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Abstract

Ink-jet printing enables more efficient, economic, scalable manufacturing for a wide variety of materials
than other traditional additive techniques. The impact of droplets onto a substrate is critical for accuracy control
and optimization of the droplet deposition process. However, most previous research about droplet impact
focused on the spreading radius of the droplet, which does not provide enough information for manufacturing
purposes. This paper presents new methods to model and characterize droplet shape change during impact so
that the droplet deposition process can be optimized to build desired geometries. A validated numerical model is
used to study the shape change of the droplet impingement on a solid surface. A dimensional analysis is
conducted to reduce the number of parameters of the impact conditions by matching Reynolds, Weber, and
Froude numbers as well as possible. In addition, a new method of characterizing droplet shape is presented that
measures its similarity to a desired shape. The shape evolution of a wide range of impact conditions is simulated
with the validated numerical model using both physical and dimensionless quantities. The effects of the
dimensionless numbers on the shape evolution are examined and analyzed. Successive multiple droplets impact
is also simulated.

1. Introduction

Ink-jet printing is an emerging technology that provides a more efficient, economic, scalable method of
manufacturing than other additive techniques. A good understanding of the underlying physics of droplet
impingement onto a substrate is critical for accuracy control and optimization of the deposition process.
Although the interaction of drops with surfaces has been extensively and intensively investigated for over a
century [1], the development of comprehensive, predictive models has been difficult due to the complexity of
the process and the interactions among many physical phenomena, including fluid mechanics, phase change,
and surface chemistry. Nevertheless, numerous research progresses have been reported during the past century.
The contact angle hysteresis phenomenon was also observed [2] and analyzed [3-4]. Experimental studies have
been performed on the time evolution of droplet shape on a solid surface [5] and on impact regimes based on
the combination of driving forces and resisting forces to simplify the problem [6]. Splash phenomena have also
been studied, different causes for splash have been found [1, 7-9], and suggestions for avoiding splash have
been proposed, all of which are essential for ink-jet manufacturing. Different theoretical models [10-11] and
numerical models [12-16] have been proposed.

However, most of the previous research focused on studying the change of a single variable -- the droplet
spreading radius, which cannot provide enough information for manufacturing purposes. This paper presents a
new measure to characterize droplet shape change during impact so that the droplet deposition process can be
optimized to build desired geometries. With the new measure of droplet shape characterization, a dimensional
analysis is first conducted to reduce the number of parameters of the impact conditions. Then a wide range of
impact conditions are simulated with a validated numerical model [17]. Results show that it is possible to track
the evolving shape of a deposit formed by multiple droplets.

The rest of the paper is organized as follows. In section 2, a measure of droplet shape characterization is
presented. Section 3 gives a dimensional analysis of droplet impingement dynamics. In section 4, droplet impact
under a wide range of impact conditions is simulated and the droplet size effects are presented. Section 5 is
devoted to studying effects of dimensionless numbers on the shape evolution of droplet impact while successive
droplets impact under ideal conditions are investigated in section 6. Conclusions are given in section 7.
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2. Droplet Shape Definition

In order to build the desired geometry, it is desirable to optimize the droplet impact conditions so that desired
geometries can be fabricated. To accomplish this, the shape evolution of droplets during impingement needs to
be characterized and compared with the desired geometry. The many methods of shape representation can be
categorized generally into contour-based methods and region-based methods [18]. In this paper, the contour
based shape representation method is used. To characterize the droplet shape, the contour of the droplet is
obtained from the simulation using image processing techniques; a resulting droplet cross section is shown in
Figure 1.

With the contour, we can get the coordinates of the points on the contour, which are (x(j), y(j), where
j=1,2,..N). The centroid distance is used to represent the shape of the droplet as a shape signature, which is
defined as the distance between the boundary points and the centroid of the droplet shape. The centroid is
calculated by:

—1yN v —L1yN
Xc_ﬁ j=1%i, YC_E j=1Yi (1)

The centroid distance is defined as:

r() = V(x() = x)? + () — yo)? 2)
To overcome the problem of noise sensitivity, a Fourier transform is applied to the centroid distance vector r:
R(K) = BN, r(j)e?mU-DED/N 3)

The vector R can be used to characterize the droplet shape. In the same way, we can define a vector RR to
characterize the desired geometry. In this paper, the desired geometry is set to a uniform film (i.e., a rectangle in
2D). For uniformity, we define a rectangle that includes the droplet as shown in Figure 1.

Figure 1 Droplet included by a rectangle

The similarity between the droplet shape and the desired geometry can be evaluated by the Euclidean
distance between the two shape vectors R and RR, representing the simulated and the desired droplet shapes,
respectively. Therefore, a similarity coefficient 'R-Coefficient (RC)' can be defined to measure how close the
droplet shape is to the desired shape:

RC=1- [SI,(RO) - RRG)?/ [EL, RR()? @

The R-coefficient ranges from 0 to 1 and 1 means the perfect match between the droplet shape and the
desired geometry. Figure 2 shows how the R-coefficient is correlated with the droplet shape and how it changes
with time. It can be seen that the R-coefficient correctly characterized the similarity between the droplet shape
and the desired geometry.
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Figure 2 Change of R-coefficient during the droplet impingement

3. Dimensionless Analysis

To understand the effects of different fluid parameters on droplet impingement, a dimensionless analysis is
performed on the numerical model [17]. The phase-field method is used and the governing equations are:

PZ—IZ +pw-Vu=V-[-pl +n(Vu+ (V)] + pg + GV¢ (5.a)
Vou=0 (5.b)
o¢ A 3
§+M°V¢=V'(Z—Z)V¢,/1=%,V=Xez (5.c)
@ =-V-Vop+ (> — D¢ (5.d)
= Zﬁl' G = A_f (5.e)
3e &

where 2 is the fluid's density (kg/m3); u is the velocity vector (m/s); p represents the pressure (Pa); 1 denotes
the dynamic viscosity (Pa- s); y is the mobility (m’-s/kg), A is the mixing energy density (N), ¢ is a
dimensionless phase parameter and € (m) is the interface thickness parameter.

The physical parameters can be nondimensionalized with respect to the reference physical parameters:

U L L prerZ Yref
o U?
pref 77ref Uref Uref

where * stands for dimensionless, the subscript ‘ref” denotes the reference parameter.
Then equation (5.a) can be rewritten as:

L uou’ . A .
PrefP —1 + Drefp (Uu : T) Uu” =
vot*

* * * * *U U * % * ok * Ore v
e [_prefuzp | +77ref77 (V Z+Z(v u )T)] +prefgrefp g +G Ff{,zrd) (6.2)

Rearranging equation (6.a), we have
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Based on this analysis, the solutions of the governing equations under different impact conditions will be the
same as long as these three dimensionless numbers match with each other (The contact angle between droplet
and solid surface is limited to /2 in this paper). Therefore, instead of dealing with 6 physical parameters, we
can focus on these 3 dimensionless numbers. A numerical simulation is performed using this numerical model
with both the physical parameters and their corresponding dimensionless numbers, which are listed as in Table 1.

Table 1 Dimensionless parameters and physical parameters

Dimensionless Parameters | Physical parameters
u*f'l u=--10m/s
Pink =1 Pimi= 1000 kg/m"3
Pair = 0.0012 Pair= 1.225 kg/m~3
Ninie =1 Nink = 0.01 Pa*s
Nair = 0.0017984 Nair = 1.7894e-5 Pa*s
o =1 6 =0.07 N/m
g =1 2=9.81 m/s"2
D=1 D = 50e-6 m
Re=50
We = 69.4734
Fr =2.0387e5
Nink=Mink /Re = 0.02
Nair = Nair /Re = 3.6e-5
c=c /We=0.0144
g=g /Fr=4.905¢-6

The simulation results are compared as shown in Figure 3 and Figure 4. It can be seen that the results in
dimensionless domain match well with the results in the physical domain.
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Comparison of the change of R coefficient between physical domain and dimensionless doma
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Figure 4 Comparison of R-coefficient change between physical domain and dimensionless domain

4. Droplet impact under different impact conditions

This section is devoted to studying the droplet impact behavior under different impact conditions, i.e.
different combinations of the dimensionless numbers, so that we can know how to control the impact conditions
to make the droplet shape closer to the desired shape. According to [6], the droplet impact behavior is mainly
determined by the driving force and resisting force of the impact and can be divided into four different impact
regimes as shown in Figure 5. The Weber number can be used to characterize the driving force and the
Ohnesorge number, obtained from the rearrangement of Reynolds number and Weber number (Oh=(We)1/ 2/Re),
can be used to characterize the resisting force.
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Figure 5 Regime map for the spreading (redrawn based on [6])
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Another way to define Weber number and Ohnesorge number is to define them as a ratio of different
timescales. There are three different timescales during droplet impingement: spreading timescale Tgy |,
oscillation timescale t.s. and viscous timescale Ty;s:

_D, _ [eD3, _ pD?

Tspr = ' Tosc = o’ Tyis = n (7
Weber number can be defined as a ratio of oscillation timescale to spreading timescale while Ohnesorge
number can be defined as a ratio of oscillation timescale to viscous timescale:

We = (%92, Oh = =o€, )

Tspr Tyvis

The impact behaviors are simulated in the four different regimes. In regime I, spreading is driven by the
impact pressure and resisted by inertia. In the simulation, the Weber number and the Ohnesorge number are
100 and 0.01 respectively. The change of spreading radius and the R-coefficient with time are plotted as shown
in Figure 6. As can be seen, the aspect ratio of the optimal droplet shape is very low, which would result in a
lower manufacturing resolution than the droplet size. In addition, the oscillation is expected due to the small
Ohnesorge number (i.e. oscillation timescale is smaller than viscous timescale), and oscillations are across one
dimensionless time unit because Weber number is larger than 1 (i.e. oscillation timescale is larger than
spreading timescale).

Another important observation that can be made is the maximum R-coefficient is achieved before the droplet
achieves its maximum spreading radius as shown in Figure 6. This relationship holds true for all the regimes as
verified in the following. One possible reason is as follows. Upon impact, the droplet goes away from its
equilibrium shape (i.e. sphere-like cap or sphere) after it hits the substrate and the spreading is driven by the
hydrodynamic pressure (which is defined as the pressure difference in Bernoulli’s equation) and spreading starts
to decelerate due to the resistance of viscous and capillarity forces. Before the speed of contact line reaches 0
(i.e. the maximum spreading radius), the capillarity force outweighs the hydrodynamic pressure and dominates
the spreading and thus starts to restore the droplet shape back to its equilibrium shape. Since usually the R-
coefficient is achieved when the droplet is furthest away from its equilibrium shape.
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Figure 6 Change of spreading factor and R-coefficient with time in Regime I

314



In the second region, spreading is mainly driven by the capillarity force imbalance at the contact line since
the impact velocity is so slow that its effects can be neglected. Inertia resists spreading, which is followed by
under-damped oscillation. In the simulation, the Weber and Ohnesorge numbers are 0.01 and 0.01 respectively
and the results are shown in Figure 7. As can be seen, the aspect ratio of the optimal droplet shape is relatively
high, which could lead to a better manufacturing resolution than the droplet size. This suggests that the aspect
ratio of the droplet shape can be changed by changing the Weber number while keeping the Ohnesorge number
the same. Besides, oscillation exists because the Ohnesorge number is smaller than 1 and oscillations
disappeared after one dimensionless time unit because the Weber number is smaller than 1. In addition, the
relationship that the maximum R-coefficient comes before maximum spreading radius still holds true as shown
in Figure 7 although in this regime the two points are very close to each other because the Weber number is so
small that the capillarity force dominates the spreading from the beginning.

Change of R coefficient and Spreading factor with time in Region Il

0.9 T T ) T ) T T T T 14
0.88 ‘ ;
(o)
a
8
0.86 : 2
' : o
R coefficient 2
S 0.84 ¢ Maximum R coefficient __: 08 8
5 | N S Spreading factor 2
5 H H H w
8 . : : . ‘ . . - - &
© 082 | | N A I SR b b —06 5
[an : : : : : : : : : 5
3
H H 1 H H H H H H H c
0.8 i ] R e R e Fooeeee —0.4 35
H H : H : H H H H )
o
o
s s : ; ‘ i : : : 0
0.78 : : L S e I A — 0.2
0.76 | i i | 0
0 1 2 3 4 5 6 7 8 9 10

Dimensionless Time t =t*U/D
Figure 7 Change of spreading factor and R-coefficient with time in Regime II

In the third region, spreading is driven by the capillarity force and is over-damped by the viscous force so
that the inertial oscillations are absent. We simulated droplet impingement with a Weber number of 1 and an
Ohnesorge number of 10. The results are shown in Figure 8. As can be seen, the droplet shape starts to change
once it hits the substrate, while the spreading radius does not change much until a much later stage. Once again,
this confirms that the R-coefficient can show smaller and more detailed change during the impingement
process. In addition, the optimal droplet shape does not go very far away from its equilibrium shape due to the
high viscous force. Furthermore, the sphere-like shape is likely to cause voids in the parts during the
manufacturing process and thus is not a desirable shape, and the impingement process also goes much slower
which would lead to longer manufacturing time. Besides, the viscous timescale is smaller than oscillation
timescale (Ohnesorge number is larger than 1) and thus the oscillation is damped out. As the same as before, the
maximum R-coefficient comes before the maximum spreading radius as shown in Figure 8.
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Change of R coefficient and Spreading factor with time in Region Il1
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Figure 8 Change of spreading factor and R-coefficient with time in Regime III

In the fourth region, the impact pressure drives the spreading and the viscous force over-damps the spreading
so that no oscillation happens. The Weber number and the Ohnesorge number are both 100. The simulation
results are shown in Figure 9. As the same as in regime III, the high viscous force and the low inertial energy
significantly increase the spreading time and thus the manufacturing time and therefore is not a desirable regime
for ink-jet printing. This regime also gives the same relationship between R-coefficient and maximum spreading

radius.
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Figure 9 Change of spreading factor and R-coefficient with time in Regime IV

From the above simulation results, we can see that the spreading factor gives us less related information
about the droplet shape for manufacture purpose while the R-coefficient can better characterize the droplet
shape and give us more information about how to get the desired shape by controlling the impact conditions.
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In the regime map in Figure 5, the Froude number derived from the dimensionless analysis was not included.
Therefore, a set of simulations was conducted with various Froude numbers and the same Weber number and
Reynolds numbers to see the effects of the Froude number on droplet impact behavior. Another reason for doing
this is for the purpose of experimentation since it is difficult to conduct experiment at the micro-scale and it is
not easy to match up all the three dimensionless numbers at the same time when experiments are conducted at
larger size scales.

Our interested material is SR351 resin (a photopolymer with fast cure response and numerous applications)
[19] and the material properties at 250C are listed in Table 2.

Table 2 Material properties of the simulation

Medium Density Dynamic Surface

Viscosity Tension
SR351 | 1.109e3 kg/m’ 0.106 Pa*s 0.0361 N/m

Air 1.1839 kg/m’ 1.8616E-5 Pa*s

We are interested in the impact behavior of SR351 droplets at micro-scale for potential ink-jet printing
application. The Weber and Ohnesorge numbers are set to be 153.6 and 2.37 respectively. The material
properties are as listed in Table 2 and the droplet diameter is SOum. The Weber and Ohnesorge numbers are
matched up when the droplet size is scaled up to 200pum, 600pum and 1mm by changing the impact velocity and

material viscosity correspondingly as shown in Table 3. The simulation results are compared as shown in Figure
10 and Figure 11.

Table 3 Impact conditions with different droplet size

Droplet Diameter Corresponding Corresponding
Impact velocity Viscosity
50um 10m/s 0.1060 Pa*s
200pum Sm/s 0.2120 Pa*s
600um 2.8868m/s 0.3672 Pa*s
Imm 2.2361m/s 0.4740 Pa*s
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Figure 10 Spread Factor change with time for different droplet size
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R coefficient change with time for different droplet size
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Figure 11 R-coefficient change with time for different droplet size

As shown in the figures, the Froude number does not affect the droplet impact behavior much (the
discrepancies in the late stage of the impingement do not matter much since we care about the time range
around the maximum R-coefficient), which suggests that the regime map is effective in characterizing droplet
impact behavior and it is possible to conduct the experiment in macro-scale to get an estimate of the droplet
impact behavior in micro-scale. This can be further confirmed by comparing Froude number with Weber and
Ohnesorge numbers. We can see that in the above simulated impact conditions, the Froude number is over 500
(for droplet size of 1mm), which is much higher than Weber number (153.6) and Ohnesorge number (2.37).
Referring back to the dimensionless analysis in section 3 (Equation (6.b)), the contribution of Froude number is
much less than that of Weber number and Ohnesorge number.

5. Effects of Weber number and Ohnesorge number

This section is devoted to investigating how the Ohnesorge number and Weber number affect the shape
evolution of a single droplet, which includes the shape evolution pattern and the time point when the maximum
R-coefficient is achieved. Timing control is very important for manufacturing and can help reduce the
manufacturing time and thus the manufacturing cost while potentially improving part quality.

1. Effects of Weber number

In order to study the effects of Weber number on the droplet shape evolution, a number of simulations was
conducted with parameters listed in Table 4. All the parameters are kept constant except the impact velocity,
which is varied from 0.5m/s to 20m/s. To avoid the influence of the viscous force (i.e. to make the viscous force
small enough so that the role of Weber number in the shape evolution can be studied), the Ohnesorge number is
kept at 0.0813 while the Weber number changes from 369.59 to 0.23.

Table 4 Simulation parameters for Weber number sweep
Physical parameters

U=-[20, 15, 10, 8, 5, 3,2.5, 1, 0.75, 0.5]m/s
pim= 1.1827¢3 kg/m"3
Pair=1.225 kg/m”3
Nink = Se-3Pa*s
Nair = 1.7894e-5 Pa*s
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o = 0.064N/m
g=9.81 m/s"2
D =50e-6 m

As mentioned above, there are three different forces playing roles in the spreading of the droplet, which are
the hydrodynamic pressure, the surface tension and the viscous force, corresponding to the spreading time scale,
oscillation time scale and viscous time scale. The hydrodynamic pressure is defined as pU2 as in Bernoulli's
equation. Therefore, the three different forces can be defined as below:

F, = pU2D?; F4 = oD; Fyis =nUD;
where Fp, is the hydrodynamic force, F; is the surface tension force and Fy;g is the viscous force.

Hydrodynamic force comes from the kinetic energy, surface tension force comes from the surface tension
energy while the viscous force dissipates energy. During the droplet spreading, the hydrodynamic force tries to
deviate the droplet from the equilibrium shape and the surface tension force strives to restore the droplet shape
to its equilibrium shape. Without viscous force, the energy will be transferred between kinetic energy and
surface energy. However, the viscous force will dissipate the kinetic energy and the droplet will come to
equilibrium. So during the droplet impact, if the hydrodynamic force is larger than surface tension force, the
droplet will deform and the kinetic energy will be transferred to surface energy and dissipated by the viscous
force and therefore the hydrodynamic force will reduce until it becomes smaller than the surface tension force.
Then, the droplet will be relaxed back to its equilibrium shape under the surface tension force and in the
meantime the surface energy will be transferred to kinetic energy, which will result in hydrodynamic force and
if it's still larger than the surface tension force, this process will be repeated until the kinetic energy is
dissipated.
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Figure 12 Time point when maximum R-coefficient is achieved with different We number

With the droplet impact process in mind, we can define the dimensionless numbers in another way as the
ratios of the three forces:
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This definition gives more physical sense of Weber number for droplet impact and therefore can help with
the analysis of effects of Weber number.

The simulation results are shown in Figure 12. The changes of the maximum R-Coefficient time point and its
amplitude with respect to Weber number are plotted and the shape evolutions of representative time points are
plotted on top.

It can be seen that when Weber number decreases from its maximum value, the time required to achieve the
maximum R-coefficient increases, and the maximum R-coefficient decreases when the Weber number
decreases. The reason is because the droplet is deformed more and faster with larger Weber numbers since the
difference between hydrodynamic force and surface tension force is larger.

When the Weber number approaches 10 (10'), the maximum R-coefficient does not change much in this
transition area since the hydrodynamic force and the surface tension force influence the droplet shape around
the maximum R-coefficient time point and thus the third peak surpasses the second one as shown in subplot 4.
Then the two peaks merge together in this transition area as shown in subplot 5. When the Weber number
becomes less than 1, the spreading process is dominated by the surface tension and thus the maximum R-
coefficient time point does not vary much as shown in subplots 6 and 7.

The results are partially validated by experiments from the literature. Since very little shape data of droplet
impact exists in the literature, simulations are conducted with the same parameters as the experiments in the
literature [20] and the spreading factors are compared as shown in Figure 13. With the good agreements between
the simulations and experiments in the early stage of the droplet spreading, the shape information of the
simulations is compared with previous analysis as shown in Figure 12. As can be seen, the results agree well and

the slight discrepancy could be due to the different time resolutions used in the simulations and numerical
errors.

Comparison of spreading factor between simulations and experiments with different Weber number
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comes from Fig. 6 of [20])
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2. Effects of Ohnesorge number

To examine the effects of the Ohnesorge number on the droplet shape evolution, a series of simulations are
performed at the conditions listed in Table 5. As can be seen, all the physical parameters are kept constant except
the viscosity of the droplet, which is varied from Se-4Pa*s to 5Pa*s uniformly on a log scale. The Weber
number is kept at 100 while the Ohnesorge number ranges from 0.01 to 100.

Table 5 Simulation parameters for Ohnesorge number sweep
Physical parameters

U=-10m/s
Pink= 1000 kg/m*3
Pair=1.225 kg/m”3
Nink = 1Ologlo(5e—4)+(i—1)*10g10(5/5e—4)/50 Pa*s (i=1,2..50)
Nair = 1.7894e-5 Pa*s

6 =0.05 N/m

g =9.81 m/s"2

D =50e-6 m

The change of the time point of maximum R-coefficient is plotted against the Ohnesorge number as shown in
Figure 14. The evolution of the shape coefficient of several representative time points is plotted on top as well.

As stated above, the dimensionless numbers can be interpreted as the ratio of different time scales. To
facilitate the analysis of the results, the time scales are calculated as below:

pD3 pD?

= 5e — 6seC; Togc = = 5e — 5sec; Tyis = T = [5e — 7,5e — 3]sec

T = -
spr U o

When the Ohnesorge number is small, the viscous time scale is relatively large compared with the spreading
and oscillation time scales and thus the viscous effect is negligible on the early stage of the spreading. Since the
maximum R-coefficient always come at early stage of the spreading as shown before, the maximum R-
coefficient time point is nearly constant when Ohnesorge number is small as shown in subplots 1 and 2 in Figure
14 while the maximum R-coefficient still decreases due to the increasing dissipation of the kinetic energy as the
Ohnesorge number increases.

When the viscous time scale is getting smaller at subplot 3, where t,;s = 1.046e — 4 sec, the viscous force
starts to affect the peak of the maximum shape coefficient and the later peak replaces the earlier peak becoming
the maximum. As the viscous time keeps decreasing, the close-seated two peaks are merged into one peak as
shown from subplots 3 to 5.

When the viscous time scale approaches the oscillation time scale (i.e. Oh=1), the maximum R-coefficient
has an abrupt drop and is achieved when the droplet first hits the substrate as shown in subplot 6. When the
viscous time scale is getting close to the spreading time scale at subplot 7 (where Tyijs = 1.37e — 5sec ), all the
oscillations are damped out and the droplet shape just goes from the equilibrium shape in the air (i.e. a sphere)
to the equilibrium shape on the surface (i.e. a sphere cap) under the control of the surface tension force that
strives to restore the droplet shape to equilibrium shape at every moment. The maximum R-coefficient is thus
achieved at a much later time as shown in subplot 7. It should be noted that with Ohnesorge number larger than
1, the droplet does not deform much for its equilibrium shape and thus the R-coefficient is not good enough for
manufacturing purpose.
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Maximum achievable R-Coefficient and its corresponding time with different Ohnesorge number

10° T CTTTT T r710.94
o ReGosficient (ightaxs) |- T - - o £1 1S
i| —8— Dimensionless time (left axis) | P ' Pl
) IR i RS | P _____ 0.92
10 [ o : : [

-----------

*

Dimensionless Time t =t*U/D/+\We
>

<
w©

<
o)
[<=]

R-Coefficient

T I S R

10° A IR ) P
[ b 5§ et A SR A Bt SEEREEE SLEEE el 0.87
? A R R 0.86
: 000010 00001 : A : Poob o
-2 N K N N N HEEEEL N N N N K H K N N N Loror N N N N N .
10 1 I N 1 1 I O I B | 1 I I B I | 1 1 L 1 1111585
10° 10™ 10° 10’

Ohnesorge Number

Figure 14 Time point when maximum R-coefficient is achieved with different Oh number

6. Successive droplets impact

Besides studying single droplet impact behavior on the regime map, we can also explore multiple droplet
impact behaviors with the defined droplet shape coefficient (R-coefficient) to see if there is a way to improve
the droplet shape without changing the impact conditions. In this section, an ideal situation of successive
droplets impact is investigated. The ideal situation is where one droplet impinges on the solid surface and is
frozen instantly at the moment when its shape is closest to the desired shape. Then the next droplet hits on top
of the previous frozen droplet and is frozen instantly. This process is repeated for successive droplets.

The impact conditions are set to be Weber number equal to 71.42 and Ohnesorge number equal to 0.169 (or
Reynolds number equal to 50) and the Froude number equal to 2.0387ES. The first droplet impingement is
shown in Figure 2 and is frozen instantly when its R-coefficient reaches maximum. The second droplet
impingement on top of the first frozen droplet is plotted in Figure 15. Comparing Figure 15 with Figure 2, we
find that the best achievable shape is improved (i.e. the maximum R-coefficient for two successive droplets
impact is larger than that of the single droplet impact).
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Change of R coefficient with time for two successive droplets impact
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To further test this idea, multiple successive droplet impact simulations are conducted and the R-coefficient
is plotted against the number of droplets, as shown in Figure 16. As can be seen, the shape of the droplets is
getting closer and closer to the desired shape as the number of droplets increases, which suggests it is possible
to optimize the manufacturing process by controlling the droplet deposition and solidification process.
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Figure 16 Change of best achievable shape coefficient with number of droplets
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7. Conclusions

A shape coefficient is defined to provide more relevant information of droplets impingement for
manufacturing purpose, which enables the optimization of the manufacturing process of ink-jet printing to build
the desired geometry. The definition of the shape coefficient has been tested and is able to find the closest
droplet shape to the desired geometry during the droplet impingement. Then a dimensionless analysis of the
droplet impact is conducted and has revealed that three independent dimensionless numbers determine the
droplet impact behavior. The comparison between the simulation results in dimensionless domain and physical
domain validated the dimensionless analysis. A wide range of impact conditions on the regime map that is
composed of two of the three independent dimensionless numbers (i.e. the Weber number and the Ohnesorge
number) have been simulated and provided more information of the droplet impact behavior in terms of the
shape coefficient. The examination of the effects of the third independent dimensionless number (i.e. the Froude
number) on the droplet impact behavior is performed and it's shown that Froude number does not affect the
droplet impact behavior very much under interested impact conditions, which makes it possible to conduct the
droplet impact experiments in macro-scale to estimate the impact behavior in micro-scale. The close look of the
effects of dimensionless numbers on the shape evolution of droplet impact reveals that the best shape can only
be obtained in the early stage of the spreading and different shape evolution patterns with different Weber
number and Ohnesorge number are summarized and analyzed, which show that larger Weber number and
smaller Ohnesorge number give better R-coefficients. Other than the investigation of the single droplet impact
behavior on the regime map, the multiple droplets impact has also been explored. An ideal situation of
successive droplets impingement is examined, which shows that the droplets shape can be improved toward the
desired shape by increasing the number of droplets under this ideal situation.
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