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Abstract : In this paper, a hybrid design tool combining one-dimensional(1D) lumped model and three-dimensional
computational fluid dynamics(CFD) approach has been developed in order to evaluate the performance of inkjet print
head and droplet control process are studied to reduce the deviations between nozzles which affect the size of the printed
line for the industrial application of direct writing on printed circuit boards(PCB). 1D lumped model analysis shows that
it is useful tool for evaluating performance of an inkjet head by varying the design parameters. The differences in ejected
volume and droplet velocity between analytical and experimental result are within 12%. Time sequence of droplet
generation is verified by the comparison between 3D analysis result and photographic images acquired by stroboscopic
technique. In addition, by applying DPN process, velocity and volume uniformity between nozzles is dramatically
improved that the tolerance achieved by the piezoelectric inkjet printhead across the 64 nozzles is 5 to 8%. A printed line
pattern is successfully obtained using the fabricated inkjet print head and droplet calibration system

Key words : Inkjet print head( = ZZH E 3] =), Droplet ejection( 2} 2 EZ), 1D lumped model(1D T=E =),

Droplet control( <} A Al ©]), Driver per Nozzle( 7] ¥ 1= A o)

1. Introduction

With the

stabilization of nanoparticles in specific medium, direct

recent advances in synthesis and
inkjet printing has become one of the most attractive
manufacturing techniques of the deposition of materials
for a wide variety of application[2.3]. Direct inkjet

printing is an alternative and cost-effective technology
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for patterning and fabricating objects directly from
design or image files without conventional high-cost
micro patterning processes which include the repetition
of mask masking, UV exposure, developing, chemical
etching, resist stripping, cleaning, water rinsing and
drying[1].

However, absence of reliable inkjet print head and
effective jetting control system prevents the application
on the manufacturing electronic products. To apply the

inkjet printing technique, following requirements
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should be met for use of industrial application.

First, the inkjet print head which is capable of
ejecting various droplet diameters from tens to
hundreds of micron is necessary in order to achieve the
desired printed line width and pattern which is
practically determined by the size of droplet. Second,
during ejection process a uniform performance should
be maintained between each nozzle in order to reduce
width.

non-uniformity which is caused by inevitable

the variation of line However, the
fabrication error results in the variation of droplet size
and velocity.

To overcome these problems, an optimization of the
printing head design and development of droplet
control system are required. An efficient tool for the
optimization and evaluation of performance is the
simulation of the device which is very cost and
time-effective compared to experimental optimization.

In this study, the bending mode piezoelectric
drop-on-demand(DoD) inkjet head was investigated for
the application of direct printing on PCBs using liquid
metal ink. In order to predict the performance of the
inkjet head with variation in head design parameters,
lumped element model is developed. Also, we present
the development of the computer aided engineering
(CAE) tools for verification of inkjet head model to
understand droplet formation process for the novel
design concepts of metal jetting head. In addition,
droplet control process is developed to reduce the
deviations between nozzles which affect the size of the

printed line.

2. 1D Lumped analysis

Schematic view of the piezoelectric-driven
drop-on-demand inkjet head is shown in Fig. 1. Inkjet
printing head includes a reservoir, a restrictor, a
pressurization chamber, a nozzle and a piezoelectric
transducer. The pressurization chamber has a vibratory
plate which forms a portion of a wall of the

pressurization chamber and a piezoelectric element

couple to the vibratory plate. When an electric field is
applied to a piezoelectric material, it changes its planar
dimensions. However, it is rigidly attached to the
vibratory plate, bending occurs. This bending increases
the pressure in a chamber and causes the ink droplet to
be ejected through the nozzle. Accordingly, the
drop-on-demand(DoD) inkjet head are composed of a
composite system of electrical, mechanical, and fluidic
elements. However, the mathematical difficulty of
predicting the performance of the printing head is
greatly reduced by replacing the distributed
components with equivalent lumped elements[4,5].
The displacement of a piezoelectric vibrator on a
pressurization chamber and the resulting ink stream
may be analogized to an electric circuit as shown in Fig.
2. C, M and R illustrate the compliance, inertance and
resistance of the lumped elements respectively. Fluid
chamber s

compressibility in  pressurization

represented by C, compliance. Also, elastic
deformation of vibratory plate acts as compliance.
When accelerated ink flows through a thin passage,
the mass of the ink acts as inertance. In the notation, the
subscript denotes the component in the inkjet

[T}

head.(e.g., “p

[TPR1}

for piezoelectric vibrator, “c” for
pressure generating chamber, “r” for restrictor, “n” for
nozzle, “res” for reservoir and “m” for meniscus.) By
using lumped element modeling of inkjet printing head,
derived Eq.(1) and (2) are as follows:

R I P 1 1 __C 1
iRt ey vt (D
- 1 - 1 1 G 2
qn= Mn[Ran+ C,,+C(,q"+ C/»+C4 qn Cp+cc V/)+Vm} ( )

where “g and 7 are flow rate at restrictor and nozzle,
respectively. Compared with inertance and resistance
of nozzle and restrictor, M. and R. are relatively small
that they can be neglected.

An AC voltage v, is applied across the piezoelectric

vibrator to generate an effective pressure that drives
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diaphragm into oscillation. Thus, a conversion ratio
[ Kyp) from electrical domain to fluidic with units of
[Pa/V] should be considered [6]. The K yp Can be
calculated by comparison between the displacement
generated by applied voltage and by pressure. In order
to obtain compliance of piezoelectric vibrator and
Kup finite element(FE) analysis has been performed
using commercial FEM package CoventorWare™ as
shown in Fig. 3. It shows the simulated displacement
contour of piezoelectric vibrator to acquire the
compliance of piezoelectric vibrator and conversion
ratio of voltage to pressure which are described as

follows:

C,= 3)

v,
P
Vv,
KW—M 4)

)

where v, is a volume change by pressure, P is an
applied pressure, v, is a volume change by voltage,
and , is an applied voltage. Fluid compressibility of
pressurization chamber acts as compliance. The

compliance of pressurization chamber is given by

c="5 5)
where 1, is the volume of the pressurization
chamber, pis the density of ink and ¢ is the speed of
sound in ink which is about 1500m/s. Pressure drop is
caused by viscous losses in the channels of the inkjet.
Inaddition, when fluid moves through the flow
passages, the sudden change of cross-sectional area
occurs between both restrictor and nozzle and
pressurization chamber. Thus, the effect of sudden
expansion and contraction should be considered for the
calculation of pressure drop. The pressure generated by
deflecting an elastic vibrator keeps the balance with the
action of surface tension of the fluid in the meniscus.

The pressure change driven by equilibrium condition
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between surface tension and generating pressure is as

fallows:

_ 4o 16 - 7% 6
AP=p N6 22+ D ©)

where Zmax is the maximum displacement of
meniscus, R is radius of nozzle and ¢ is surface
tension[5]. When ink flows through a thin passage, the
inertia of the ink is represented by inertance. The
inertance is given by
M=8B- 9{4‘ @)
where (3 is a empirical coefficient and 4 is the
cross-section area.
1D lumped model solutions are numerically obtained
by using a fourth-order Runge-Kutta integration
algorithm to solve the differential equations using
MATLAB. After preparation of lumped element
parameters for calculation, the analysis is completed
within one minute. Therefore, the time efficiency of 1D
analysis is quite competitive compared with time
consuming 3D analysis. When the voltage waveform
with a rectangular shape as shown in Fig. 4 is applied to
the piezoelectric vibrator, the droplet velocity and
ejection volume has been obtained. In the waveform,
the driving voltage is 30V and 7, 7, and Tare 2 gs,
3 us and 5 ps, respectively. viscosity and surface
tension of ink is 4.8 cPs and 0.025 N/m, respectively. In
order to observe the droplet velocity and volume the
stroboscopic visualization system as shown in Fig. 5 is
used. Comparison between simulation result and
measured one is shown in Table 1. Both the predicted
droplet velocity and the drop volume match well with
the experimental results. As a result, the accuracy of 1D
lumped model is verified. Some difference between the
measured data and the theoretical one results from
inaccurate resistance. Due to the complex geometry of
flow passage, the simple analytical equation used for

calculating lumped parameter is not implemented.
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Therefore, alternatively, 3D modeling approach can be

applied for improving accuracy of 1D lumped model.

PZT
1

Ink inlet

Pressurizaion chamber
Reservoir

Restrictor

Nozzle

Fig. 1 Structure of piezoelectric inkjet head.

Fig. 2 Equivalent circuit representation of a piezo —driven
inkjet system.

Fig. 3 Simulated displacement corresponding to an applied
voltage for calculation of the compliance of vibrator and
KVtoP for lumped element analysis.

Fig. 4 The trapezoidal driving waveform

ch

Q} (Vib Soft)
N4

Fiber Vibrometer

High Voltage
Source Waveform Output

L7777
L
Semlet Head 1 St Q

A

Figure 5. The schematic diagram of visualization equipment
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Table 1. Comparison between simulation result and

measurement.
1D analysis | Measurement Error(%)
Droplet
24.2 275 12
volume[p1]
Droplet 36 38 6
velocity[m/s]

3. Results and discussion

By using 1D lumped model, the performance of
inkjet print head is evaluated with the variation of
restrictor geometry. When the voltage waveform as
depicted in Fig.6 is applied, the performance has been
evaluated. The waveform consists of five parts of first
falling time(77), first holding time(72), rising time(73),
second holding time(74) and second falling time(T5).
The operating driving voltage travels from -15 V to
40V and T1, T2, T3, T4 and TS are 1.5, 6.5, 1.5, 14.5
and 1.5 us, respectively. In this study, viscosity and
surface tension of ink is 4.8 cPs and 0.025 N/m,
respectively. By using 1D analysis, the flow rate at
nozzle is characterized with the variation of restrictor
depth as shown in Fig. 7. Since the decrease in
restrictor depth causes the flow resistance at restrictor
to increase, the fluid moving into nozzle increases.
Therefore, as depicted in Fig. 8, the droplet volume

increases with variation of restrictor depth. On the other
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hand, the Helmholtz resonance frequency of inkjet
printing head decreases according to the reduction of
the restrictor depth as shown in Fig. 9. This
phenomenon influences the characteristics of jetting
frequency of inkjet head. Fig. 10 shows the droplet
volume variation with respect to jetting frequency up to
20 kHz. At 130 um of the restrictor depth, droplet
volume does not change with variation in ejection
frequency. However, as the restrictor depth is 42mm,
the droplet volume dramatically changes with variation
in jetting frequency due to insufficient ink supply.

To explore the liquid ejection behavior which can
not be performed by 1D analysis, three-dimensional
computation model for inkjet model is studied with a
commercial computational fluid dynamics solver of
FLUNET™. To reduce the error between measured
data and simulated one, an accurate input data should
be provided. Therefore, the bending deflection of the
piezoelectric vibrator according to the applied driving
waveform is measured by means of a Laser Doppler
Vibrometer (LDV) at the top of the pressurization
chamber. The visual observation of an ejected droplet
at the real printing head is compared with the graphic
evaluation of the simulation results as shown in Fig. 11.
As can be seen in the figure, a comparison between the
simulation results and the photographical images of the
ejected droplets shows good agreement with time
sequence. The developed 3D model can be used for
understanding the effect of the driving waveform on the
increase of droplet velocity, reduction of droplet size
and elimination of satellite droplet for the industrial

application.

407

Voltage (V)

-15 1

Time (us)

Fig. 6 Waveforms of the driving voltages signal applied to the
inkjet head
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Fig. 7 Flow rate at nozzle with variation of restrictor depth
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the variation of restrictor depth
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Fig. 11 Comparison between simulation results and
photographical images with time sequence

4. Droplet control process

Repeatability of circuitry fabrication using inkjet
printing technique is closely related to the formation of
steady, satellite-free droplets. Therefore, the ability to
form small and stable droplets with a same size,
constant velocity must be taken into consideration for
realizing fine and precise conductive patterns.
However, every nozzle has inequality in ejecting
performance due to fabrication error of the head,
surface condition of nozzle plate and ink filling state
within the chamber and so on. It can produce different
droplet velocity and volume. For this reason, deviations
between nozzles should be avoided to guarantee the
precise line formation. Fig. 12 illustrates the schematics
of the iterative droplet control process. First, measure
the all ejecting status of every nozzle with developed
drop inspection system called DropAnalyzer' ™ and
analyzes the measuring data. Based on the analysis,
calculate the compensated voltage to remove the
deviation within the desired tolerance. Calibrated
jetting results are shown in Fig. 13. Velocity uniformity
between nozzles is dramatically improved by applying
droplet control process. In addition, it can solve the
volume variation affecting the line width. Typical
volume tolerance achieved by the piezoelectric inkjet
printhead across the 64 nozzles is 5 to 10 %. The
droplet control system utilizes the data from the drop

inspection to change the waveform repeatedly to each

individual nozzle to achieve the predetermined drop
volume and velocity. Fig. 14 shows the drop velocity
and volume of 64 nozzles in printhead before and after
tuning using a droplet control system. As can be seen in
the Figure, velocity deviations are minimized to 2.2 %
while the 10 % at initial state. Also, the uniformity of

drio volume has improved simultaneously.

Initial voltage V,

Selected nozzle

Vier=Vi + M(Quarger - Q)
Volume Q
Velocity v

or
Vier=Vi + n(Viarget - V1)

m,n : control gain

Quarget = Qi < Quoterance

Viargat - Vi < Vigerance

Fig. 12 Flow chart of the droplet control process

T -

(a) before DPN

(b) after DPN

Fig. 13 Enhancement of the ejecting performance by droplet
control process
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uniformity of droplet velocity and volume for realizing

precise line patterns for the application of direct

writing.
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Fig. 14 Compensated droplet velocity and droplet volume
across the inkjet print head

4. Conclusion

A modeling approach combining 1D Iumped
analysis and 3D analysis has been developed and
applied to industrial inkjet print head design. The result
shows that 1D lumped analysis has advantage of
evaluating and optimizing the performance of the inkjet
print head. And, the droplet formation process achieved
by 3D analysis is expected to help to understand the
influence of the driving voltage waveform on the
reduction of droplet size and elimination of satellite
droplet.

Also, the experimental droplet control process has

been successfully developed in order to improve the
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