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An improved analytic model to accurately determine the geometry of structures manufactured by molten
drop-on-drop deposition is presented. This deposition mode allows quasi-spherical deposited droplets to
be achieved and precise control over the geometry of the final manufactured structures. The model
exactly conserves the volume of the deposited material and matches the solidification contact angle
between consecutive deposited droplets, providing a precise geometrical description of the manufactured
structures. The proposed model is validated using results of experiments performed with several mate-
rials for the deposited droplets and substrate, and droplet radii ranging from 40 to 800 lm. A good degree
of agreement was found between theoretical and experimental results. A comparison with the well-
established Gao&Sonin model shows that the proposed model represents a major improvement, and
may be of great practical interest in industrial applications.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Additive manufacturing by molten droplet deposition has been
attracting much interest in recent years due to the digital nature of
the process, which allows high dimensional accuracy of the manu-
factured part to be achieved through the precise control of droplet
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deposition. A great deal of effort is currently being devoted to
understanding the complex phenomena involved in the deposition
process. One of the pioneer works on this subject was carried out
by Gao and Sonin [1], who studied, both theoretically and experi-
mentally, the dynamic and thermal aspects under some basic
modes of precise deposition and solidification of molten droplets,
and discussed the conditions required for controlled deposition.
These basic models include (1) drop-on-drop deposition to manu-
facture pillars, (2) sweep deposition to manufacture continuous
beads on flat surfaces and (3) a combination of both to manufac-
ture larger parts.

Another additive manufacturing process capable of producing
pillars is, for example, laser powder bed fusion [2]. In addition to
additive manufacturing, these pillars can also be produced by
high-speed electrodeposition [3], sinter molding [4], or micro-
machining [5,6]. Micro-machining can produce micro-pillars with
very close dimensional tolerances and very good surface finishes.
However, the size of the cutting tools and the forces acting on
the pillars during the cutting process severely limit the minimum
distance between pillars and the maximum aspect ratio between
pillar height and diameter. In general, the main advantages of addi-
tive manufacturing by molten droplet deposition compared to the
other processes mentioned above are the less expensive equip-
ment requirements, the greater flexibility to create structures of
high geometric complexity, and the ability to easily produce
multi-material objects.

The present work focuses on additive manufacturing by drop-
on-drop deposition. Fig. 1 shows two examples of structures that
can be manufactured using this deposition mode (the column on
the left is completely aligned with the deposition direction, while
the one on the right is not). There are many industrial applications
using the drop-on-drop mode, for which the accuracy in the geom-
etry of the manufactured structure is a crucial factor. Examples,
among others (see, e.g., a recent review in [7]), include chip-scale
Fig. 1. Examples of two columns of n ¼ 7 droplets manufactured by drop-on-drop
deposition. (a) Zero and (b) non-zero droplet deposition spacing, nj .

2

packaging [8], solder towers suitable for electrical interconnects
[9], manufacturing of precise metallic micro-components [10,11],
manufacturing of multi-metal components [12], micro-
manufacturing of structures using high melting temperature met-
als using a laser-based drop deposition technique [13]or a magne-
tohydrodynamic jetting technique [14], manufacturing of
structures using precious metals for advanced electronic compo-
nents [15], manufacturing of jewelry [16], and manufacturing of
wereable biosensors [17], bioactive coatings on implant materials
[18], and three-dimensional microarchitectural materials and
devices for a wide range of applications [19]. The size and number
of droplets required to build these structures depend on multiple
factors, such as their functionality or performance. For example,
one can find from sub-millimeter-sized connections that require
depositing only a few drops [20], to thin-walled metallic parts with
a size of several millimeters that require depositing dozens of
drops [21].

The influence of several operating conditions on the thermo-
fluid dynamics of the different phenomena involved during the
drop-on-drop deposition process to manufacture vertical metallic
columns has been investigated by several authors. Among these
operating conditions, the droplet temperature, substrate tempera-
ture and deposition frequency, were studied experimentally by
Fang et al. [22] for tin or by Fang et al. [23] for an aluminum alloy,
while the distance from nozzle to substrate and the impact velocity
of the molten droplets against the substrate were investigated by
Wang et al. [24]. Other detailed studies of the transient transport
phenomena that occur during the deposition and solidification of
multiple metal droplets over a static substrate to form micro-
columns were carried out numerically by Che et al. [25], and both
numerically and experimentally by Haferl and Poulikakos [26,27],
Gilani et al. [12] and Liu et al. [28].

The first analytic model to predict the final shape of structures
manufactured by drop-on-drop deposition was proposed by Gao
and Sonin [1]. They provided analytic relationships to estimate
the geometry of manufactured structures and to determine the
cooling and solidification times of deposited droplets. Based on
this model (Gao&Sonin model), authors like Chao [10] or Zhang
et al. [29], among others, estimate the geometry of structures
manufactured by drop-on-drop deposition and, recently, Zhang
et al. [30] performed a parametric mapping of the morphology
of structures manufactured under this deposition mode for differ-
ent spacings between consecutive deposited droplets (a discus-
sion on the errors in the deposition location and their influence
on the manufactured structure can also be found in [30]). How-
ever, none of these calculations rigorously preserves the volume
of the deposited material or coincides with the solidification con-
tact angle between consecutive deposited droplets, which makes
it difficult to obtain accurate predictions of manufactured struc-
tures under certain operating conditions. In this work, a new con-
servative analytic model that avoids the above limitations is
proposed and several experiments are performed for its valida-
tion. The improvement achieved with the proposed model may
represent an important advance in the prediction of the final-
shape of structures manufactured by droplet deposition under
the operating conditions considered in this work, and therefore
be of great help in process planning and manufacturing
automation.
2. Problem statement

Let us consider the manufacturing of columns by drop-on-drop
deposition of n molten droplets with initial radius Rin. The analytic
model proposed in this work is based on the following
assumptions:



Fig. 2. First deposited droplet. (a) Before and (b) after deposition (left picture,
h1 < p

2; right picture, h1 > p
2).
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� During the impact and spreading of molten droplets, capillary
forces dominate over the inertial effects, causing the deposited
molten droplets to rapidly reach a spherical shape.

� The frequency of droplet deposition is assumed to be suffi-
ciently low, so that a pre-deposited droplet solidifies com-
pletely before a new incoming molten droplet is deposited on
it. High values of the deposition frequency may produce an
excess of input energy, causing an incoming droplet to hit a pre-
vious one that is still in a mushy state. Good examples illustrat-
ing the importance to taking this consideration into account can
be seen, for example, from the numerical results presented in
[28](Fig. 11 and others) or from the experimental results pre-
sented in [22], where the mass of liquid that accumulates at
the tip of the column when using an excessively high deposition
frequency can lead to significant failures in the manufactured
pillar.

� The impact and inertial-capillarity time scales are assumed to
be considerably lower than the solidification time scale.

� The net volume change after solidification and cooling of the
deposited droplet is assumed to be negligible.

Under operating conditions close to the above assumptions, it is
expected that the deposited droplets tend to reach solidified spher-
ical shapes, allowing precise control of the deposition process and
a good prediction of the final shape of the manufactured structures.
This low-frequency deposition mode was named by Gao and Sonin
[1] as dropwise mode. In addition, the following assumptions will
be made:

� The centers of the spheres fitted to the deposited droplets
(marked with � symbols in Fig. 1) do not deviate from their cor-
responding deposition location (marked with red dotted lines in
the example on the right of Fig. 1). From the experimental
observations made by Gao and Sonin [1], this assumption is suf-
ficiently justified if the inertial effects are insignificant com-
pared to the capillary forces, as is the case for the conditions
considered in this work. It should be noted that there may be
practical situations with poor metallurgical bonding between
neighboring droplets, caused, for example, by inappropriate
heat accumulation effects or by molten metal oxidation phe-
nomena, in which the above assumption may not be satisfied.
To avoid these situations, the deposition frequency should be
properly controlled to get a correct heat accumulation at the
tip of the column that promotes good bonding between thee
droplets; in addition, the molten metal droplets should be iso-
lated, as much as possible, from the ambient air to prevent oxi-
dation. An analysis of these situations will be reported
elsewhere.

� The model will be applicable for any arbitrary angle formed
between the deposition direction and the substrate.

Let us consider index j to denote the order in which a droplet is
deposited to build the structure. For j ¼ 1, index j� 1 ¼ 0 refers to
the substrate, which in this work will be considered as a planar
surface perpendicular to the direction D of droplet deposition.
Based on the above assumptions, the following four parameters
have been used to define the geometry of the manufactured
structures:

1. The radius Rj of the sphere fitted to each deposited droplet, j,
depends on the radius Rin of the incoming droplet, the radius
Rj�1 of the sphere fitted to the previously deposited droplet,
j� 1, and the solidification contact angle, hj, between the depos-
ited droplets j and j� 1 (hereafter, the solidification contact
angle is simply referred to as contact angle for brevity).
3

2. The length yj of the segment joining the centers of the spheres
fitted to the deposited droplets j and j� 1 also depends on the
same parameters mentioned in the previous point.

3. The angle aj, formed by the segment of length yj and the per-
pendicular to the deposition direction,D, can easily be obtained
from yj and the spacing, nj, between the droplet deposition loca-
tion of j and j� 1 (see the picture on the right of Fig. 1). The
spacing nj results from the relative movement between the dro-
plet generator and the substrate during the deposition of the
droplets and will be defined with positive or negative signs if
the droplet movement with respect to the substrate is made
to the right or left, respectively.

4. The total length, Ln, of the manufactured structure (length of the
dashed green lines in the structures depicted in Fig. 1) can be
estimated from the sum of individual lengths yj of the deposited
droplets, from j ¼ 2 to n, the distance yþ1 from the substrate to
the center of the sphere fitted to the first deposited droplet,
and the radius Rn of the sphere fitted to the last deposited
droplet.

3. Gao&Sonin model

This section briefly describes the well-stablished and widely
used model proposed by Gao and Sonin [1].

3.1. First deposited droplet

A molten droplet with incoming radius Rin is deposited along
the directionD on a flat substrate (j ¼ 1). The contact angle defined
by the interface of the first solidified deposited droplet and the
substrate will be denoted as h1. The distance yþ1 from the substrate
to the center of the sphere fitted to the first deposited droplet is
(see Fig. 2)

yþ1 ¼ R1 sin h1 � p
2

� �
; ð1Þ

where the radius R1 of the sphere fitted to the first deposited dro-
plet can be obtained from the following volume conservation
constraint:



R. Zamora, Félix Faura, J. Hernández et al. Materials & Design 221 (2022) 110970
4
3
pR3

in ¼ 4
3
pR3

1 �
p
6

R1 � yþ1
� �

3x21 þ R1 � yþ1
� �2h i

; ð2Þ

where the first term on the right is the volume of the sphere fitted
to the deposited droplet, the last term represents the volume of the
cap resulting from the intersection between the substrate and the
fitted sphere, and

x1 ¼ R1 cos h1 � p
2

� �
; ð3Þ

is the semi-length of the intersection cap (see Fig. 2).
Introducing Eqs. (1) and (3) into Eq. (2) and arranging terms,

yields

R1 ¼ Rin

c1
; ð4Þ

and

yþ1 ¼ Rin

c1
sin h1 � p

2

� �
; ð5Þ

where

c1 ¼ 1� cos h1ð Þ2 2þ cos h1ð Þ
4

" #1=3
: ð6Þ

Note that yþ1 is negative for h1 < p
2 (left picture on Fig. 2(b)) and pos-

itive otherwise. Note that a1 ¼ p=2 for the first deposited droplet
(see Fig. 2(b)).

3.2. Subsequent deposited droplets

For j > 1, and assuming that Rj�1 ¼ Rj (hereafter, the parameters
associated with the geometry of a deposited droplet j > 1 will be
denoted, except for the contact angle between deposited droplets,
by the subscript 1), which, as will be discussed below, represents
the main limitation of this model (see Fig. 3), Gao and Sonin [1]
deduced the radius, R1, of the spheres fitted to the deposited dro-
plets from the equivalent volume constraint of Eq. (2). This equa-
tion can be expressed as

4
3
pR3

in ¼ 4
3
pR3

1 � p
3

R1 � 1
2
y1

� �
3x21 þ R1 � 1

2
y1

� �2
" #

; ð7Þ
Fig. 3. Local geometry parameters for the subsequent deposited droplets proposed
by Gao and Sonin [1].
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where the last term is the volume of the intersection between the
two spheres fitted to the deposited droplets j� 1 and j,

x1 ¼ R1 cos
1
2
hj; ð8Þ

and

y1 ¼ 2R1 sin
1
2
hj: ð9Þ

is the length added to the pillar, which would correspond to the dis-
tance between the centers of two consecutive deposited droplets.
Introducing Eqs. (8) and (9) into Eq. (7) and arranging terms, yields

R1 ¼ Rin

c1
ð10Þ

and

y1 ¼ 2
Rin

c1
sin hj=2
� �

; ð11Þ

where

c1 ¼ 1
2
sin hj=2
� �

3� sin2 hj=2
� �� �� 	1=3

: ð12Þ

Note that the above expressions only depend on Rin and hj and, as
will be shown below, provide values that match with the asymp-
totic values obtained by using the proposed model, presented in
Section 4, for sufficiently high j index values (j ! 1).

The angle aj can be obtained as

aj ¼ arccos
nj
y1

; ð13Þ

and the total length of the structure manufactured by deposition of
n droplets can be obtained as

Ln ¼ R1 sin h1 � p
2

� �
þ n� 1ð Þy1 þ R1; ð14Þ

where the first term on the right-hand side is the signed dis-
tance from the substrate to the center of the sphere fitted to
the first deposited droplet (negative for h1 < p=2 and positive
otherwise).

3.3. Main limitations

Note that the assumption Rj ¼ Rj�1 made by Gao and Sonin [1]
only holds if the expressions of Eqs. (4) and (10) produce the same
results, which would occur for cases in which the following
volume-conservation parameter:

C ¼ 1
2

1� cos h1ð Þ2 2þ cos h1ð Þ � sin hj=2
� �

3� sin2 hj=2
� �� �

ð15Þ

equals zero. Fig. 4(a) represents the combination of angles h1 and
hj for which C ¼ 0, and Fig. 4(b) shows the parameter C as a
function of h1 and hj. As an example, Fig. 5 shows the volume
error, EV , as a function of h1 and hj for structures with nj ¼ 0
and n ¼ 2 (slight variations of the results presented in Fig. 5
can appear with n > 2 and nj – 0). This error is computed as
the difference between the volume predicted by the model pro-
posed in [1] and the volume of the deposited material. It can
be seen that the volume errors can be very large for certain oper-
ating conditions.

Another important limitation of the Gao and Sonin [1] model is
related to the imposed contact angle hj. For example, the angle h�2 (a
similar analysis could have been made for j > 2) at the contact
between the first spherical surface, of radius R1 (Eq. (4)), and the
second spherical surface, of radius R1 (Eq. (10)), whose centers
are separated by a distance y1 (Eq. (11)), is (see Fig. 6(a))



Fig. 4. Volume-conservation parameter C. (a) Angle hj , as a function of h1, for which
C ¼ 0. (b) C as a function of h1 and hj .

Fig. 5. Volume error, Ev , as a function of h1 and hj for structure geometries predicted
by the model proposed in [1] with nj ¼ 0 and n ¼ 2.

Fig. 6. Examples of limitations of the model proposed in [1] for n2 ¼ 0. (a) The
resulting angle h�2 does not match the angle h2 introduced in the model and the
volume of the second droplet is not correct (the correct volume is highlighted by the
blue shaded region). (b) Limiting cases for which the model predicts no contact
between the first two deposited droplets (cases for h1 < p=2 on the top and
h1 > p=2 on the bottom).
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h�2 ¼ arccos
R2
1 þ R2

1 � y21
2R1R1

 !
: ð16Þ
5

Note that h�2 does not necessarily coincide with the imposed value of
the contact angle h2 introduced in Eqs. (10) and (11). Moreover, for
certain conditions the results provided by these equations even pro-
duce no contact between deposited droplets (see the examples in
Fig. 6(b)), situations that occur when

R1 cos h1 � p
2

� �h i2
þ R1 sin h1 � p

2

� �
þ y1

h i2
� R2

1

< 0; for h1 > p=2: ð17Þ

(bottom picture in Fig. 6(b)), or

R1 � y1ð Þ2 � R2
1 > 0; for h1 < p=2 ð18Þ

(top picture in Fig. 6(b)). Fig. 7 shows the angle error Eh ¼ h2 � h�2 as
a function of h2, for different h1 values. Note that Eh, which increases
as h2 increases and h1 decreases, can be considerably high, leading
to a very inaccurate prediction of the geometry of the manufactured
structure.

In this work, a new analytic model that strictly conserves the
volume and exactly matches the contact angle between consecu-
tive droplets is presented in the next section. To our best knowl-
edge, this is the first strictly conservative analytic model able to



Fig. 7. Error Eh , obtained using the model proposed in [1], as a function of h2, for
different values of h1.
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accurately determine the geometry of structures manufactured
under dropwise deposition conditions.

4. Proposed model

A molten droplet j (from 2 to n) of initial radius Rin is deposited
along the directionD over a previously solidified droplet, fitted to a
sphere of radius Rj�1, with a deposition spacing nj (see Fig. 8(a)).
The centers Oj�1 and Oj of the spheres fitted to the deposited dro-
plets j� 1 and j, respectively, and the contact line Cj between both
droplets are marked in Fig. 8(b) with open circles. It can easily be
deduced that the segments Oj�1Cj and OjCj, with lengths Rj�1 and
Rj, respectively, define an angle equal to the contact angle hj
formed by the deposited droplets j and j� 1. The closest distance,
xj, from the contact line Cj to Oj�1Oj can be obtained as

xj ¼ Rj cos hþj ; ð19Þ
Fig. 8. Subsequent deposited droplet (j > 1)

6

or

xj ¼ Rj�1 cos h�j ; ð20Þ

where h�j and hþj are, respectively, the angles defined by Oj�1Cj and

OjCj with the line perpendicular to Oj�1Oj. Taking into account that

hþj þ h�j ¼ hj; ð21Þ
introducing h�j ¼ hj � hþj into Eq. (20) and equating Eqs. (19) and
(20), it can be obtained that

Rj cos hþj ¼ Rj�1 cos hj cos hþj þ Rj�1 sin hj sin hþj ; ð22Þ
and, arranging terms, it can be written that

tan hþj ¼ Rj � Rj�1 cos hj
Rj�1 sin hj

: ð23Þ

Similarly, introducing hþj ¼ hj � h�j into Eq. (19) and equating Eqs.
(19) and (20), it can be obtained that

tan h�j ¼ Rj�1 � Rj cos hj
Rj sin hj

: ð24Þ

Thus, the length yj ¼ yþj þ y�j , corresponding to the distance
between the centers of the spheres fitted to the two deposited dro-
plets, can be expressed as

yj ¼ xj tan hþj|fflfflfflfflffl{zfflfflfflfflffl}
yþ
j

þ xj tan h�j|fflfflfflfflffl{zfflfflfflfflffl}
y�
j

: ð25Þ

The length yj can also be expressed as

yj ¼ R2
j þ R2

j�1 � 2RjRj�1 cos hj
� �1=2

; ð26Þ

and equating Eqs. (26) and (25), the following expression for xj can
be obtained:

xj ¼
R2
j þ R2

j�1 � 2RjRj�1 cos hj
� �1=2

tan hþj þ tan h�j
: ð27Þ
. (a) Before and (b) after the deposition.
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Thus,

yþj ¼ R2
j þ R2

j�1 � 2RjRj�1 cos hj
� �1=2 tan hþj

tan hþj þ tan h�j
; ð28Þ

and

y�j ¼ R2
j þ R2

j�1 � 2RjRj�1 cos hj
� �1=2 tan h�j

tan hþj þ tan h�j
: ð29Þ

Introducing Eqs. (23) and (24) into Eqs. (27)–(29), the parameters
xj; yþj and y�j can be obtained as a function of Rj�1;Rj and hj, respec-
tively, as

xj ¼ RjRj�1 sin hj

R2
j þ R2

j�1 � 2RjRj�1 cos hj
� �1=2 ; ð30Þ

yþj ¼ R2
j � RjRj�1 cos hj

R2
j þ R2

j�1 � 2RjRj�1 cos hj
� �1=2 ; ð31Þ

and

y�j ¼ R2
j�1 � RjRj�1 cos hj

R2
j þ R2

j�1 � 2RjRj�1 cos hj
� �1=2 : ð32Þ

Finally, by equating the liquid volume of the incoming droplet with
the volume of the deposited droplet j, the following expression can
be written (see the volume decomposition shown in Fig. 9):

4
3pR

3
in ¼ 4

3pR
3
j �

p
6

Rj�1 � y�j
� �

3x2j þ Rj�1 � y�j
� �2� 	

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
top spherical cap volume

�p
6

Rj � yþj
� �

3x2j þ Rj � yþj
� �2� 	

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
bottom spherical cap volume

:
ð33Þ

From Fig. 8(b), it is easy to be deduced that the heights of the top
and bottom spherical caps depicted in Fig. 9 are, respectively,
Rj�1 � y�j and Rj � yþj . Introducing Eqs. (30)–(32) into Eq. (33), the
solution for Rj is found using a Newton–Raphson iteration proce-

dure until a precise tolerance of 10�10 is reached.
Fig. 9. Volume decomposition in the expression of Eq. (33).

7

Also, yj can be obtained by introducing the solution for Rj into
Eq. (26), and finally aj can also be obtained as

aj ¼ arccos
nj
yj
: ð34Þ

The total length Ln can be obtained as

Ln ¼ R1 sin h1 � p
2

� �
þ
Xn
j¼2

yj þ Rn; ð35Þ

where the first term is the signed distance from the substrate to the
center of the sphere fitted to the first deposited droplet, the second
term is the sum of lengths of the segments that join the centers of
the spheres fitted to consecutive deposited droplets from j ¼ 2 to n,
and the last term is the radius of the sphere fitted to the last depos-
ited droplet n.
4.1. Limiting condition for drop-on-drop deposition

If the droplet deposition spacing nj reaches a certain limiting
value, the deposited droplet j may encounter the deposited droplet
j� 2 (substrate for j ¼ 2). Fig. 10 shows two examples of this lim-
Fig. 10. Examples of limiting conditions for drop-on-drop deposition. Triple contact
between (a) droplets 2;1 and the substrate, and between (b) droplets j; j� 1 and
j� 2.
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iting condition. In the example for j ¼ 2 (Fig. 10(a)), this situation
occurs if

yþ1 þ y�2 sina2 ¼ �x2 cosa2; ð36Þ
and in the example for j > 2 (Fig. 10(b)), if

yþj�1 sinaj�1 þ y�1 sinaj ¼ �xj�1 cosaj�1 þ xj cosaj: ð37Þ
Introducing Eq. (34) into Eqs. (36) and (37) and solving for the dro-
plet deposition spacing, one can obtain the limits n2min

and njmax
that

must be used to avoid the deposited droplet j from contacting the
substrate or the droplet j� 2, respectively.

5. Thermal model

The one-dimensional heat transfer model proposed in [22] is
considered to obtain the temperature evolution at the tip of a col-
umn during its construction. The results of this model will be used
to verify that the thermal assumptions considered in this work are
satisfied during the experiments carried out to build columns
under different operating conditions. A brief description of this
model is shown below.

The temperature at the tip just before a new incoming droplet j
is deposited on it (see Fig. 11) is computed as follows. The column
obtained by drop-on-drop deposition of the previously deposited
j� 1 droplets is assumed to be a cylinder of Lj�1 length and Rj�1

radius calculated as follows. Based on the temperature measure-
ments made in [22], convective heat loss from the column to the
surrounding air was found to be negligible and the heat flux q
transferred by conduction from the tip of column to the substrate
can be obtained as

q ¼ T tip � Ts

Rs þ Lj�1=k
pR2

j�1; ð38Þ
Fig. 11. Thermal model.
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where T tip is the temperature at the tip of the column, Ts is the sub-
strate temperature, Rs is the thermal contact resistance at the inter-
face between the substrate and the column, and Lj�1=k is the
thermal resistance of the pre-deposited column of j� 1 droplets.

The length of the cylindrical column is obtained as

Lj�1 ¼ R1 sin h1 � p
2

� �
þ
Xj�1

j0¼2

yj0 þ Rj�1: ð39Þ

Note that the volume Vj�1 of the column constructed from j� 1 dro-
plets must be equal to

Vj�1 ¼ j� 1ð Þ4
3
pR3

in: ð40Þ

Equating this volume to the volume Lj�1pR2
j�1 of the cylindrical col-

umn used in the thermal model, the average radius Rj�1 can be
obtained as

Rj�1 ¼ j� 1ð Þ4
3

R3
in

Lj�1

" #1=2
: ð41Þ

The thermal energy rate due to the incoming droplet can be
obtained as

E ¼ f
4qpR3

in

3
c Tin � Ttip
� �þ H

� �
; ð42Þ

where Tin is the temperature of the incoming droplet j; f is the depo-
sition frequency and q; c and H are, respectively, density, specific
heat, and latent heat of fusion of the deposited material.

Equating Eqs. (38) and (42), the temperature of the column tip
can be obtained as

Ttip ¼ cTin þ bTs þ H
c þ b

; ð43Þ

where

b ¼ R2
j�1

f 4
3qR

3
in Rs þ Lj�1=k
� � :
6. Experiments

To validate the proposed model, several experiments were car-
ried out for the manufacturing of vertical columns using two differ-
ent deposition materials:

1. a paraffin and
2. a low melting point metal alloy,

which produce contact angles, h1, lower and higher than about 90�,
respectively. In this way, the differences in trends dependent on
the value of h1 observed in the results presented in Section 7 can
be analyzed.

Two different materials are considered for the substrate:

1. a stainless-steel plate (polished AISI 316L) for both droplet
materials and

2. a PVC plate for the paraffin droplets.

The arithmetic mean deviation, Ra, of the surface profile evalu-
ated on both plates was measured with the SMMetrology Pl100/BR
rugosimeter, obtaining values of 0:253 lm and 1:548 lm for the
stainless-steel and PVC plates, respectively. All the experiments
were made with a substrate temperature equal to 296K.



Table 1
Physical properties of paraffin and Field’s alloy.

Droplet material Melting temperature
(K)

Density
(kg m�3)

Specific heat
(J kg�1 K�1)

Thermal conductivity
(W m�1 K�1)

Latent heat of fusion
(J kg�1)

Dynamic viscosity
(Pa s)

Surface tension
(N m�1)

Paraffin 342.4 771.0 2560.0 0.237 226:0� 103 5:4� 10�3 22:4� 10�3

Field’s alloy 333.0 7880.0 170.5 34.5 40:2� 103 2:0� 10�3 4:3� 10�1

Fig. 12. Drop-on-demand print station used for paraffin (top photo) and metal
(bottom photo) droplet generation.

Fig. 13. Schematic examples of the procedures used for the indirect Rin estimation
of (a) paraffin and (b) Field’s alloy droplets, and for the measurement of
solidification contact angles (c) h1 and (d) hj .
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6.1. Experiments with paraffin

A fully refined paraffin wax (1260A, manufactured by the Inter-
national Group, Inc.) is used. Table 1 shows the physical properties
of the paraffin [31]. The droplets were generated in a drop-on-
demand print station (JetLab4 XL, manufactured by MicroFab Tech-
nologies, Inc.) which is equippedwith a high temperature printhead
(PH-04a polymer jet) and a piezoelectric dispensing device (MJ-SF-
04–50-6MX) with an orifice diameter of 50 lm (left photo in
Fig. 12). The temperature of the printhead was set to 358 K, and a
dwell and an echo voltage of 100 V and 70 V, respectively, were
set in the printhead control. The distance from the nozzle to the sub-
strate was set to 3 mm. The droplets were generated with a fre-
quency of 1 Hz and acquired a velocity of around Uin ¼ 1:75 m s�1

just before impact.
6.2. Experiments with a low melting point metal alloy

Field’s metal alloy (51% indium, 32.5% bismuth, and 16.5% tin) is
used. Table 1 shows the physical properties of the alloy (see, for
9

example, [33]). An improved version of the drop-on-demand print
station developed in [32], which incorporates a faster solenoid
valve and new nozzles, was used for the generation and deposition
of small droplets (right photo in Fig. 12). Each droplet is released
by applying a of 6 ms and 0.1 MPa pressure pulse with nitrogen
gas that pushes the molten metal contained in the furnace and
forces the generation of the droplet through a nozzle. In all exper-
iments, the molten metal temperature in the furnace was set to
353 K. The distance from the nozzle to the substrate was
8.5 mm. Droplets were generated with a frequency of 0.1 Hz, using
a 0.67 mm diameter nozzle, and acquired a velocity of around
Uin ¼ 0:29 m s�1 just before impact. To minimize oxidation effects
on the metal droplets, the O2 content in the chamber where the
droplets were generated was kept below 170 ppm.

6.3. Measurement procedure

All recorded images of the manufactured vertical columns were
post-processed using the public-domain software ImageJ [34] to
measure their geometry. The images of the paraffin droplets were
acquired using a scanning electron microscope (Hitachi S-3500 N)
with backscattered electrons, a low vacuum pressure of 70 Pa and
an accelerating voltage of 15.0 kV. A magnification of 700 was
used, resulting in an image resolution of 0.0713 lm/pixel. In the



Table 2
Estimated values of Rin , and the corresponding 95% confidence intervals in the
experiments performed with paraffin and Field’s alloy.

Droplet material Rin (lm)

Paraffin 40:0� 0:1
Field’s alloy 764:5� 12:5

Table 3
Values of the contact angle h1 (the corresponding 95% confidence intervals are also
indicated) for paraffin and Field’s alloy droplets.

h1 (�)

Paraffin droplets on AISI plates 73:9� 1:8
Paraffin droplets on PVC plates 65:1� 2:0

Field’s alloy droplets on AISI plates 100:5� 2:5

Fig. 14. Average values of the measured contact angle hj , along with the
corresponding fitting curves. (a) Paraffin columns over AISI plates. (b) Paraffin
columns over PVC plates. (c) Field’s alloy columns over AISI plates.

Table 4
Ranges of the main time scales (ms) for the operating conditions considered in the
experiments.

Impact,
sk � 2Rin=Uin

Inertial-capillarity,

sr � qR3
in=r

� �1=2 Solidification,

ssol � R2
inH

ac Tm�T0ð Þ

0:05	 3 0:05	 3 26	 163

Fig. 15. Evolution of the dimensionless column tip temperature. (a) Paraffin column
on AISI substrate. (b) Paraffin column on PVC substrate. (c) Field’s alloy column on
AISI substrate.
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case of Field’s alloy droplets, the images were acquired using a con-
ventional microscope (Olympus BX53M), which produces an image
resolution of 7.2 lm/pixel.

The following four parameters are used to describe the column
shape:

1. radius, Rin, of the incoming droplet,
2. radius, Rj, of the sphere fitted to the deposited droplet j on the

manufactured column,
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3. contact angle h1, and
4. contact angle hj.

The parameters are determined from the circles that best fit the
recorded images using the procedure described below.
6.3.1. Best fit circle
A best fit circle, given by the coordinates of its center and radius,

is obtained from the recorded image of a deposited droplet using
six equidistant points located along its visible interface surface.
The geometric parameters listed above are obtained from the val-
ues averaged over four to five different columns manufactured
under the same operating conditions. Fig. 13 shows some examples
of the fitting procedure performed over several recorded images.

Droplet radius measurement The small size and high velocity of
the incoming droplet make it difficult to use direct visualization
methods to accurately estimate its radius, Rin. Instead, assuming
that (1) the deposited droplets reach a quasi-spherical shape, (2)
the volume contraction during the cooling and solidification of
the droplet is negligible, and (3) any gaps, such as porosity or gas
trapped bubbles, within the deposited droplet can be considered
negligible, the following indirect procedure is used. The radius of
the incoming droplet, Rin, is estimated from the measurement of
Fig. 16. Rj=Rin (left column) and yj=Rin (right column) as a function of h1 and hj , for j ¼ 2
results [1].

11
the radius Rj and the distance yj, where j is high enough to reach
the corresponding asymptotic constant value (Rj ’ R1), as

Rin ¼ 1
2

6R2
j yj �

1
2
y3j

� �1=3

: ð44Þ

A schematic of this indirect measurement procedure for paraffin
and Field’s alloy is shown in Figs. 13(a) and 13(b), respectively.
Measurements on several columns manufactured under the same
operating conditions provide the results presented in Table 2.

Measurement of contact angles The contact angle, h1, is estimated
as (see the example in Fig. 13(c))

h1 ¼ arccos � yþ1
R1

� �
; ð45Þ

where R1 is the radius of the circle best fitted to the recorded image
of the first deposited droplet and yþ1 is the signed distance from the
best fit circle center to the substrate line. This substrate line is
traced by joining the two points of the contact line where the
deposited droplet, air and substrate meet in the plane of the
recorded image. Note that yþ1 is considered negative if the center
of the best circle fitted to the first droplet is below the substrate line
and positive otherwise. Table 3 shows the h1 values estimated for
the experiments made with paraffin droplets over AISI and PVC
; 3; 4. The bottom picture in both columns corresponds to the asymptotic (j ! 1)



Fig. 17. Rj=Rin (a) and yj=Rin (b) as a function of j for different values of h1 and a constant hj ¼ hd for j > 1.
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plates and with Field’s alloy droplets over AISI plates. Using a sim-
ilar procedure, the contact angle hj is estimated frommeasurements
made over the recorded images as (see the example in Fig. 13(d))

hj ¼ arccos
R2
j�1 þ R2

j � y2j
2Rj�1Rj

: ð46Þ

Fig. 14 shows the average values of the measured angle hj as a
function of j. The averaging was performed on a series of about five
columns built repeatedly under the same conditions. The maxi-
mum and minimum measured values are also represented by ver-
tical error intervals. Exponential functions of the type

hj ¼ Aþ Be�jþ1 ð47Þ
12
have been fitted to the average hj values, and the corresponding
expressions are represented in the figure with continuous lines. It
can be observed that, starting from the third (Fig. 14(c)) or fourth
(Figs. 14(a) and 14(b)) droplet on the column, hj reaches an almost
constant average value. This behavior may be due to the fact that a
steady-state thermal condition could have been reached approxi-
mately at the tip of the columns during dropwise deposition for suf-
ficiently high j values.

6.4. Operating conditions analysis

Under the operating conditions considered in this work, the
Bond number, Bo ¼ qgR2

in=r, where g is the acceleration of gravity
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and r is the surface tension coefficient between the molten droplet
material and the ambient aire, varies from 5:5� 10�4 to 10�1, a
range for which the gravitational effects are negligible, and the
Weber number, We ¼ qU2

inRin=r, varies from 1.2 to 4.3, a range
for which quasi-spherical shapes of the deposited molten droplets
are reached while maintaining good ballistic accuracies during
droplet impacts. Table 4 shows a rough estimate of the ranges of
time scales involved in the experiments. Note that the solidifica-

tion time scale (ssol � R2inH
ac Tm�T0ð Þ, where Tm is the melting temperature

of the droplet material) is substantially larger (almost two orders
of magnitude) than those involved in the droplet impact dynamics
(sk þ sr), thus quasi-spherical shapes of the solidified droplets are
also expected to appear in the experiments.

Estimates of the column tip temperature using the one-
dimensional analytical heat transfer model of Section 5 indicate
that deposition frequencies of 1 and 0.1 Hz for paraffin and Field’s
Fig. 18. Rj=Rin (a) and yj=Rin (b) as a function of j for different values of h1 and a constant
and the model proposed in [1].
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alloy droplets, respectively, are low enough to ensure that incom-
ing droplets always impact on the column tip on a completely
solidified pre-deposited droplet. Fig. 15 shows the evolution, as
drops are deposited, of the dimensionless column tip temperature
for different values of the contact thermal resistance, Rs. It should
be mentioned that an accurate estimation of the contact thermal
resistance involved in the experiments is not a simple task,
although approximate Rs values can be found in the literature for
relatively similar operating conditions. For example, based on the
experimental measurements of [31], the thermal contact resis-
tance between wax droplets and an aluminum substrate can be
considered negligible (Rs ’ 0), and based on the experimental
observations of [35], the authors of [22] considered an approxi-
mated value of Rs ’ 10�4 m2K/W for tin droplets impinging on a
nickel substrate. In any case, it can be seen from the results pre-
sented in Fig. 15 that for the experimental conditions considered
in this work and sufficiently wide ranges of Rs values (from 0 to
hj ¼ hd for j > 1. Comparison between the results predicted by the proposed model
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4� 10�4 m2K/W), the temperature at the tip of the column always
remains below Tm just before a new droplet j is deposited on it. The
deposition frequency above which the complete solidification of
pre-deposited droplets cannot be ensured is about 4 Hz for paraffin
columns with Rs ¼ 0 and about 0.5 Hz for Field’s alloy columns
with Rs ¼ 2� 10�4 m2K/W.
7. Results and discussion

In the following sections, an assessment of the proposed geo-
metrical model will be presented, comparing its results with the
corresponding asymptotic values (Section 7.1), which coincide
with those of the Gao and Sonin [1] model, and with experimental
Fig. 19. Comparison between experimental and theoretical results for Rj=Rin as a function
columns manufactured with different materials. (a) Paraffin columns on an AISI plate. (
constant hj ¼ hd is the average of the measured values in the column for j > 1.
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results (Section 7.2) for wide ranges of operating conditions. Also,
an example of industrial interest is presented in Section 7.3.
7.1. Comparison with asymptotic results

Fig. 16 shows the dimensionless radius of the sphere fitted to
the deposited droplet j (left column) and distance between the cen-
ters of the spheres fitted to the deposited droplets j and j� 1 (right
column) as a function of the contact angles h1 and hj, for j ¼ 2; 3; 4.
The bottom image in both columns corresponds to results obtained
for a sufficiently high deposited droplet index j (j ! 1), for which
the asymptotic values matching those of the model proposed in [1]
are reached (it can be observed that these results do not depend on
of j (pictures on the left) and for Ln= nRinð Þ as a function of n (pictures on the right) for
b) Paraffin columns on a PVC plate. (c) Field’s alloy columns on an AISI plate. The



Table 5
Data considered for the manufacture of Sn63/Pb37 vertical interconnects.

Incoming droplet radius, Rin (lm) 25
Number of droplets, n 4
Contact angle h1 (�) 120
Contact angle hd (�) (hj ¼ hd for j > 1) 45
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h1). The results obtained with the proposed model reveal visually
significant differences with the asymptotic results, which are more
evident as the contact angles and index j decrease. It can also be
observed that the convergence to the asymptotic value as the index
j increases is faster for the distance yj than for the radius Rj.

To better observe the variations of Rj and yj along the length of
the manufactured columns, Figs. 17(a) and 17(b) show Rj=Rin and
yj=Rin, respectively, as a function of j for different values of h1 and
hj. It can be seen from Fig. 17(a) that the asymptotic R1 value is
reached from a value of j which increases as hj decreases (about
8 for hj ¼ 20�). Significant variations for yj along the column height
can also be observed in Fig. 17(b), although the asymptotic value
y1 is reached for lower values of j.

Figs. 18(a) and 18(b) directly compare the asymptotic values
predicted by the model proposed in [1] (dashed horizontal lines)
with those of the proposed model represented in Figs. 17(a) and
17(b), respectively (solid lines). Appreciable differences can be
observed even for indices of j as high as 10. Note that for values
of h1 higher than about 90�, the values of Rj and yj are generally
lower than the asymptotic values of R1 and y1. As mentioned
above, it can be seen that these differences decrease as j increases
faster for yj than for Rj.

7.2. Comparison with experiments

To evaluate the proposed model, the pictures on the left of
Fig. 19 show a comparison between its results for Rj and measure-
ments made on columns manufactured under different conditions
with the experimental apparatus described in Section 6. Two sets
of theoretical results are presented in Fig. 19, each for a different
way of obtaining the values of hj for j > 1 used in the proposed
model: a constant value of hj ¼ hd obtained from the average of
the measured values represented by j symbols in Fig. 14, and a
non-constant value of hj obtained from the fitted curve represented
by a continuous line in Fig. 14. The two upper plots present the
results obtained with paraffin droplets deposited on an AISI plate
and a PVC plate, and the bottom plot presents the results obtained
with Field’s alloy droplets on an AISI plate. The experimental
results are average values obtained from a series of about five man-
ufactured columns (the vertical error intervals indicate the maxi-
mum and minimum values measured in each series). The figure
shows a good degree of agreement between the experimental
and theoretical results, which is slightly better when the values
of hj obtained from the fitted curves in Fig. 14 are used in the
model. Note that the radius of the sphere fitted to the deposited
droplet for the paraffin columns decreases as j increases, reaching
the asymptotic value R1 for values of j greater than around 4. Note
also that this trend is different for metallic columns, for which
h1 > 90� and the asymptotic value is reached almost from the sec-
ond droplet deposited. Therefore, the differences between the pro-
Fig. 20. Photographs, courtesy of Microfab Technologies, Inc., of a polymer filled
Sn63/Pb37 solder column array for a chip-scale, wafer-level packaging concept. (a)
Side and (b) top views.
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posed model and the one proposed by Gao and Sonin [1] are
expected to be smaller for columns manufactured with metal dro-
plets than with paraffin droplets.

To further show the improvements achieved with the proposed
model in predicting the geometry of manufactured columns under
real operating conditions, the pictures on the right of Fig. 19 com-
pare the measured lengths Ln with the values predicted by the pro-
posed model and by the model proposed in [1]. Note that the
maximum total length of a column would be 2nRin for the ideal
case with h1 ¼ hj ¼ 180�. The figure shows a relatively good degree
of agreement between the experimental and theoretical results,
except for the values predicted with the model proposed in [1]
when the columns are manufactured with paraffin, which show a
Fig. 21. Vertical interconnector manufactured under the conditions of Table 5. (a)
Comparison between the results predicted by the proposed model (picture on the
left) and the model proposed in [1] (picture on the right). (b) Comparison between
the two models, showing only the visible contours of the columns.
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significant deviation from the experimental data. Therefore, for
wide ranges of contact angles the model proposed in [1] does not
correctly predict the geometry of structures manufactured by
drop-on-drop deposition, for which the model proposed in this
work should be used.
7.3. Example of industrial interest

Obviously, inaccuracies in the geometric estimation of manu-
factured structures can make it difficult to automate the manufac-
turing process. It is expected that the increased accuracy achieved
with the model proposed in this work will also improve process
Fig. 22. Vertical interconnects manufactured under different conditions (nine combina
predicted by the proposed model and that by Gao and Sonin [1]. Only the visible conto
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planning. As an example of industrial interest that highlights the
advantages of the proposed model, we consider below the printing
of high aspect ratio vertical solder columns, which are used to
eliminate failures associated with thermal expansion mismatch
between integrated circuits and circuit boards in chip-scale pack-
aging applications [36] (see Fig. 20).

A vertical interconnect manufactured by deposition of four
Sn63/Pb37 droplets on a metallized circuit wafer will be consid-
ered. The size of the incoming droplets and contact angles assumed
for this example, which can be considered as typical values in these
applications, are shown in Table 5. The resulting theoretical radii of
the deposited droplets are R1 ¼ 26:46 lm, and Rj ¼ 30:59 lm
tions of h1 and hd values, with hj ¼ hd for j > 1). Comparison between the results
urs of each column are shown.
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(j > 1) when using the model by Gao and Sonin [1] and
R2 ¼ 29:37 lm;R3 ¼ 30:23 lm, and R4 ¼ 30:48 lm when using
the proposed model. The length of the manufactured column
equals L4 ¼ 114:05 lm when using the model proposed in [1]
and L4 ¼ 111:29 lm when using the proposed model, which repre-
sents an appreciable difference of 2:5%. Fig. 21 shows the intercon-
nect geometries predicted by the proposed model and the model
proposed in [1]. The differences between both models are clearly
visible. The volume-conservation parameter C of Eq. (15) turns
out to be equal to 0.6 and the volume error of the model proposed
in [1] is 5.5% of the total volume of the deposited material.

Fig. 22 shows the predictions of the proposed model and the
model proposed in [1] for the geometry of columns manufactured
by four-droplet deposition for different contact angles. The images
on the left are obtained for the values of hj corresponding to the
limiting cases defined by Eq. (17) (first two images on the top) or
Eq. (18) (bottom image). The corresponding values of C are indi-
cated in each picture. Note that for some conditions the differences
between both models are substantial and that the parameter C can
be considered a good indicator of the similarity between them (as
jCj increases the similarity decreases). Note also that C is positive
when the column volume predicted by the Gao&Sonin model is lar-
ger than the exact deposited volume and negative otherwise.

The results presented in this section confirm the importance of
an accurate estimation of the final geometry of structures manu-
factured by dropwise deposition. It has been shown that the Gao&-
Sonin model can produce poor predictions for typical operating
conditions, making it difficult to automate and control the manu-
facturing process. It is expected that this difficulty will be reduced
by the improvement achieved with the proposed model to accu-
rately predict the final shape of the manufactured structures.

8. Conclusions

An improved analytical model has been proposed to accurately
determine the geometry of structures manufactured by molten
drop-on-drop deposition under dropwise conditions. The model,
which preserves exactly the volume of the deposited material
and matches the solidification contact angle between consecutive
deposited droplets, has been validated with experimental results
obtained using different materials for the droplets and substrate.
A good degree of agreement has been obtained between the exper-
iments and the results obtained with the proposed model. It has
been shown that the proposed model represents a great improve-
ment over the well-known Gao&Sonin model for the estimation of
the geometry of manufactured structures under dropwise operat-
ing conditions, which could represent an important step forward
and be of great use in process planning and manufacturing
automation.
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