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Abstract: This work identifies crucial operating parameters which most significantly influence
the jetting performances of piezostack-driven non-contact dispensers. This is achieved through
experimental investigation and statistical analysis. After introducing the configuration and operating
principle of the piezoelectric jetting dispenser, an experimental setup is constructed in order to test
the jetting performance, such as the dispensed amount. After selecting four significant operating
parameters for the light-emitting diode (LED)-packaging process, two levels for each parameter
are considered. Subsequently, the weight of a single dispensed dot is measured 100 times, and the
average weight and standard deviation are calculated for each experimental set. The results are then
statistically analyzed using a commercial software package. Finally, the crucial operating parameters
which provide a low average weight and a minimum variation in the weight of a single dispensed
dot are identified.

Keywords: jetting dispenser; piezoelectric actuator; operating parameters; jetting performance;
experimental design set; statistical analysis

1. Introduction

In order to obtain an accurate delivery of fluid materials such as an epoxide resin or an encapsulant
material, fluid dispensing systems are widely applied in many fields, including the semiconductor
industry. Thus, fluid dispensing is an important process in the electronic manufacturing industry
for areas such as integrated circuit (IC) chip encapsulation, surface mount technology (SMT), and
light-emitting diode (LED) packaging [1,2]. Currently, several types of dispensers have been developed
and successfully applied in the field. On the basis of the delivery mode of the fluid, dispensers are
classified as contact and non-contact, or jetting. With respect to contact-type dispensers, the nozzle,
substrate, and dispensed fluid are simultaneously in contact with each other [3–5]. It is necessary to
maintain the distance between the nozzle and the substrate to obtain good performance, and thus
an accurate position control and an increased cycle time are required, and the process is complicated.
In order to overcome the limitations of the contact-type dispensers, a new type of dispenser, called a
jetting dispenser, was proposed and developed. With respect to the jetting-type dispensers, the fluid
is ejected from the nozzle by using the kinetic energy of the needle movement [6,7]. However,
the operating frequency is generally limited to 100 Hz because the jetting dispensers are driven by
conventional pneumatic and electromagnetic actuators. Furthermore, the minimum droplet size and
viscosity of the fluid that is dispensed are also limited.

Recently, piezoelectric jetting dispensers were proposed and developed to satisfy the market
demands, including a better performance in terms of smaller size, a higher frequency, and a variety
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of dispensable fluids. Specifically, the dispensing heads are designed with small sizes and compact
structures by adopting the structural merit intrinsic to the small sizes of the piezoelectric actuators.
This means that the weight and inertia of the dispensing head are reduced, and thus a high-frequency
operation is possible. The fast response time as well as the low power consumption are also important
advantages of the piezoelectric jetting dispensers. Wang et al. designed a jetting dispenser with
two piezostack actuators and a displacement amplification device [8]. The jetting performance of a
single dot was experimentally evaluated on the basis of parameters such as temperature, backpressure,
and frequency. Luo and Deng established a dynamic model of a piezoelectric jetting dispenser and
evaluated the jetting performance through a computer simulation [9]. Lu et al. proposed a new type
of piezoelectric jetting dispenser featuring a piezostack actuator and a cymbal-type displacement
amplifier [10]. The dynamic model and governing equation were derived and the performance was
evaluated through both simulation and experimentation. Lu et al. also developed a bond-graph
model with respect to piezoelectric jetting dispensers and verified the good performance of the
proposed dispensing system [11]. Choi et al. proposed various types of piezoelectric jetting dispensers
and reported on the control performances of the proposed jetting systems [12–15]. Nguyen et al.
proposed a new type of jetting dispenser featuring a piezostack actuator and a hydraulic displacement
magnification mechanism [12,13]. They manufactured the dispenser system and implemented the
controller. The dispensing performances, including dispensing velocity and dispensed volume, were
evaluated based on the applied control input. Nguyen et al. developed a jetting dispenser configured
with a piezostack actuator and a flexible beam-type displacement amplification mechanism [14].
The dispensing performance was evaluated through a computer simulation, and the verification of
the results was conducted via experiments. Hong and Jeon proposed a new type of piezoelectric
jetting dispenser system actuated by dual piezostack actuators and evaluated its performance [15,16].
After conducting static and modal analyses, the design parameters of the dispenser system were
determined, and the dispenser system was manufactured. This was followed by the evaluation of
the jetting performances such as the needle stroke. Although several studies have focused on the
piezoactuator-driven jetting dispenser, there is a paucity of studies on the identification of crucial
operating parameters that significantly influence the jetting performances in a real field.

In order to treat this issue, a dual type of piezostack-driven jetting dispenser for LED packaging
is manufactured and tested in this study. The challenges and technical contributions associated with
this specific research are summarized as follows:

(1) The effects of practical operating parameters, such as the needle stroke, on the jetting
performances are experimentally evaluated. In the test, special attention is required to avoid
testing errors since the weight of a single dispensed dot should be repeatedly measured 100 times
for each test.

(2) The evaluated results are statistically analyzed to determine the optimal operating parameters
that can be directly used in LED-packaging industrial fields. The statistical analysis identifies the
effect of each operating parameter on the average and variance of the dispensing amount, and
the effect of the interactions with other parameters is also investigated.

In order to complete the above requirements, four main parameters are selected in this study,
namely, needle stroke, rising time, open time, and cooling pressure given several practical operating
parameters. Each parameter is divided into two levels, and thus sixteen experimental sets are
established based on the design of the experiments. Following the measurements, the average and
the standard deviation are calculated for each experimental set. From the analyzed results, optimal
operating parameters for a minimum average weight and a minimum variation in the weight of a single
dispensed dot are identified. It is noted here that the structural configuration of the piezostack-driven
jetting dispenser designed and manufactured in this study is essentially the same as that of the jetting
dispenser examined in a previous study [15].
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2. Dual Piezostack-Driven Jetting Dispenser

The structural configuration of the proposed piezoelectric jetting dispenser is shown in Figure 1.
Two piezo stack actuators are installed in parallel and generate the required force and displacement
for fluid jetting. Adjusting bolts are prepared to control the preload of the piezostack actuators.
In order to protect the actuators from external shock, upper and lower caps made of stainless steel are
attached to the top and bottom of the piezostack actuators. The displacement that is generated by the
piezostack actuators, which is normally less than 0.1 mm, is not sufficient for direct fluid jetting. Thus,
a displacement amplification device is adopted, based on a lever-hinge mechanism. For amplifying
the displacement, the lever is fixed to the hinge and kept in contact with the piezostack actuators
by the return springs. When the left-side piezostack is elongated and the right-side piezostack is
contracted, the displacement generated by the piezostack actuator makes the lever mechanism rotates
counterclockwise, and hence the needle moves upward. In contrast, when the left-side piezostack is
contracted and the right-side piezostack is elongated, the lever rotates clockwise, and hence the needle
moves downward. The lower caps of the piezostack actuators are in contact with the hinge portion of
the displacement amplification device, and disk-type return springs are installed underneath the hinge
to recover the initial position of the hinge. The needle of the dispenser is directly connected to the end
of the lever part of the displacement amplification device. The design parameters for the dispenser
components, such as the lever, hinge, and return spring are given in Table 1 [15]. The proposed
piezoelectric jetting dispenser performs fluid jetting through the following four steps:

(1) Rising Stage: The lever rotates in a counterclockwise direction and the needle moves upward
when the left- and right-side piezostack actuators are elongated and contracted, respectively.
Subsequently, the fluid in the syringe begins to fill the empty space in the dispenser head.

(2) Open Stage: The position of the needle is maintained by applying the proper control input voltage
to obtain perfect filling of the dispensing fluid.

(3) Falling Stage: The lever rotates in a clockwise direction and the needle moves downward when
the left- and right-side piezostack actuators are contracted and elongated, respectively. The needle
penetrates the fluid and dispenses it through the nozzle of the head by using the impact energy.

(4) Closed Stage (delay): The position of the needle remains lowered until the next jetting operation.
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Table 1. Design parameters of the jetting dispenser components.

Components Parameter Value

Lever
Distance from hinge to needle 51.5 mm

Thickness 4 mm
Width 10 mm

Return Spring
Height 0.6 mm

Outer Diameter 8 mm
Inner Diameter 4.2 mm

Hinge Diameter 2 mm

The schematics of the needle position and input voltage profiles are shown in Figure 2a,b,
respectively. As shown in Figure 2b, since unidirectional piezoelectric actuators are used in this
study, the voltage from 0 to maximum voltage can be applied as the input, and hence it is not
necessary to apply offset voltage. The implemented controller controls the time for the rising,
open, falling, and closed stages as well as the operating frequency and the stroke of the needle
by controlling the input voltage to the piezostack actuators. A sudden voltage application can cause an
overshoot, and an excessive overshoot can degrade the accurate performance of the dispenser system.
This should be carefully considered from the stage of an appropriate selection of the piezoelectric
actuator. The overshoot can be reduced by reducing the magnitude of the input voltage per unit
time [17,18]. In this work, to prevent overshoot, the loading rate of the input voltage is reduced by
dividing the input voltage into small steps (digitized), and the time per step is 5.8 µs. In order to
obtain a rise of time of 2 ms, 340 steps are required, and the voltage is increased by 0.4 V per step,
so that a maximum of 135 V can be applied. This control strategy is programmed in the controller and
experimentally realized.

It is ideal that both piezostack actuators are operated symmetrically. However, the behavior of
each piezoelectric actuator is not exactly symmetrical because of the hysteresis of the piezoelectric
actuator [19,20]. This behavior occurs even though the input voltages for each actuator are perfectly
symmetrical. When two piezoelectric actuators are driven at the same time, the load can be increased
in the piezoelectric actuators because of the difference of displacement caused by the hysteresis
characteristics of the piezoelectric actuators, and this phenomenon can damage and break the
piezoelectric actuators. In this work, the hysteresis characteristics of the piezoelectric actuator
are compensated by the open-loop method, applying a time delay to the input signal. When the
displacement of the dwindling (contracted) piezostack is smaller than the displacement of the
lengthening (elongated) piezostack during these stages, both the piezostack actuators are always
subjected to compressive forces induced by the return spring. Because the piezostack actuator can bear
some compressive force, this state is acceptable for operating the jetting dispenser system. Therefore,
as shown in Figure 2b, the input for the dwindling piezostack actuator has a 30 µs time delay compared
to the input for the lengthening piezostack. Since the digitized step size of the input voltage is 5.8 µs,
in order to create the 30 µs delay in the input signal to the dwindling piezostack actuator, the input
for the dwindling piezostack actuator is applied after five digital units relative to the input for the
lengthening piezostack actuator. This directly means that both piezostack actuators will always
be compressed and will be not impacted by the lever. This control strategy is programmed in the
microprocessor and experimentally realized. In addition, a piezoelectric actuator model having a small
difference between the rising time and the falling time is selected for the effective operation of the
proposed control strategy. Details on the control algorithms were given in the previous study [15].



Appl. Sci. 2018, 8, 243 5 of 15
Appl. Sci. 2018, 8, x FOR PEER REVIEW  5 of 15 

 

(a) 

 

(b) 

Figure 2. Operating process for the jetting. (a) Needle position; (b) input voltages. 

3. Design of the Experimental Test 

The experimental setup is established as shown in Figure 3 to demonstrate the performance 

characteristics of the proposed piezoelectric jetting dispenser while considering various operating 

parameters. The piezoelectric actuator AE0505D44D40DF (TOKIN Corp., Miyagi, Japan) is selected, 

and the specification of the piezoelectric actuator provided by the manufacturer are given in Table 2. 

The displacement of the needle according to the input voltage is measured by increasing the input 

voltage from 0 V to 150 V by 15 V. The measured displacement is presented in Figure 4, and the 

maximum displacement of the needle is about 390 μm at an input voltage of 150 V. The displacements 

for 120 V and 135 V input voltages are 300 μm and 345 μm, respectively, thus larger than the 

minimum displacement for effective dispensing, 300 μm [15]. The weight of a single jetted dot is 

measured by using a precision balance, WZA245-NC (SARTORIUS Corp., Göttingen, Germany). The 

maximum measurable weight and the measurement resolution are 240 g and 0.01 mg, respectively. 

In order to create jetting parameters that are similar to those required in industrial applications, a 

mixture of 85% silicone (OE-6630, DOW CORNING, Auburn, MI, USA), that is widely used in LED 

applications, and 15% yellow phosphor–yttrium–aluminum garnet (YAG, NICHIA Corp., 

Tokushima, Japan) is used as the dispensing fluid. The material properties of the dispensing fluid are 

listed in Table 3.  

  

Figure 2. Operating process for the jetting. (a) Needle position; (b) input voltages.

3. Design of the Experimental Test

The experimental setup is established as shown in Figure 3 to demonstrate the performance
characteristics of the proposed piezoelectric jetting dispenser while considering various operating
parameters. The piezoelectric actuator AE0505D44D40DF (TOKIN Corp., Miyagi, Japan) is selected,
and the specification of the piezoelectric actuator provided by the manufacturer are given in Table 2.
The displacement of the needle according to the input voltage is measured by increasing the input
voltage from 0 V to 150 V by 15 V. The measured displacement is presented in Figure 4, and the
maximum displacement of the needle is about 390 µm at an input voltage of 150 V. The displacements
for 120 V and 135 V input voltages are 300 µm and 345 µm, respectively, thus larger than the minimum
displacement for effective dispensing, 300 µm [15]. The weight of a single jetted dot is measured by
using a precision balance, WZA245-NC (SARTORIUS Corp., Göttingen, Germany). The maximum
measurable weight and the measurement resolution are 240 g and 0.01 mg, respectively. In order to
create jetting parameters that are similar to those required in industrial applications, a mixture of 85%
silicone (OE-6630, DOW CORNING, Auburn, MI, USA), that is widely used in LED applications, and
15% yellow phosphor–yttrium–aluminum garnet (YAG, NICHIA Corp., Tokushima, Japan) is used as
the dispensing fluid. The material properties of the dispensing fluid are listed in Table 3.
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Table 2. Specifications of the piezoelectric actuator.

Parameter Value

Dimensions 5 × 5 × 40 mm
Blocking Force 750 N

Maximum Displacement 42 µm @ 150 V
Stiffness 20.2 N/µm

Resonant Frequency 34 kHz
Rising Time 20.32 µs
Falling Time 26.68 µs
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Table 3. Material properties of the dispensed fluid.

Material Property Value

Silicone (OE-6630)

Viscosity 2300 cp

Surface Tension 2.2 × 10−6 N/cm

Density Part A 1.10 g/cm3

Part B 1.15 g/cm3

Phosphor (YAG) Density 4.40 g/cm3

Mixture
(Part A:Part B = 1:1 and Phosphor 15%) Density 1.20 g/cm3
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It is necessary to evaluate the accuracy and precision of the jetted amount of fluid with respect
to the operating parameters to identify the performance characteristics of the proposed piezoelectric
jetting dispenser. The important operating parameters can be broadly divided into two parts. One
includes the factors associated with the operation of the piezoelectric actuator, such as the needle
stroke, rise time, open time, cooling temperature, and the other includes the factors for the dispensing
equipment, such as the syringe pneumatic pressure, nozzle diameter, nozzle temperature, and so on.
As a first step, in order to evaluate these factors at practical operating conditions, four parameters that
are directly related to the piezoelectric actuators are selected in this work. In the proposed non-contact
jetting dispenser, the actuating characteristics of the piezoelectric actuators are extremely important
to achieve high jetting performance. It is assumed that each parameter displays two levels, and
the operating parameter combinations are listed in Table 4. The two levels of each parameter were
determined from the following criteria that are frequently considered in practical working conditions.
When the displacement of 30 µm that occurs at the maximum 150 V input of the piezoelectric actuator
is 100%, then 90% and 80% are selected as the stroke parameters by considering the durability.
The piezoelectric actuators operate at one cycle of rising, open, falling, and closing, and 10 ms are
required for a cycle, thus the operating frequency of 100 Hz is considered. Subsequently, the rising
time and the opening time are set to 2 or 3 ms by considering the falling time of 0.1 ms and the closing
time in the range of 3 ms to 5 ms. Two levels of 138 kPa (20 psi) and 207 kPa (30 psi) are considered
for the cooling pressure of the piezoelectric actuator on the basis of the capacity of the pneumatic
device for air cooling in the piezoelectric actuator. The falling time, temperature of the nozzle, and air
pressure of the syringe are fixed at 0.1 ms, 35 ◦C, and 310 kPa, respectively. Additionally, the operating
frequency is set to 100 Hz, and the inner diameter of the nozzle is set to 0.3 mm. The four parameters
and their two levels are considered, and therefore sixteen experimental sets are prepared, based on full
factorial design. The designed experimental sets and their corresponding operating parameters are
listed in Table 5.

Table 4. Main parameters and their levels.

Notation Parameter Unit Level 1 Level 2

A Needle Stroke % 80 90
B Rising Time ms 2 3
C Open Time ms 2 3
D Cooling Pressure kPa 138 207

Table 5. Designed experimental sets.

Run Needle Stroke (%) Rising Time (ms) Open Time (ms) Cooling Pressure (kPa)

1 80 2 2 138
2 80 3 2 138
3 80 2 3 138
4 80 3 3 138
5 80 2 2 207
6 80 3 2 207
7 80 2 3 207
8 80 3 3 207
9 90 2 2 138
10 90 3 2 138
11 90 2 3 138
12 90 3 3 138
13 90 2 2 207
14 90 3 2 207
15 90 2 3 207
16 90 3 3 207
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4. Results and Analysis

4.1. Average Weight

The dispenser jets 100 times for each run, and the weight of a single jetted dot is measured each
time. The measured results are shown in Figure 5. Subsequently, the average weight and standard
deviation of the results for each run are calculated and summarized in Table 6. The average weight
of a single jetted dot ranges widely from 0.337 g (0.001 standard deviation, 5th run) to 0.477 g (0.002
standard deviation, 12th run) with respect to the operating parameter set. The measured results are
analyzed by using a commercial statistical software package, Minitab (trial version 17 Minitab Inc.,
State College, PA, USA), and the level of significance is set to 0.1 (10%).
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Table 6. Average weight and standard deviation of the experimental results.

Run Average (mg) Standard Deviation

1 0.344 0.005
2 0.348 0.001
3 0.416 0.012
4 0.412 0.013
5 0.337 0.001
6 0.343 0.001
7 0.400 0.013
8 0.407 0.014
9 0.367 0.014

10 0.377 0.001
11 0.471 0.003
12 0.477 0.002
13 0.388 0.001
14 0.391 0.001
15 0.469 0.002
16 0.476 0.002

The main effects and the interaction effects plots for the average weight of a single jetted dot
are depicted in Figures 6 and 7, respectively. For the main effects plot, the parameters with a steep
slope display a significant effect and the parameters with a gentle slope display a small effect on the
average weight of a single jetted dot. As shown in Figure 6, the needle stroke (A) and open time (B)
are evidently associated with a high effect on the average weight of a single jetted dot, and the rising
time (C) and cooling pressure (D) exhibit a low effect on the average weight of a single jetted dot.
The average weight of a single jetted dot decreases with decreases in the needle stroke and open time.
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With respect to the interaction effects plot, the two parameters exhibit a high interaction effect when
the two lines cross each other, whereas the parameters do not display any interaction effect when the
two lines are parallel. The six interaction effects for the four parameters, AB, AC, AD, BC, BD, and
CD, are plotted in Figure 7. As shown in Figure 7, the parameters exhibit small interaction effects
on the average weight of a single jetted dot. The Pareto chart clearly explains the effectiveness of
each parameter and is shown in Figure 8. It is noted here that any parameter with a bar that extends
beyond the vertical red line (significant reference line) is potentially important. With the Minitab
Software, the reference line for statistical significance is determined on the basis of the significance
level and the Lenth’s method [21]. As shown in Figure 8, open time and needle stroke are the main
parameters associated with a significant effect, and the rising time is also a main parameter with a low
effect. The interactions stroke–open time, stroke–cooling pressure, and open time–cooling pressure are
meaningful parameters, although their effect is very low for the average weight of a single jetted dot.
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The effects and estimated coefficients for the average weight of a single jetted dot are listed in
Table 7. The p-value for each term is tested considering the null hypothesis in which the coefficient is
equal to zero (no effect). A low p-value (less than 0.1 in this work) indicates that the null hypothesis can
be rejected. In other words, a predictor that has a low p-value is likely to be a meaningful addition to the
regression model because the changes in the predictor’s value are related to the changes of the response
variable. Conversely, a larger p-value (higher than 0.1 in this work) suggests that the changes in the
predictor are not associated with the changes of the response [21]. Then, any parameter in the table
with a p-value lower than 0.1 is an important parameter that affects the average weight, because the
level of significance is set to 0.1. Table 7 shows the effective parameters with a shaded background, and
the results are exactly in accordance with those of the effects plots shown in Figures 6–8. The column
‘Effect’ denotes the vertical distance between two points in Figures 6 and 7. The column ‘Coefficient’ is
the same as half of the column ‘Effect’, and the values are the coefficients in the regression equation.
The column ‘t’ is obtained by dividing the ‘Coefficient’ with the ‘SE Coefficient’. The values of column
‘t’ are shown in the Pareto chart in Figure 8. A high magnitude of ‘t’ indicates that the parameter
displays a high effect. Thus, it is concluded that the most effective method to minimize the weight of a
single jetted dot involves reducing the needle stroke and the open time, and this significantly affects
the average weight with a high t-value. In Table 6, a run order of 1, 2, 5, and 6, with low needle stroke
and low open time displays a lower average value when compared with other run orders. The average
values for the run orders 9, 10, 13, and 14 slightly increased because of the higher needle stroke when
compared to the run orders 1, 2, 5, and 6. However, the average values for the run orders 3, 4, 7, and
8 sharply increased because of the higher open time when compared to the run orders 1, 2, 5, and 6.
The effects and estimated coefficients are reinterpreted with only the meaningful parameters, and the
result is depicted in Table 8. The coefficients in the third column in Table 8 are used to express the
regression model to estimate the average weight of a single dot as follows:

Yaverage_weight = 4.01 + 0.26 × A(Stroke)+0.03 × B(Rising Time)+0.40 × C(Open Time)

+0.07 × A(Stroke) ·C(Open Time)+0.04 × A(Stroke) ·D(Cooling Pressure)

−0.03 × C(Open Time) ·D(Cooling Pressure)

(1)



Appl. Sci. 2018, 8, 243 11 of 15

Table 7. Effects and estimated coefficients for the average weight.

Parameter Effect Coeff. SE Coeff. t p

Const. - 4.01406 0.01075 373.52 0.000
A 0.51148 0.25574 0.01075 23.80 0.000
B 0.05073 0.02536 0.01075 2.36 0.065
C 0.79355 0.39677 0.01075 36.91 0.000
D 0.00076 0.00038 0.01075 0.04 0.973

AB 0.01231 0.00615 0.01075 0.57 0.592
AC 0.13426 0.06713 0.01075 6.25 0.002
AD 0.08204 0.04102 0.01075 3.82 0.012
BC −0.00793 −0.00396 0.01075 −0.37 0.727
BD 0.00876 0.00438 0.01075 0.41 0.701
CD −0.05845 −0.02922 0.01075 −2.72 0.042

Table 8. Effects and estimated coefficients for the average weight with the meaningful parameters.

Parameter Effect Coeff. SE Coeff. t p

Const. - 4.01406 0.009015 445.26 0.000
A 0.51148 0.25574 0.009015 28.37 0.000
B 0.05073 0.02536 0.009015 2.81 0.023
C 0.79355 0.39677 0.009015 44.01 0.000

AC 0.13426 0.06713 0.009015 7.45 0.000
AD 0.08204 0.04102 0.009015 4.55 0.002
CD −0.05845 −0.02922 0.009015 −3.24 0.012

4.2. Weight Variation

The main and interaction effects plots for the standard deviation of the weight of a single jetted
dot are shown in Figures 9 and 10, respectively. As shown in Figure 9, all four parameters exhibit steep
slopes, and thus it appears that all parameters significantly affect the weight variation of a single jetted
dot. The six interaction effects for the four parameters, AB, AC, AD, BC, BD, and CD, are plotted in
Figure 10. As shown in Figure 10, the stroke–open time, rising time–open time, and rising time–cooling
pressure significantly affect the weight variation. The Pareto chart of the standard deviation of the
weight is shown in Figure 11. However, it is observed from the Pareto chart that only the needle stroke
and the open time are the main effective parameters, and the stroke–open time is the only effective
interaction parameter. These results are verified in the table of the effects and estimated coefficients
for the standard deviation, as shown in Table 9. The effective parameters include the needle stroke,
the open time, and the stroke–open time with a p-value lower than 0.1 and are denoted by a shaded
background. The results in Figure 11 and Table 9 indicate that the interaction of the needle stroke–open
time displays the highest effect on the variation of the weight of a single jetted dot. With respect to
the low needle stroke and low open time, the run orders of 1, 2, 5, and 6 in Table 6 display a lower
standard deviation value when compared with the other run orders. With respect to the higher open
time, the standard deviations for the run orders 3, 4, 7, and 8 rapidly increase. However, with respect
to a higher needle stroke, the standard deviations for the run orders 9, 10, 13, and 14 are unchanged
compared to those of the run orders 1, 2, 5, and 6 with the exception of the run order 9. These results
are also observed in the interaction effects plot in Figure 10. The variation is reanalyzed with only the
effective parameters, and the result is shown in Table 10. A regression model is constructed to estimate
the standard deviation of the average weight of a single jetted dot as follows, by using the coefficients
in the third column in Table 10.

Yvariation_weight= 0.05 − 0.02 × A(Stroke)+0.022 × C(Open Time)

−0.034 × A(Stroke) ·C(Open Time)
(2)
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Table 9. Effects and estimated coefficients for the weight variation.

Parameter Effect Coeff. SE Coeff. t p

Const. - 0.05403 0.005927 9.12 0.000
A −0.04508 −0.02254 0.005927 −3.80 0.013
B −0.01808 −0.00904 0.005927 −1.53 0.188
C 0.04427 0.02213 0.005927 3.73 0.014
D −0.01883 −0.00941 0.005927 −1.59 0.173

AB −0.01528 −0.00764 0.005927 −1.29 0.254
AC −0.06796 −0.03398 0.005927 −5.73 0.002
AD −0.01509 −0.00755 0.005927 −1.27 0.259
BC 0.02088 0.01044 0.005927 1.76 0.138
BD 0.02119 0.01059 0.005927 1.79 0.134
CD 0.02110 0.01055 0.005927 1.48 0.135

Table 10. Effects and estimated coefficients for the weight variation with the meaningful parameters.

Parameter Effect Coeff. SE Coeff. t p

Const. - 0.05403 0.008133 6.64 0.000
A −0.04508 −0.02254 0.008133 −2.77 0.013
C 0.04427 0.02213 0.008133 2.72 0.019

AC −0.06796 −0.03398 0.008133 −4.18 0.001

This is similar to the conclusions for the average weight, and it is concluded that the reduction
of the needle stroke and the open time is the most effective method to minimize the variation in the
weight of a single jetted dot.

Among the 16 parameter sets, the optimal operating parameters to minimize both the average
weight and the standard deviation of the weight of a single jetted dot are obtained and shown in
Figure 12. It is observed that an 80% needle stroke, 2 ms rising time, 2 ms open time, and 138 kPa
cooling pressure are selected as the optimal operating parameters for the minimum average weight
and minimum variation with respect to the weight of a single jetted dot. However, it is observed that
the average weight and standard deviation for the run order 1 in Table 6 (the operating parameters are
the same as the optimal parameters) are small but not minimum. The values for the run orders 2, 5,
and 6, with different rising time and cooling pressure, are lower than those for the run order 1. It is
concluded that the average weight and the variation of the weight of a single jetted dot are mainly
affected by parameters such as the needle stroke and the open time and not affected by parameters
such as the rising time and the cooling pressure.
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5. Conclusions

In this study, the effects of various operating parameters on the performance of the piezoelectric
jetting dispenser were experimentally tested, and the most crucial parameters that affect the jetting
performances were statistically analyzed and identified. First, the structural configuration and
operating principles of the piezoelectric jetting dispenser driven by dual piezostack actuators were
described. An experimental apparatus was prepared with a precision scale after manufacturing
the piezoelectric jetting dispenser. The selection of four primary parameters with two levels for
each parameter was followed by constructing sixteen experimental sets based on the design of the
experiments. The weight of a single dispensed dot was measured 100 times for each experimental set.
Additionally, the average weight and standard deviation were also calculated for each experimental
set. Subsequently, the experimental results were statistically analyzed by using a commercial software
package. The optimal operating parameters for the minimum average weight and the minimum
variation of the weight of a single dispensed dot were determined. It was confirmed that the reduction
of the open time is an important parameter that reduces the average weight and the variation of
the weight in the dispensed amount. However, it is difficult to increase the opening time so that it
is much faster than in the presented condition. The durability of the piezoelectric actuator and the
efficiency of the packaging process are considered, and the operating frequency is approximately
100 Hz. Subsequently, the operating cycle of the piezoelectric actuator that is composed of rising, open,
falling, and closing is approximately 10 ms. The increment in the open time may reduce the operating
frequency and result in an increment of the packing time and a decrease in the efficiency.

The results presented in this work indicated that the needle stroke and the open time are important
parameters and, hence, the reduction of the needle stroke and of the open time is the most effective
method to obtain a low average weight and a low variation in the weight of a single jetted dot.
In other words, it has been confirmed that, as the needle stroke and the opening time are reduced,
the discharged amount decreases. Therefore, a new design of the jetting dispenser considering
these two most significant parameters can be accomplished in a practical environment, especially
for the LED-packaging process industry. It is finally remarked that in the next phase of this study,
an experimental investigation will be carried out considering other design parameters, such as the
diameter of the nozzle and the operating frequency, besides the needle stroke and the open time
considered in this study.
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