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Abstract: This article presents a design and development of a drop-on-demand (DOD) droplets
generator. This generator uses molten metal as a liquid and can be used in fabrication, prototyping
and any kind of printing with solder droplets. This setup consists of a vibrator solenoid with tunable
frequency to produce a semi-spherical shape of molten metal, close to the surface of fabrication. This
design also has a nozzle with micro-size orifice, a rod for transmitting force and a heater to melt the
metal and keep it in superheat temperature. This DOD can produce droplets in different sizes (less
than 550 pm) by controlling the vibration frequency of solenoid. This ability together with the
accuracy of the droplets in positioning (the error is less than £20 um for 1.5 mm amplitude) can be
used in different applications. Moreover, in this paper, the impact of initial position of the head and
temperature on the average diameter of droplets and the impact of the frequency on the shape of the
droplets have been tested and discussed
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1. Introduction

Metal DOD generators have become a useful
tool in prototyping devices, layer-by-layer
fabrication, solid fabrication, solder droplet
printing and surface treatment. Recently, due to
their cheap price, droplets have attracted more
attention. Droplets can be tuned for different
applications, from their old version which has
been used for printing (Waldvogel et al. 1996) to
newer metal DODs that can be used as 3D
printers for prototyping (Lawrence et al. 2017).
At present, DODs have complex technology and
therefore they are not very common. Producing
a DOD needs several manufacturing processes
(etching, sputtering and so on) that are time
consuming (Liu and Orme 1999). Recently,
researchers conducted many studies to
overcome the aforementioned drawbacks and
develop a cheaper and simpler DOD. These
generators mainly include a droplet producer
unit and a droplet deposition unit. In the former
unit, a heating furnace melts metal to a specific
temperature; and a vibrator ejects droplets from
a nozzle using pulses passing through the
molten metal (Sohn and Yang 2005). The nozzle
orifice and the latter unit deposit the droplets.
In addition to DODs, continuous droplet
generators are another type of Metal droplets
generators. Although these two methods of
drop generating have some differences, both use
periodic pulses to eject the molten metal drops
through the nuzzle (Sohn and Yang 2005). For
soldering droplets printing, continuous rows of
droplets are ejected to produce a line or stream
on the board. This uniform metal droplets can
be produced by exciting a laminar molten metal
jet. Formation by using continuous drops of
liquid from a steam was examined by Savarat
(1833), and many years later, Rayleigh
developed its mathematical equation (Rayleigh
1878; Rayleigh 1879). Working frequency of
DOD depends on many factors like the speed
and the size of drops. The frequency has a wide
range between 5 to 44 kHz, and lower frequency
means larger drops (Liu and Orme 1999). On
the other hand, for printing using drop-on-
demand, the system can generate a discrete row
of metal droplets to make the desired form. As
an example, Yamaguchi uses a chamber
attached to a diaphragm to eject metal for
fabrication. Yamaguchi has used piezoelectric as
a vibrator (Yamaguchi et al. 2000). Moreover,
Jun Luo showed that it is possible to make a
drop-on-demand  droplet  generator by
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controlling the pneumatic force of gas as a
pressure source (Jun Luo et al. 2012).
Piezoelectric buzzers can be implemented in
DODs for a room temperature liquid (Kuang-
Chao Fan 2008). Using a piezoelectric vibrator
(Sadeghian et al. 2013; Mohammadzaheri et al.
2017) or Magnetostrictive one (Ghodsi et al.
2017; Karafi et al. 2015; Ghodsi et al. 2010;
Ghodsi et al. 2008), DOD can reach high
frequency of vibration; on the other hand, the
harsh environment (high temperature) can limit
their use in DODs.

The main aim of this research is to design
and fabricate a DOD generator with the ability
of controlling the size and position of drops in
2-D surface. Moreover, in this article, the impact
of different factors such as temperature of
superheating metal, position of transmitting rod
at the beginning, frequency of generator and
amplitude of impulse-transmitting rod will be
discussed. Figure 1 shows the schematic view
of the DOD.

2. Experimental Setup

As shown in Fig. 1, the experimental setup
consists of a vibrator as an impulse
generator, a rod to transmit the impulses, a
micro-nozzle, a tubular shape container for
molten metal and a heating part for heating
the metal to a desired temperature. The
source of vibration is a precise solenoid at
the top of the generator.

Solenoid transducer

< Restoration springs

Impulse-transmitting rod

vessel

—— Heating element

Molten metal

nozzle
Ln

k-

Figure 1. Schematic of the fabricated generator.
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After that, an impulse-transmitting rod
transmits the impulses to the metal chamber.
The rod is placed near the orifice of the nozzle at
the beginning. The vibrator generates the
impulses and accordingly, the molten
superheated metal is ejected from the nozzle.
Four springs are attached to bring the rod back
to the initial place for another ejection. Sticking
of the molten metal to the surface of the droplet
generator is very common. The main reason is
the small size of the orifice. To prevent the
nozzle getting stuck with materials, non-wetting
liquids should be used for injection process, like
ceramic materials. However, by choosing a
proper material for nozzle, this problem can be
reduced. For instance, in previous research,
stainless steel was reported as a nozzle material
for tin (Sohn and Yang 2005). Hence, some
stainless steel parts are in contact with tin
(SUS303). Several factors influence the size of
drops, one of them is the size of the nozzle
orifice. To produce spherical drops, the shape of
nozzle orifice has to be perfectly round.
Moreover, the aspect ratio of the nozzle is
important for ejection of droplets. Ln/Dn must
be equal to or smaller than one to break the
drops more easily (Sohn and Yang 2005). The
diameter of orifice is 198 pm, and the length is
180 um. Hence, the aspect ratio of micro-drilled
orifice is 0.90 and less than one. For melting the
metal and keeping it in superheat temperature,
a tubular heating element was used. This heater
can produce temperatures up to 700°C. For
sensing the temperature, a K type thermocouple
is placed into the cylinder hole (drilled hole) to
be close enough to the nozzle. To control the
temperature of the heater at the specific desired
temperature,  proportional-integral-derivative
method was employed. In this study, droplets
of Sn63/pb37 are produced by the presented
setup. Table 1 summarizes the physical
properties of Sn63/pb37.

3. Solenoid Design

In order to evaluate the required force of
transducer to eject the molten metal out of the

Table 1. Physical properties of Sn63/pb37.

Viscosity Density Surffme Melting
(103 Pass) (kg.m?3) tension tempera-
. . (N.m?) ture (°C)
1.33 8420 0.49 183

orifice, Bernoulli's equation in fluid dynamics
was used. The flow rate is Q=UA, where U is
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the flow speed of the molten metal and A is the
cross-sectional area. From the continuity
equation and according to the law of
conservation of mass, flow speed of the liquid
and droplet, a force of magnitude 0.09 N is
required to be exerted on the plunger to make
molten metal squirt from the orifice.

In this setup, a solenoid is used as a force
generator. In a solenoid, number of turns, air
gap, size of solenoid, the characteristic of the
steel of solenoid are factors that have impact on
the produced force. To have the desired force
for transducer, a coil with 200 turns of wire with
045 mm diameter was used. Using this
solenoid, the amplitude of displacement is 3
mm, and maximum payload is 9.05 N. Force
equations and solenoid equations can be found
in Appendix A. During the experiment, the
payload can be adjusted by controlling the
current. For adjusting the initial position of the
plunger, a number of washers were used.

4. Effective Parameters on Size of
Droplet’s

To have an acceptable DOD for droplet
manufacturing, several experiments had been
conducted to study the impact of different
parameters on the characteristic of metal
droplets.

4.1 Temperature of Molten Metal and
Position of Head at the Beginning (L)

The melting temperature of Sn63/pb37 is
183°C. At this temperature, the viscosity of
metal is not low enough to be used in the DOD
(Manko 1979). To reach the desired viscosity,
the temperature was set at 260, 290, and 320°C.
In this temperature, the molten metal is in a
superheated condition. Another factor for
optimization is the gap between the head end of
transmitting rod and the chamber. This factor
has an impact on the efficiency of material
supply for dropping and impulse transfer. In
this design, this clearance is set at 125 um, the
vibration frequency (fo1) is set at 3 Hz,
displacement (A) is set at 0.5 mm and 40 ml of
the melted metal is inserted in the tubular
vessel. Figure 2 shows the relationship between
the position of the head end at the beginning
and temperature of the molten metal and their
effect on the diameter of spherical droplets. To
have better estimation, the average diameter of
10 droplets was calculated. As it is shown in Fig
2, by increasing the temperature of the super-
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heated metal, the diameter of droplets
decreased. This happens because higher
temperature decreases the viscosity and surface
tension of the metal (Beer 1972), therefore, the
superheated metal can flow through the orifice
more easily.

In the test where L, (initial position) was
smaller than 1.5 mm, an ejected droplet lost its
unity and became two or more separated
droplets. The reason is due to the excessive
force of the solenoid. In positions higher than
45 mm, droplets fell down continuously
because of gravity.

4.2 Amplitude of Displacement and the
Position of Head at the Beginning
The effect of the position of the head at the
beginning and amplitude on the size of drop
lets are shown in Fig 3.
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Figure 2. Impact of temperature and the
position of the head at the

beginning on the size of droplets.
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Figure 3. Effect of the position of the head at the
beginning and amplitude on the size
of droplets.

To investigate the effect of amplitude on the
size of droplets, using amplitude limitation
washers, which are located on the top of the
actuator, displacement amplitude of solenoid
(A), were set at 0.5, 1 and 1.5 mm. In this
experiment, the temperature is set at 290°C and
other parameters such as the gaps between the
slot of the nozzle and the head of impulse-
transmitting rod, the frequency of the solenoid
and melted metal inserted in the tubular vessel
are set as in the previous experiment.

Figure 3 shows that by increasing the gap
size of the head end position, the size of
droplets increases. With increasing amplitude
of the transducer, the average of droplet
diameter increases too. When the amplitude
increases, the impulse-transmitting force in the
nozzle chamber increases too, thus, more melted
metal is ejected from the nozzle orifice, and
larger droplets are produced. The correspond-
ing range of droplet diameter is between 542 pm
and 554 pm.

4.3 Solenoid Vibrator Frequency

To study the effect of frequency, droplets are
produced and analyzed at different frequencies,
and in each case, more than 10 measurements
on droplets size are carried out. In these
experiments, displacement amplitude is set at
0.5 mm, and other parameters are set as in the
previous experiment. Figure 4 shows photogra-
phs of the products of molten metal ejected
from nozzle orifice at different frequencies.

Figure 4. ((a)-(c)) visualized the top view of
deposited droplets and their diameter. In Fig. 4
((a)-(c)), the droplets have a number of edges
caused by the solidification of the solder at very
low frequencies (Goldin 1999). As it can be seen
in Fig. 4, at lower frequencies, the shape of the
droplets is better and closer to spherical shape.
The main reason is that when the frequency is
low the molten metal has enough time to eject
from the nozzle and has time to become solid.
At low frequencies, time is enough for a droplet
not to have a negative impact on the previous or
next drops. On the other hand, at higher
frequencies, because of surface tension
between the droplets and viscosity, there is
no enough time for the material to break and
make spherical separated droplets. At last, the
molten metal will become solid in the intended
line of fiber. Figure 4 ((d)-(f)) shows the solid
droplets of metal after dropping.
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5. Positioning of Drop-on-Demand
Droplets

The accuracy of prototyping and fabrication by
a DOD generator depends on the droplets
precise location and the frequency of the drop.
To test the drop-on-demand -capability, the
temperature of the device was set at T= 290°C,
and the frequency of dropping was set at 3 Hz,
and the gap between the head of the nozzle and
surface ~was maintained at 5 mm.
Experimentally, the velocity of the droplets
Was calculated around v=10mm/s. The setup
of the experiment and the results of the tests are
shown in Fig 5. Figure 5. shows a row of
droplets in a specific location (according to
frequency). The result of the tests shows that the
setup works correctly, and the droplets are in
the intended positions. To calculate the droplets
velocity, a high-speed camera captured a series
of photos.

(a)f=0.33 Hz, D =558 um

(c)f=3Hz,D=536um (d)f=6Hz

(e) f=9Hz (f) f=30Hz

Figure 4. Photographs ((a)-(f)) of products of
molten metal ejected from orifice under
different frequencies.
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Figure 6. shows the photos of the high speed
camera respectively.

The flight distance of the droplets was
measured through image processing, and the
velocity of droplets was measured 0.7 m/s.

6. Accuracy of Positioning

The distance of the nozzle and target point on
the surface can reduce positioning accuracy.
This may happen due to insufficient accuracy in
machining of the rod or imperfect alignment of
the rod and vibrator. Figure 7 shows the
schematic of procedure for measuring the error
and accuracy of the droplets positioning (Fig. 8).
For this test, a straight line of droplets was
dispositioned, where the value of h, of each
droplet, (position of the head of the nozzle at
the beginning) was different. When h, is 3 mm,
the initial position of the head end is 0.5 mm,
and the amplitude is 1.5 mm, the value of error
is less than +20 pm which is an acceptable error
for rapid prototyping according to the size of
droplets.

Substrate (grmg

K

Guide rail g
- =

Figure 5. Experimental results of the drop-on-
demand deposition of droplets.

Figure 6. Photograph of metal droplet ejected
from nozzle.
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Figure 7. Schematic of tests for measuring error.

Figure 8. Deposition error measurement.
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Exit velocity of a molten metal from a small nozzle is around 1 m/s. According to the dimensions of
nozzle in figure A-1 for calculating the speed of the guidance rod, we will have

v_ Dy2
v (a)
1_ ,0006 ., _
e (—0'0002) =>U=09m/s

(A1)

(A2)

Where U is the speed of the piston. We can write the Bernoulli equation

p v = (242
(p_g+£+z)1— (pg+Zg+Z)2

(A3)

Where p is the pressure, v is the velocity, p is the density of liquid and z is the height of the fluid.

The z is equal, therefore we can write

p , v? p , v?
L+ = (B+=
(pg 29)1 (pg 29)2
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In addition, we can calculate the pressure differentiation as

u?-u?
2

P1 = Po tp (A5)

v?

=>pi-po = p (A6)

The density of the liquid in this experiment in test temperature is 7830kg.m™3. By substituting this
value in last equation we will have

=>p-py = 3170 (A7)

Moreover, the force of the piston can be written as

YF=0=>)YF=ma=0 (A8)
=>F = (p,-po)A=F =3170 x m % (0.003)? (A9)
=>F=0.09N (A10)

To simplify the equations we made some certain assumptions. In the real experiment, the piston
has friction, there is heat transfer in the system and the liquid velocity is not continuous. Hence, this
value of force for the piston is less than the real value.

Figure A-1. Dimension and velocity direction of the nozzle.
For calculating the force of solenoid, thanks to Maxwell equation we can write
F = B2A/(2u) (A1)

Where F is the force of solenoid, B is the magnetic flux density and magnetic permeability of
nozzle. Magnetic flux density can be written as

NI
B = pH =B = popr(7) (A12)

Where N is the number of turns in the coil, I is the current, L is the length of the coil, p,is
permeability in vacuum and g, is the relative permeability. By substituting the values into equation
we will have
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200x0.1
0.042

B = 4m x 1077 x 1000 ( )=0598T (A13)

F =B?A/(2u) =9.05N (A14)
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