant temperature and pressure:

w=4p(C—C(C— (C +Cp)/2)(C—Cp) +xVZC 9)
where B is a constant relating to bulk free energy, Ci and Cn equal to 0 and 1 respectively,
representing two different phases (i.e., liquid and surrounding air), and « is a parameter related to
surface tension c.

B. Contact angle hysteresis

When a liquid droplet is sitting on a solid surface, a static contact angle 6s, which can be
determined by the famous Young’s equation, is typically used to characterize the wetting
behavior of the liquid on the surface. In reality, the observed contact angles are usually not equal
to Os on a non-ideal surface. There exist many metastable states of a droplet on a solid, possibly
due to surface roughness or chemical inhomogeneity of the surface. When the contact angle is



increased to a certain extent, the metastable state will no long hold and the droplet will start
expanding (or advancing) on the substrate. This contact angle is often referred as the advancing
contact angle 6a. On the other hand, if the contact angle is decreased to a certain value, the
droplet will start contracting (or receding) on the substrate. This contact angle is referred as the
receding contact angle 0r. The difference between the advancing and receding contact angles is
called the contact angle hysteresis H:
H=10,—-6; (10)

The contact angle hysteresis for a solid surface can be experimentally measured using various
methods, such as direct measurement by telescope-goniometer [26], tilting plate method [27],
and the Wilhelmy balance method [28].

To implement the wetting boundary conditions for an ideal solid surface described by a static
contact angle 0s, most of previous research adopted a surface energy formulation by taking into
account the wall free energy through linear, quadratic, or cubic approximations [29, 30]. Recent
studies found a geometric formulation is computationally more efficient and accurate than the
surface energy formulation [1, 31]. In this paper, we expand the geometric formulation to model
the contact angle hysteresis. The geometric relationships are illustrated in Figure 1. In a static or
quasi-static situation, if the current contact angle is larger than the advancing contact angle 6a,
the contact line shall advance to reduce the contact angle in an attempt to bring the droplet back
to the metastable state. If the current contact angle is smaller than the receding the receding
contact angle 0r, the contact line shall recede. If the current contact angle 0 is in between of the
advancing contact angle 6a and the receding contact angle 6r, the contact line shall remain pinned
and the contact angle shall remain unchanged. In light of this analysis, the wetting boundary
condition for contact angle hysteresis is formulated as follows. At each time step during the
simulation, the current contact angle is first determined using the following relationship:
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Figure 1. lllustration of the geometric relationships of the advancing and receding contact angles

The following boundary condition will then be applied at every time step:
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where 0 = 0c ifer<ec<ea, and 0 = 6, ifec<er, and 0 = 04 if Oc > 0a.
This boundary condition enforces contact angle hysteresis effect on the surface, whether it is
caused by surface roughness of chemical inhomogeneity.

C. Validation

We implemented a numerical solver based on the proposed LB scheme and wetting boundary
condition with contact angle hysteresis. The numerical model was validated against the
experimental data obtained from S. Sikalo et al. [22] by simulating a single droplet impinging on
a non-ideal surface under the same conditions with the experiments. Two sets of experimental
data were selected. The liquid used was a mixture of water and glycerin with a density of 1220
kg/m?3, a surface tension of 0.063 N/m, and a viscosity of 116 mPa*s. The droplet size was 2.45
mm and a wax surface was used as the substrate with an advancing contact angle of 97° and a
receding contact angle of 90°. The impact velocities for the two experiments were 1.41 m/s and
1.04 m/s respectively, resulting in a Weber number of 93 and 51 respectively. Simulations were
performed with the LB solver and the change of the spread factor D* (defined as the ratio of the
diameter of the wetting area D to the droplet diameter Do) over time were compared. The results
comparison are shown in Figure 2. We can see that overall there is a good agreement between
the experiment and the simulation results. Since the proposed LB model is for solving the
governing equations for the multiphase flow dynamics, it is appropriate to use this validated
model to study multiple droplet interaction dynamics although the validation is based on single
droplet dynamics, because the governing equations for single droplet and multiple droplet
dynamics are the same.
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Figure 2. Validation of the LB solver against the experimental data from S. Sikalo et al. [22]. Experiment 1: impact velocity 1.41
m/s; Weber number 93; Reynolds number 36. Experiment 2: impact velocity 1.04 m/s; Weber number 51; Reynolds number 27.

Results and Discussion
Without a non-ideal surface, it would be impossible to use inkjet for printing patterns because all
the droplets will coalesce into a big droplet on an ideal surface and come to the equilibrium




shape that is only dictated by the static contact angle and gravity. On the other hand, a non-ideal
surface will have complex interaction with the droplets and the final printed pattern will not only
be influenced by the surface conditions, but also by the interaction dynamics (i.e., the evolution
of the shape of the droplets) that are also impacted by the printing conditions (e.g., droplet size,
ink properties, and impingement velocity) and the droplet spacing. Simulation of such complex
interaction dynamics is now made possible with the numerical model developed in this paper,
which affords us a digital tool to study how the printing and surface conditions will affect the
final outcome of the printed pattern.

One of the particular interests is to print a straight line (e.g., for conductive paths in electronics).
In order to obtain insights into the complex dynamics, we start from the simplest case, two
droplet interaction. In this section, we will investigate the effects of the printing conditions,
droplet spacing, and surface conditions with simulations. And we will also demonstrate the
powerful capability of the developed numerical solver in simulating the process of printing a line
of six droplets.

A. Effects of printing conditions on two-droplet interaction

Printing conditions include the impingement velocity of the droplet U, the fluid properties (e.qg.,
surface tension o, viscosity | and density p), and the droplet diameter Do. From previous
research [15, 32], the printing conditions can be characterized by two dimensionless numbers:

Weber number (We = pU?Do/c) and Ohnesorge number (Oh = p/,/poD, ). These two

dimensionless numbers divide the droplet interaction dynamics into four different regimes
characterized by the driving and resisting forces shown in Table 1.

Table 1. Four different regimes for characterizing the printing conditions

Oh < 1 (almost inviscid) Oh > 1 (highly viscous)

We > 1 (inertia driven) | Regime | (driven by inertia, | Regime IV (driven by inertia,
resisted by surface tension) resisted by viscosity)

We < 1 (surface tension | Regime Il (driven by surface | Regime Il (driven by surface
driven) tension, resisted by inertia) tension, resisted by viscosity)

Simulations for two-droplet interaction dynamics were performed with the developed numerical
solver. The droplet spacing (defined as the ratio of initial distance between the centroids of the
two droplets to the droplet diameter) is set to be 1.3. The advancing and receding contact angles
are set to be 120° and 60° respectively. Because of our interests in knowing how well the contact
angle hysteresis effect can keep the droplets stick to the locations on the surface where they are
deposited to prevent the surface tension from pulling them into a big droplet and thus form the
designed print pattern, two metrics were used to study the interaction dynamics. The two metrics
are footprint length and width and their definition is illustrated in Figure 3.

The evolution of the footprint length and width over time in the four regimes are shown in Figure
4 to Figure 7 along with the snapshots of the droplet interaction at different time instants. In
regime |, the Weber and Ohnesorge numbers are set to be 100 and 0.04 respectively. Therefore,
the inertia is dominating and viscous dissipation is small (i.e., high impingement velocity and
low viscosity). As shown in Figure 4, the droplets initially spread in both the x and y direction
(shown in Figure 3). The footprint length is larger because the two droplets are initially separated



at a distance in the x direction. The inertia drives the spreading of the droplets until they meet.
The timing of the meeting, mainly influenced by droplet spacing under the same printing
conditions, has profound impact on the evolution of the droplets interaction for two reasons. One
is the timing determines how much kinetic energy the droplets have before the meeting. The
other is the coalescence of the droplets will lead to a sudden release of interface energy, which
would be converted into kinetic energy. This sudden local change of energy around the meeting
location will change the rest of the evolution. In this case, as can be seen from Figure 4, after the
droplets changed from spreading to receding at the first peak (footprint width), the liquid at the
meeting location, gained extra kinetic energy from the coalescence of the interface, kept
spreading, and led to the second peak for the footprint width. The first peak and the second peak
occur at different locations as shown at t* = 3.36 (near the centroids of the droplets) and t* =
6.72 (near the meeting location). As the droplets kept deforming, the kinetic energy was
converted to surface energy and dissipated during the process. The surface energy was then
converted back to kinetic energy, leading to the receding of the droplets. One observation was
that the droplets were receding in the x direction while they were advancing in the y direction.
One possible explanation is that, because of the asymmetry in x and y direction, the surface is
more deformed in the x direction and therefore faces more “pressure” to recede as surface
tension prefers a minimum surface. After the coalescence of the droplets, if the leftover kinetic
energy is small, not enough to overcome the energy barrier imposed by the receding contact
angle, the droplets would come to equilibrium on the substrate at a contact angle larger than the
receding contact angle in the x direction and a contact angle smaller than the advancing contact
angle in the y direction, and maintain an elongated “line” as desired. However, if the leftover
kinetic energy is sufficiently large, which is the case for the simulation in Figure 4, the droplets
will recede in the x direction and eventually relax back to a single droplet sitting on the substrate
at the contact angle equal to or larger than the receding contact angle, as shown in Figure 4. This
will not the ideal printing condition for printing a line as the final length to width ratio is close to
1.
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Figure 3. lllustration of the definition of footprint length and width: defined as the ratios of the distance between two furthest
points along x and y direction to the droplet diameter. The contour is the cross section of the wetted area (i.e. the footprint) of
the droplets on the substrate at one time instant.

In regime 11, the Weber and Ohnesorge numbers are set to be 0.01 and 0.04 respectively. This is
a regime driven by surface tension and resisted by inertia (i.e., low impingement velocity and
low viscosity). Viscous force plays very little role. The surface tension drives the spreading of
the droplets in both x and y direction before they meet. Because surface tension is the
dominating force, a clear “hiccup” occurs when the droplets meet at approximately the time t* =
1 as shown in Figure 5. The meeting leads to a contraction in both the x and y directions due to
the sudden increase of energy pulling the liquid towards the meeting point. Then the droplets
start to recede in the x direction and spread in the y direction. Due to the contact angle hysteresis



effect, the droplets deforms to reduce the contact angle to become smaller than the receding
contact angle so it can recede (see t* = 1.01 and t* = 1.18 in Figure 5). Because the kinetic
energy is small, the liquid will stop receding in the x direction once it reaches a metastable state
(i.e., contact angle slightly larger than or equal to the receding contact angle), and stop advancing
in the y direction once the contact angle becomes smaller than the advancing contact angle. From
this analysis, it can be seen that the final shape of the droplets will be primarily determined by
the advancing and receding contact angles although the evolution history still plays a role. This
printing condition does produce an elongated “line” as desired and the length to width ratio is

1.55.
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Figure 4. Regime | (We = 100; Oh = 0.04): evolution of footprint length and width over time for two droplet interaction in regime
| along with their snapshots at different time instants. t* is dimensionless time.
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In regime 111, the Weber and Ohnesorge numbers are set to be 0.25 and 4 respectively. In this
regime, the viscous force is dominating (i.e., low impingement velocity and high viscosity). As
shown in Figure 6, after initial spreading upon contact with the substrate, the droplets are
dominated over by the viscous force and spread at a very slow rate. The meeting of the two
droplets spurs a quick receding in the x direction. Because the viscous dissipation is so high,
there is not enough Kinetic energy to overcome the energy barrier to advance or recede on the
substrate. Driven by surface tension, the droplets achieve different metastable states in x and y
directions due the asymmetry. The final footprint length to width ratio obtained from the

simulation is 1.24.
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In Regime 1V, the Weber and Ohnesorge numbers are 400 and 4 respectively. This regime has
high impingement velocity and high viscosity. The results are shown in Figure 7. In the
beginning stage, the droplets are “bombarded” onto the substrate at a very high velocity and they
deform quickly as shown in Figure 7 (i.e., a sharp increase in footprint length and width). In this
regime, the timescale of the inertial force is shorter than that of the viscous force, which is
shorter than that of surface tension. Therefore, after the large deformation driven by the inertial
force during the short timespan in the beginning stage, the viscous force kicks in and slows
everything down. The footprint doesn’t change much during this stage, even though the meeting
of the two droplets during this stage doesn’t cause any obvious change, because viscous force is
dominating. In later stage at a longer time scale, the surface tension starts to drive the motion of
the droplets. Similar to regime I11, surface tension becomes the primary driving force and most
of the kinetic energy is dissipated by the high viscosity. Therefore, the droplets will enter
metastable states in between the advancing contact angle and receding contact angle based on the
energy evolution history. Due to asymmetry, the metastable states are different in the x direction
from in the y direction as the droplets are receding in the x direction and advancing in y
direction. In this case, the final length to width ratio is 1.44, which is in an elongated “line”.

B. Effects of droplet spacing and surface conditions on two-droplet interaction

Other than the printing conditions, the droplet spacing and surface conditions (i.e., the advancing
and receding contact angles) also play significant role in determining the outcome of the droplet
interaction dynamics. Because most of the inkjet printers operate in regime | (i.e., high
impingement velocity and low viscosity), we have performed simulations with the validated
numerical model in regime | with different droplet spacing and surface conditions. The Weber
and Ohnesorge numbers are set to be 100 and 0.04 respectively, the same as in previous section.
The receding contact angle is fixed at 30°. The advancing contact angle is varied such that the
contact angle hysteresis H (defined in Eq. (10)) varies from 10° to 90°. The droplet spacing is set
to 1.6 and 2. A total of 8 simulations were performed with different combinations of contact
angle hysteresis and droplet spacing. The evolutions of footprint length and width over time are
plotted in Figure 8 and the snapshots of 4 of these simulations are shown in Figure 9.

The first observation is that the results are very different from Figure 4, where the footprint
length is almost equal to the footprint width. In Figure 8, however, we can see that the footprint
lengths are larger than footprint width, leaving desirable elongated “lines”. This is a result of the
surface conditions. Because of the small receding angle, it becomes more difficult for the
droplets to recede. Since the droplets spread further in x direction due to the asymmetric
geometry, the final footprint is longer in the x direction than in the y direction. The ratios of the
footprint length to width are not the same, however. They depend on the evolution dynamics.
The final footprint length to width ratios for the 4 simulations in Figure 9 are 1.63, 1.45, 2.19,
and 2.06 for cases a, b, ¢, and d, respectively. Generally, a larger droplet spacing will lead to a
larger footprint length to width ratio.

The second surprising observation is that the footprint length to width ratio decreases with larger
contact angle hysteresis. This result is very counter intuitive because the intuitive sense is that we
would get a larger difference in x and y direction as contact angle hysteresis increases. It should
be noted, however, this observation is not generally true. As will be shown later in the paper,
under different conditions, a larger hysteresis would lead to a larger difference between the



footprint length and width. By carefully watching the evolution dynamics of these simulations,
we believe the reason is as following. When the droplets meet, the interface coalesces and starts
to advance on the surface in the y direction at the meeting location. Since receding contact angle
is fixed, a larger hysteresis means a larger advancing contact angle, which would make it more
difficult for the droplets to advance in the y direction. As a result, it creates an extra pull in the x
direction, causing the droplets to recede faster in the x direction.
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Figure 8. Evolution of footprint length and width over time in regime | (We = 100; Oh = 0.04) at different droplet spacing (DS)
and contact angle hysteresis H (defined in Eq. (10)). The receding contact angle is fixed at 30°.

The third observation is also very surprising. As shown in Figure 8, the footprint width
converges to the same value for the simulations with the same droplet spacing regardless of the
contact angles. Normally for an ideal surface, the footprint would be the same for the same
contact angle. We believe one of the necessary conditions for this result is that the receding
contact angle needs to be the same. As will be shown later in the paper, when the receding
contact angles are not the same, the footprint width will not be the same even with the same
droplet spacing and the same contact angle hysteresis. It seems receding contact angle plays a
more important role than the advancing contact angle in influencing the interaction dynamics.

In order to compare and get a better understanding of the influence of the droplet spacing and
surface conditions, simulations with the exact same conditions (i.e., We = 100; Oh = 4; H = 30°
and 90°; DS = 1.6 and 2) were performed. The only difference is instead of fixing the receding
contact angle at 30°, the advancing and receding contact angles are chosen such that their
average is 90°. The results are plotted in Figure 10. As can be seen, two of the cases for contact
angle hysteresis of 30° did not produce a desirable elongated “line” (i.e., footprint length is
almost equal to footprint width). When the contact angle hysteresis becomes 90°, an elongated
“line” is produced. The ratio of footprint length to width increases with larger contact angle



hysteresis, which is opposite to the results in Figure 8. In addition, for the same droplet spacing,
the footprint width doesn’t converge, which is also different from Figure 8. From these
simulations, it becomes clear that the receding contact angle plays a more important role than the
contact angle hysteresis H in influencing the final footprint length to width ratio.

© , - il b
(*) . L) &F
t*=0.00 t*=3.36 t**=6.72 t*=0.00 t*=3.36 t*=672
t*=10.08 t*=13.44 t*=16.80 t*=10.08 t*=13.44 t*=16.80
t*=20.16 t*=123.92 t*=26.88 t*=20.16 t*=2352 t*=26.88
t*=30.24 t*=33.60 t*=36.96 t*=30.24 t*=33.60 t* = 36.96
| (@) s (b)
t*=0.00 t*=3.36 t*=6.72 t*=0.00 t*=3.36 t*=8672
t*=10.08 t*=13.44 t*=16.80 t*=10.08 t*=13.44 t*=16.80
t*=20.16 t*=2352 t*=26.88 t*=20.16 t*=2352 t*=26.88
t*=30.24 t* =33.60 t* = 36.96 t*=30.24 t*=33.60 t*=36.96
(c) (d)

Figure 9. Snapshots of two-droplet interaction over time in regime | (We = 100; Oh = 0.04) at different droplet spacing (DS) and
contact angle hysteresis H (defined in Eq. (10)). The receding contact angle is fixed at 30°. (a). DS = 1.6; H = 10°; the final
footprint length to width ratio is 1.63; (b). DS = 1.6; H = 90°; the final footprint length to width ratio is 1.45; (c). DS=2; H=10",
the final footprint length to width ratio is 2.19; (d). DS = 2; H = 907, the final footprint length to width ratio is 2.06.

C. Six-droplet interaction

As the number of droplets increases, the interaction dynamics will become more complex and
thus more difficult to predict, which could significantly compromise the much needed accuracy
and precision for manufacturing with inkjet. Many possible negative outcomes have been
reported, such as broken lines, undulating lines, and rounded squares [33]. The numerical solver
developed in this paper provides us a great digital tool for simulating and predicting the outcome



of the multiple droplet interaction dynamics on real surfaces for inkjet deposition. This section
presents a simulation of the interaction dynamics of 6 droplets in a line to demonstrate the
powerful capability of this numerical solver. The printing condition is the same as that in regime
I with a Weber number of 100 and Ohnesorge number of 0.04. The droplet spacing is set to be
1.6. The droplets are aligned sequentially in a line with the height of next droplet 0.2Do higher
than the previous one to mimic the condition in real inkjet process that the droplets do not land
on the substrate at the same time, but one after another sequentially. The advancing and receding
contact angles are set to be 150° and 30° respectively. The results are shown in Figure 11. As we
can see, the coalesced droplets neck at the location where they meet due to the large contact
angle hysteresis. This is because the large advancing contact angle make the coalesced interface
difficult to advance in the y direction. The necking eventually leads to the liquid break into
individual droplets with irregular shapes. Noticeably the two droplets on the two ends behave
differently than the rest of the droplets because they only have one neighboring droplet. After
breaking into individual droplet around t* = 20.40, the droplets then slowly advance on the
substrate and the droplets in the middle eventually merge back together. The two droplets on the
two ends, however, remain separate. This simulation shows a printed line with six droplets and
the final footprint length to width ratio is 5.15. The line is not as uniform as desired, and there
are two breaking points at the two ends, which are not desirable for electronics printing and
could be remedied by optimizing the printing parameters. This simulation demonstrates the
powerful capability of our numerical solver in simulating real-world inkjet printing process and
the possibility of using this powerful digital tool for improving our understanding of and
optimizing the inkjet printing process.
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Figure 10. Evolution of footprint length and width over time in regime | (We = 100; Oh = 0.04) at different droplet spacing (DS)
and contact angle hysteresis H (defined in Eq. (10)). The average of the advancing and receding contact angles is set at 90°.
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Conclusions
A powerful numerical model was developed based on the lattice Boltzmann method for
simulating the dynamics of multiple droplet interaction on a non-ideal surface in real-world
inkjet deposition process. Contact angle hysteresis effect was taken into account with a
geometric wetting boundary condition. The numerical model was validated with experimental
data from literature. The validated numerical model was then used to study multiple droplet
interaction dynamics on a non-ideal surface. In order to understand the complex interaction
dynamics, we started from the simplest case, two-droplet interaction. The two-droplet interaction
dynamics were examined with an objective to print an elongated “line” under different printing
conditions, droplet spacing, and surface conditions. Results show the final outcome heavily
depends on the history of the dynamics because there are many metastable states in between of
the advancing and receding contact angles. Drastically different results were obtained under
various conditions, which revealed the rich and complex dynamics for two-droplet interaction.
Simulations show the relative magnitude of the three competing forces (i.e., inertia, surface
tension, and viscous force) can significantly influence the evolution history of the droplets over
numerous metastable states. Theoretically speaking, there could be infinite possible final
outcomes for the interaction dynamics under different conditions, which is in sharp contrast to
the droplets interaction on an ideal surface that always evolve into one single final state
determined by the static contact angle of the surface. This hypothesis is supported by the
simulation results in this paper. One interesting and counter intuitive observation from the
simulations was when the receding contact angle was fixed at 30°, the difference between the x
and y direction became larger with smaller contact angle hysteresis. Another set of simulations
showed the opposite under the same conditions except the receding contact angle was not fixed.
In addition, it was shown the final footprint width was independent of the contact angle
hysteresis with the same droplet spacing when the receding contact angle was fixed at 30°. The
results led us to believe that the receding contact angle plays a more important role than
advancing contact angle and contact angle hysteresis in determining the final footprint length to



width ratio. A small receding contact angle is preferred for producing a more elongated “line”.
Finally, the interaction of a line of six droplets was simulated to demonstrate the powerful
capability of our numerical solver in simulating real-world inkjet printing process. Therefore,
this solver can be used as a digital tool for understanding and optimizing real-world inkjet
printing process.
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