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Abstract: Developing actuators to drive high-frequency jetting dispensers in the dispensing technology
for electronic assembly applications has become a concern in recent years. This study proposed a new
jetting dispenser without a displacement amplification mechanism directly actuated by a moving
magnet actuator (MMA) to jet small fluid droplets. In this article, the main geometric dimensions of
the dispensing cluster including the needle, chamber, and seat-nozzle follow those of previous studies
and existing dispensers to reduce design time. The necessary root-mean-square force applied to the
dispenser needle, which is the key value for the MMA design, is calculated in detail. An ANSYS
Maxwell finite element analysis (FEA) is used to simulate the MMA thrust force and modify geometric
dimensions. The droplet size produced by the proposed dispenser is empirically investigated under
various backpressure, operating frequency, needle displacement, and fluid temperature conditions.
The experimental results indicated that the jet dispenser driven by the moving magnet actuator stably
operated at the maximal operating frequency of 80 Hz. Some errors, such as losing droplets and
generating small satellite dots around the main dots, did not occur during the operating process.
In addition, the size of the proposal dispenser without the displacement-magnifying mechanism was
also significantly reduced. To conclude, the jetting dispenser driven by the proposal moving magnet
actuator can operate well at a medium frequency and shows great potential for dispensing technologies.

Keywords: linear motor; moving magnet actuator; jetting dispenser; droplet; electronics packaging

1. Introduction

Dispensing technology has been attracting significant attention due to its potential applications in
electronics assembly [1], optoelectronics and LED [2,3], semiconductor packaging [4], and automotive
assembly [5,6]. Dispensing technology can be used to transfer fluid materials to the desired positions
accurately and rapidly when fluid materials include conductive epoxies, encapsulants, adhesives, and
hydrogels [7-9]. There are two main approaches in dispensing technology: Contact and non-contact
dispensing. Non-contact/jetting dispensing has several advantages and has been used for investigations
and applications [10-16].

The jetting process for non-contact dispensing goes through four stages, as indicated in Figure 1.
At the closing stage (Figure 1a), the ball-needle and nozzle-seat touch each other, and the nozzle orifice
is closed. In the rising and opening stages (Figure 1b), the needle moves upward, and the pressurized
adhesive flows from a syringe into the chamber and fills up the void generated by the nozzle-seat and
ball-needle. At the end of the upward travel, the needle stops at this position for a period of time to
ensure the filling process is completed. Then, the needle moves downward to punch the nozzle-seat
in the dispensing stage (Figure 1c). The acceleration force breaks the adhesive stream. As a result,
the extremely high local pressure at the area of nozzle-seat jets the adhesive out of the orifice, and then
the adhesive falls down the substrate from 1-3.5 mm to form adhesive droplets. The micro-dot shape
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is not affected by the shape of the needle tip and substrate surface tension because the dispenser’s
needle tip is not in contact with the substrate [17,18].
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Figure 1. Fluid jetting process. 1. Ball-needle; 2. nozzle-seat; 3. nozzle orifice; 4. substrate; 5. chamber;
6. pressured adhesive; and 7. adhesive dot.

Currently, three types of actuators used to drive the dispenser needle have been studied. They consist
of a piezo-stack actuator (PSA), a magnetostrictive-stack actuator (MSA), and an electro-pneumatic
actuator (EPA). Detailed schematic diagrams of these actuators are shown in Figure 2a—d. The PSA is
made of a multilayer of reformed Lead-Zirconate-Titanate (PZT) ceramics. The PZT materials generate
a mechanical strain when oriented electrical charges are applied. The PSA’s features include a large
generated force and fast response; however, the mechanical strain is less than 100 pm at a high excitation
voltage of about 200 Volts. The deformation in this PSA is not great enough to directly actuate the
needle displacement. Thus, an amplification mechanism including a hinge and lever is used to magnify
the displacement to at least 0.35 mm [19,20]. The PSA has two major designs, in which one or two
PSA blocks combined with the amplification mechanism and return spring are used, as indicated in
Figure 2a,b. The MSA is made of a magneto-active material including many thin Terfenol-D plates,
which generates a mechanical strain when exposed to an external magnetic field. Similar to the PSA,
the elongation of the MSA is also limited by the small travel range. Thus, mechanical amplification is
also used to amplify the needle displacement, as indicated in Figure 2c [11,19]. The size and cost of
the PSA and MSA types also increase significantly when utilizing mechanical amplification, so they
are more suitable for high-frequency applications. The EPA type uses a fast 3/2 solenoid pneumatic
valve to close and open the pressured air provided by an air compressor (Figure 2d). The compressed
air travels into the under cylinder chamber and pushes the piston-needle up. In the dispensing stages,
the spring’s compression force pushes the piston-needle down to jet the fluid out of the orifice [21-23].
The EPA has one electromagnetic valve accompanying the piston-cylinder, which raises the size of the
EPA and the operating cost significantly. In addition, the pneumatic system usually incurs a pressure
loss during the working process, so the pneumatic actuators have low efficiency compared with other
electric-mechanical actuators. The operating frequency of the EPA is also lower than that of the PSA and
the MSA types. It is suitable to work at low and medium frequencies.

In this research, the new jet dispenser driven by a moving magnet actuator, which is well known
as a type of the voice coil actuator, working at a medium frequency is proposed. Figure 2e shows the
MMA diagram, which consists of a permanent magnetic core, a ferrous steel shell, and a winding
coil assembly. The electromechanical energy conversion of the MMA is based on the Lorentz force
principle. The interaction between the electromagnetic fields of the electric coil and the permanent
magnet generates the force to actuate the dispenser needle. The travel length of the MMA shaft is
greater than that of the PSA and MSA. The MMA can directly drive the dispenser needle without the
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displacement-magnifying mechanism, thereby reducing the device size significantly. The operating
stability of the EPA is lower than that of the MMA because the EPA depends on the electromagnetic
valve and compressed air impact. In addition, the MMA's core can move in two directions by reversing
the current direction. Thus, the MMA dispenser has also been investigated when operating with and
without a return spring. The problem of actuators the MSA, EPA, and MMA is the heat generation
of the coil, which affects the working efficiency of the dispenser and the droplet size. To maintain
the fluid temperature between 40 and 45 °C, an electric fan is attached to the dispenser holder to
create heat convection into the environment. The MMA dispenser can generate micro-droplets at
a frequency of less than 80 Hz without the displacement-magnifying mechanism. The droplet shape
meets the requirement because droplet losses and satellite dots do not occur. In this paper, the MMA
dispenser configuration is introduced, in which the main geometric dimensions of the dispensing parts
refer to previous research and commercial dispensers. The root-mean-square force (Frys) calculated
in detail is the key input value for the MMA design. In the MMA design, the driving/thrust force
generated by the MMA must be larger than the Frys. Then, a control model creating a voltage pulse to
apply in the MMA dispenser is presented. Glycerin is used as the fluid material in the experimental
process. The droplet size is examined under the specific backpressure conditions, needle stroke lengths,
operation frequencies, and fluid temperatures to evaluate the operation of the MMA dispenser.
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1. Piezostack 5. Needle 9. Piston 13. Coil

2. Hinge 6. Magnetostrictive 10. 3/2 solenoid valve 14. Ferrous steel
3. Lever 7. Coil 11. Air compressor shell

4. Return spring 8. Cylinder 12. Permanent magnetic core

Figure 2. Schematic diagram of four actuators. (a) Using one piezo-stack and amplification mechanism;
(b) using two piezo-stack and amplification mechanism; (c) using a giant magnetostrictive and
amplification mechanism; (d) using an electro-pneumatic actuator; and (e) using a linear moving
magnet actuator.
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2. Configuration of the MMA Dispenser

The configuration of the MMA dispenser including the MMA part and dispensing parts is shown in
Figure 3. The MMA includes an annular-shaped permanent magnet (11) made of strong Neodymium
ND-48H placed between two iron-ring poles (10). The magnetic field of the permanent magnet is axially
oriented. Two identically serial coils (12) are wrapped around the bobbin (16). The bobbin is made
of aluminum alloy AL6061 because AL6061 has high thermal conductivity and obtains low effective
inductance from the electric coils. The ferromagnetic shell (13) and iron-ring poles (10) are made of carbon
steel 1020C, both of which have high permeability and magnetic saturation density 1.6 T to avoid losing the
magnetic field [24]. The magnets and iron-ring poles are mounted on a non-ferromagnetic core (7) made
of AL6061, and this core is connected to the ball-needle (5) with a connector nut. The stroke-adjusting
nut (15) with a thread pitch of 1 mm adjusts the ball-needle displacement from 0 to 2.5 mm. For the
dispensing parts, the fluid (17) in the syringe (1) is pressurized with air (18) to form a steady continuous
flow. The fluid passes through the fluid connector (2) to the chamber (4) inside the fluid body (6). When
the voltage pulse (14) is applied, a current is available. A magnetic field is generated and strongly
concentrated at the coil center. This electromagnetic field interacts with the permanent magnetic field
to produce the Lorentz force. The Lorentz force drives the core moving upward. The return spring (8)
pushes the needle downward in the dispensing stroke. The force direction depends on the direction of
the current direction. As a result, the ball-needle, which is made of stainless steel, moves upward or
downward to open or close the nozzle orifice (3).
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Figure 3. The moving magnet actuator (MMA) dispenser configuration. 1. Syringe; 2. fluid connector;
3.nozzle; 4. chamber; 5. ball-needle; 6. fluid body; 7. shaft; 8. return spring; 9. housing; 10. ferromagnetic
disc; 11. permanent magnet; 12. coil; 13. ferromagnetic shell; 14. voltage pulse; 15. stroke adjusting nut;
16. bobbin; 17. fluid; 18. pressurized air; A. temperature checkpoint.

3. MMA Dispenser Design

3.1. Dispensing Parts

To reduce the design time, main geometric dimensions of the dispensing cluster including the
ball-needle, chamber, and seat-nozzle follow previous studies and existing dispensers [11,20,25,26].
Figure 4a shows the dimension symbols for the dispensing cluster. Important dimensions can be
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listed, such as the ball-needle diameter (dn. = 2), diameter of nozzle-orifice (N, = 0.5), length of
the nozzle-orifice (Ln, = 3), diameter of the nozzle chamber (Dp. = 3), length of the nozzle chamber
(Inc = 5.4), chamber diameter (D, = 4), chamber length (I, = 9.5), inner diameter of fluid connector
(Dyc = 2), and diameter of the needle piston (dnp = 3). Other dimensions are chosen for convenience for
assembly between the dispensing cluster with the MMA and the dispenser holder. The ball-needle
and nozzle are made of stainless steel 304, and AL6061 is the main material used to fabricate the
other components.
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Figure 4. Configuration of dispensing parts. (a) Dimensional specifications; and (b) dynamic analysis

in the dispensing stage.
3.2. Calculation of Driving Force

The driving/thrust force (Fy,) generated from the MMA must be larger than the root-mean-square
force (Frms). The Frys is calculated based on the peak force (Fpe), including the resistance force of the
glue (FG), friction force of the O-ring (Ff), acceleration force of the mass (Fys), and the spring force

(Fsp) as:
Fpe =Fg + Fg+ F + FSp- 1

The resistance force of the glue (Fg) including the damping force (Fp) and the upward force in the
nozzle seat area (Fp) when the needle moves downward, is expressed by:

Fg = Fp + Fp. ()

The damping force can be calculated by [27]:

®)

lnc lC
Fp =vn Z Cq = vn2nydne(DnC — i + D—d.)
where vy, is the maximum speed of the needle (320 mm/s), Cq is the damping coefficient, and u is the
dynamic viscosity at room temperature (1.49 kg/m s). Dpc, D¢, and dpe are the diameters of the nozzle
chamber, chamber, and the needle, respectively. I, and I are the lengths of the nozzle chamber and
chamber, respectively.
The upward force in the nozzle-seat area can be calculated by [11]:

FP - Ps'Aen + PAACr (4)
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where Ps is the glue pressure between the nozzle-seat and the needle tip. (Aen = 6.38 mm?) is the
effective area at the needle end that is directly affected by the Ps. P is the glue pressure in the chamber.
Ac = 4.71 mm? is the needle-cap area. In the chamber, the glue pressure Py is determined using the
Bernoulli equation [28]:

Pp = Psy + pg(hsy - hch) + %p(vgy - vfh), (5)

where Psy is the maximum backpressure in the syringe (0.5 Bar); hsy = 100 mm and hy, = 16 mm
are the glue height in the syringe and chamber, respectively; p is the Glycerin density (1261.3 kg/m?),
and vgs = 0.1 mm/s and v, = 1.06 mm/s are the glue speed at the syringe and chamber, respectively.
The dot volume is assumed to be 0.5 mm?.

The glue pressure between the needle tip and nozzle seat Pg is given by [20,29]:

Pg = PA + AP + AP, 6)
1 Qb 1 (1f,_Acon V" (1 _Acon V) %
e EpCC(E(l - S ) + (1 - S ) )1E @)
(o + 1)@y + S [ L) B [
AP, — 1-0 2lsK, ®)
' nm,g[(l_Az)lﬂ/ﬂ_01+1/n(/\2_02)1+1/”] s
Acon = 2TFcon(Zm — zn)c0S®, )
QB = ON — QNoz/ (10)
ON = Aen'Un, (11)
2
Qs = (% ), 12)

where AP}, is the drop in pressure because of the expansion and contraction of the flow at the
needle tip. AP}, is the backflow pressure drop due to the fluid passing through the annular channel
between the ball-seat and the needle in the dispensing stage. &g is the local loss factor due to the
contraction and expansion of the backflow. C. = 0.64 is the contraction coefficient at the contraction
section depending on the ratio of the cross-section area of the nozzle chamber and nozzle seat. Qg is
the backflow rate in the chamber. Acqy is the contraction area of the nozzle chamber depending
on the existing position of the needle tip. Axn = 2.19 mm? is the cross-section area limited by the
ball-seat and needle tip in the annular duct. 7en is the contraction-section radius at the existing
needle-position. zy, = 2.5 mm is the maximum distance from the ball-seat to the needle tip. z, are the
needle displacement at the considered position. ¢ is the inclined angle of the ball-seat. I; = 1.25 mm
is the ball-seat length. r; = 1.24 mm is the ball-seat radius. , = 1 mm is the needle radius. n = 0.5
is the flow behavior index [29]. ¢ = 0.81 is the needle’s dimensionless radius 0 = 1, /rs. A = 0.72is
the function of 0 and n. K = 0.365 Pa.s" is the consistency index. Qy is the flow rate created by the
downward motion of the needle. Qny; is the flow rate through the needle. a(t) is the flow velocity at
the nozzle center. The reference value of a(t) is 4 m/s.
The friction force between the O-ring and the needle (Ff) can be calculated by [30]:

Fp = 2ndnprorE0r(1 -

2
Dg‘dnp) 1- (Dg_dnp) ) (13)

4ror 167’(2)r

where Dg =6mmand dnp =3 mm are the cylinder and needle-piston diameters, respectively. 7o = 0.8 mm
is the cross-section radius of O-ring, and E,; = 4 N/m? is the elastic modulus of the nitrile rubber material.
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In Equation (13), the precondition is that the value of Dg—dnp must be less than these of 47, so that it is
not a complex expression.

The acceleration force of load (Fys) occurs at the beginning of the filling and dispensing processes and
is calculated by equation Fy; = my a, in which, my, is the mass total of the needle (my,), connector nut (11ny),
MMA core (1m5), permanent magnets (17pm), and ferromagnetic discs (171¢q). 4 is the acceleration a = dv, /dt.
The spring force is calculated using Hooke’s law Fgp = k-z. k is the spring stiffness k = 2 N/mm.

The RMS force is expressed by the equation as below [31]:

o 2 2
FPetl + (FG + Fr -l—Fsp) tr + (FM +F5p -Fg —Fp) t3
Frvs =

, (14)
t1+ty+Hi3+ 1y

Fpe = Fg + Fg + Fy + Fsp, (15)

where t1, t5, t3, and t4 are the acceleration time, run time, deceleration time, and dwell time, respectively.

The results obtained from the theoretical calculation of the dispensing cluster include the damping
force (Fp = 57 x 1073 N), upward force (Fp = 0.81 N), resistance force of the glue (Fg = 0.867 N),
friction force of the O-ring (Fr = 1.84 N), acceleration force of the mass (Fy; = 6.15 N), and spring force
(Fsp =5 N), peak force (Fpe = 13.65 N), and the root-mean-square force (Frys = 8.08 N).

3.3. The MMA Simulation

Since the cross-section of the MMA is constant, a 2D axisymmetric model can be used. The thrust
force on the moving core, including the shaft, two ferromagnetic discs, and the permanent magnet,
is predicted via a 2D magnetostatic solution type in an ANSYS Maxwell simulation. The MMA geometric
dimensions are also determined through the process of modifying the MMA model to get the most
suitable result. Figure 5a—d show a 2D axisymmetric model of the MMA in Maxwell simulation. In this
simulation model, the permanent magnet material is NdFeB-N-48, which has the relative permeability
of u = 1.05, the magnetic retentivity of Br = 1.4 T, and magnetic coercivity of Hc = —1061032.95 A/m.
The two iron-ring poles and ferromagnetic shell are made of carbon steel 1020C with a nonlinear B-H
curve indicated in Figure 5e [32]. The bobbin, core/shaft, and adjusting nut are made of AL6061. The wire
diameter is 0.32 mm, and the number of turns N is 439 turns for each winding coil. The max voltage
ranges from 22 to 24 V, and the current applied to the coil ranges from 1.6 to 2.4 A. The simulation results
show that the computed thrust force is 9.72, 10.89, 12.12, 13.3, and 14.47 N corresponding to an applied
current of 1.6, 1.8, 2.0, 2.2, and 2.4 A, respectively.

-
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Figure 5. Cont.



Appl. Sci. 2019, 9, 2911 8 of 14

2.5 —a—e—0—9
e "
— 2.01 ‘.o""/.
e ”
M 1.5
2z
g 1.04
=
Z05
s
0.0

0 40000 80000 120000 160000
Magnetic field strength H (A/m)

(e)

Figure 5. The finite element analysis model of the MMA. (a) MMA model; (b) mesh model; (c) flux
distribution at excited current of 2.4 A; (d) magnetic flux density at excited current of 2.4 A; (e) B-H
curve of 1020 C.

The results for the simulated MMA dimensions are listed in Table 1. To confirm that the simulation
model is the most approximate description of the actual model, the real MMA model based on the
simulated MMA dimensions is fabricated. Figure 6a shows a measuring system designed to measure
the thrust force of experimental MMA. The experimental results show that the thrust force is 9.66, 10.47,
11.35,12.13, and 12.93 N corresponding to an applied current of 1.6, 1.8, 2.0, 2.2, and 2.4 A, respectively.
The simulation results are compared with the experimental values with an average error of 5.96%, and
shown as Figure 6b. To successfully actuate the dispenser needle, the thrust force Fth generated from
the MMA must be greater than the Frys force. If the safety factor n is 1.3, Fth must take a value greater
than 10.5 N. Compared to the experimental results; the current value applied for the MMA must be
greater than or equal to 2 A.

Table 1. The main dimensions of the MMA.

Dimensions Value (mm) Dimensions Value (mm)
Core radius Teo =2 Permanent magnet height hpm =21
Ferromagnetic-disc thickness lg=4 Permanent magnet radius Tpm = 6.5
Needle-piston radius p =2.5 Bobbin inner radius rip =7.5
Height of coil he =15 Bobbin outer radius Tob = 12
Coil thickness re=4 Shell inner radius ris = 12.5
Spacing between two coils lsp=2 Shell outer radius Tos = 15
15 T
—=— Simulation result
144 —e— Experimental result /
Z 131
o /
Q
5 124
o
e i - § 11+
. =
Load cell™ Micrometer head = 10
9 T T T T T T T
1.6 1.8 2.0 22 2.4
Current (A)
(a) (b)

Figure 6. Measuring driving force. (a) Measuring system; (b) comparison of experiment and simulation results.
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3.4. Control Signal

The ball-needle movement is only controllable on half of the displacement cycle that typically is
the upward stroke. In the downward stroke, the elastic potential energy coming from the compressed
spring’s deformation will convert into kinetic energy and push the needle downward. The single
pulse applies for the MMA coil, as shown in Figure 7a. In the closing stage, the voltage has a value
of 0 V. In the filling stage, the voltage value rises from 0 to Vmax in time T1; the MMA thrust force
drives the needle upward. Then, the Vmax stays in the delay time T2 to keep the needle at the top of
the opening stage. When the voltage value drops from Vmax to 0V, the current is off, and the thrust
force is lost. The spring force pushes the needle down to carry out the falling stage T3 and dispensing
stage T4. If the return spring is not used for the MMA, the double pulse will be applied for the coil
as shown in Figure 7b. In the falling stage T3, the voltage value decreases from Vmax to its negative
value —Vmax and the current direction reverses. The Lorentz force direction is reversed to push the
needle downward. Then, the —Vmax delays in T4 to keep the needle at the bottom in the closing stage
until the new jetting process begins. The double pulse is more active when the response times can be
controlled by changing the pulse width. However, the double pulse model consumes twice as much
energy as the single pulse model.
nLL L il
S Vou

T,
T

Vinax

(@) (b)

Figure 7. Voltage control scheme. (a) Single pulse; and (b) double pulse. T1: Rising stage; T2: Opening
stage; T3: Falling stage; T4: Dispensing stage.

Figure 8 shows an open loop operation controlling the MMA. An amplifier driver is installed to
communicate with the computer. The desired input frequency f and current I are set on the software
interface to send to the amplifier. The current oscillates under the output pulse width modulation
(PWM) signal at the desired frequency. The output voltage from the amplifier can be applied under
two single pulse and double pulse modes. The single signal/mode 1 controls the dispenser having the
return spring, while the double signal/mode 2 controls the dispenser without using the return spring.
The two signal forms depend on the connection between the amplifier output gates and the MMA.
The MMA generates the thrust force necessary to drive a linear motion of the dispenser needle.

Uz & Mode 1
[ ) Linear
Computer/ ) Prg -
Desired £, I, . motion
Installed Amplifier Mode 2 The MMA
driver ; “‘__,-‘t »

Figure 8. Open loop control.
4. Experimental Set-Up

A fully experimental system was set up as illustrated in Figure 9. The MMA dispenser (1) was
attached to the 2D jetting system. An accelnet Panel ADP-090-09 amplifier (3) from Copley Controls
Corporation generated a square voltage pulse. The Accelnet amplifier was similar to a high-frequency
switch. CME 2™ software was used to communicate between the amplifier and the computer via



Appl. Sci. 2019, 9, 2911 10 of 14

a CANopen network or an RS-232 serial port. The output voltage and current value provided by the
Accelnet amplifier were measured on the Scope tool of the CME 2™ software interface. The oscilloscope
HMO1024 (5) was used to double-check the output signal from the amplifier.

=N

Figure 9. Experimental test system. 1. MMA dispenser; 2. direct current (DC) fan; 3. Accelnet amplifier;
4. thermometer; and 5. oscilloscope.

It should be noted that the MMA generates heat during the period when there is a current in the
coil. Under this thermal conduction, the MMA heat transfers to the housing and fluid body. As a result,
the droplet diameter was affected when the adhesive inside the fluid body was heated. To reduce the
heat, one 12 V, 0.23 A, 2500 rpm DC fan (2) is attached onto the top of the MMA dispenser holder.
The airflow from the fan caused the heat to disperse into the environment. The fluid body always stays
at a temperature ranging from approximately 4045 °C. The fluid temperature is checked at point A
located on the outside of the fluid body surface, as shown in Figure 4. The TM-747DU thermometer (4)
with a resolution of 0.1 °C records the temperature data at the tested point during the operating process.

A glycerin material with physical viscosity of about 950 cP at 20 °C is used in the experiment, which
is conducted under the various working conditions, including the pneumatic pressure/backpressure
(Psy), ball-needle displacement (zim), operating frequency (F), and fluid temperature (T). Specifically,
the changes in droplet diameter under the effects of the former parameters are investigated in detail.
The parameters (Psy, zm, F, and T) are set up for four different experiments, as shown in Table 2. Only
one of the four parameters is changed while the others remain constant for each experiment.

Table 2. The setup parameters for the four experiments.

Pgy (Bar) Zm (mm) F (Hz) T (°Q)

Exp. 1 0.1-0.5 0.5 20 25
Exp. 2 0.2 0.5-2.5 20 25
Exp. 3 0.2 0.5 10-80 25
Exp. 4 0.2 0.5 20 2545

5. Experimental Results and Discussion

5.1. Backpressure

In the first experiment, the effect of the backpressure on the droplet size is indicated in Figure 10a,
in which the droplet diameter steadily increases with increases in the applied backpressure. The average
measured diameters of the jetted micro-droplets on the substrate are 1.36, 1.54, 1.68, 1.86, and 1.94 mm
at backpressures of 0.1, 0.2, 0.3, 0.4, and 0.5 bar, respectively. When the backpressure is less than 0.1 bar,
the high viscous fluid filling speed reduces, and thus the fluid cannot adequately fill the chamber
under the high operating frequency.
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Figure 10. Experimental results for the droplet diameters. (a) Backpressure effect; (b) needle placement
effect; (c) operating frequency effect; and (d) fluid temperature effect.

Furthermore, the low pressure also causes the fluid momentum to be too low to dispense the
fluid out of the nozzle. As a result, the fluid accumulates around the outside of the nozzle head,
and the surface tension prevents the fluid from falling. When the backpressure is larger than 0.5 bar,
the fluid momentum becomes too high; the jetted droplet size is too big, and many small satellite
dots are generated around the main dots, which reduces the dispensing quality. Some low viscous
fluids, such as water and fuel oil, are jetted without applying backpressure because of the effect of
the hydrostatic pressure on the self-filling ability of fluid in the chamber. Depending on the type of
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materials, a reasonable amount of backpressure should remain during the operating process, which
guarantees fluid adequacy in the chamber as well as jetting stability.

5.2. Needle Displacement

In the second experiment, the differences in the droplet diameter are obtained under a variety of
needle displacement conditions, as shown in Figure 10b. It can be seen that when the stroke increases,
the average droplet diameter increases slightly. The stroke length is adjusted to 0.5, 1, 1.5, 2, and 2.5 mm
corresponding to average droplet diameters of 1.55, 1.71, 1.8, 1.89, and 1.99 mm, respectively. When
the stroke length is less than 0.5 mm, the fluid momentum is not high enough to jet fluid out of the
nozzle orifice, and thus the droplet cannot be formed. As a result, a large volume of fluid accumulates
around the nozzle head, which combined with the surface tension, creates resistance and prevents
the fluid from falling. However, if the small stroke is less than 0.5 mm, higher backpressure must be
applied to obtain higher fluid momentum, and which helps jet the fluid out of the orifice. Based on the
requirements for the droplet size, operating frequency, and errors leading to satellite droplets around
the main dots, the stroke length must be adjusted accordingly.

5.3. Operating Frequency

The third experiment investigates the effects on the droplet diameter by the operating frequency,
as shown in Figure 10c. There are eight injection frequencies of 10, 20, 30, 40, 50, 60, 70, and 80 Hz,
corresponding to the pulse widths of 100, 50, 33, 25, 20, 16.67, 14.28, and 12.5 ms, and average droplet
diameters of 1.91, 1.55, 1.47, 1.35, 1.25, 1.16, 1.11, and 1.04 mm, respectively. It is clear that the dot size
reduces when the working frequency increases. When the dispenser operates under a high frequency,
the opening stage time decreases, and the needle stroke is limited. Thus, the gap between the needle
top and nozzle-seat decreases. As a result, the fluid volume jetted out of dispenser is reduced, and the
droplet size becomes smaller. In this experiment, the maximized achievable operating frequency is
80 Hz at a backpressure of 0.2 bar. If the frequency is over 80 Hz, the fluid cannot adequately fill in the
chamber; the jetted fluid is discontinuous and interrupted, and the number of droplets is unsatisfactory.
Another defect is small satellite droplets generated around the primary dots.

5.4. Fluid Temperature

The effect of the fluid temperature on the droplet diameter is illustrated in Figure 10d, in which it
can be seen that the droplet size increases significantly when the fluid temperature rises. The fluid
viscosity varies with increases in the temperature; the surface tension decreases at the high temperature,
and the adhesive stream is easily separated into droplets. Thus, the adhesive is dispensed out of the
nozzle orifice at a significantly larger volume. The observed average droplet diameters at temperatures
of 25, 30, 35, 40, and 45 °C are 1.56, 1.7, 1.89, 2.09, and 2.21 mm, respectively. However, the adhesive
performance decreases when the material viscosity drops, and the fluid spreads to form big dots, which
reduces the position accuracy of the desired points. The suitable temperature to jet the glycerin is in
the range of 3545 °C.

6. Conclusions

Non-contact dispensing technology exhibits good potential for electronics packaging applications
and has attracted researchers in recent years. In this study, the design and experimental validation of a tan
MMA-based jet dispenser are presented. The force thrust of the MMA needed to actuate the dispenser
needle is determined through theoretical calculations. The dimensions of the MMA are analyzed and
evaluated using FEA-based ANSYS Maxwell software. The working frequency of the jetting dispenser is
shown to reach a maximum of 80 Hz. The dispenser needle stroke is high enough to finish the jetting
process without using a magnifying device. The droplets generated by the MMA jet dispenser also
achieve uniformity in shape and size when working under the effects of changed conditions, such as
the backpressure, operating frequency, needle displacement, and fluid temperature. The problem of
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heat generation in the MMA is also solved by attaching a DC fan onto the dispenser holder, so the fluid
temperature is managed and ranges from 4045 °C. Problems such as increasing the operating frequency
and reducing the impact of heat on the performance of the MMA will be addressed in future research.
From the initial results of this study, the MMA dispenser could be considered a potential actuator type
for the jetting dispenser used in electronics and automotive assembly applications.
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