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Abstract
Piezoelectric driving system is an important part in inkjet printing equipment. The driving waveform, the
structure of print head, and etc., directly affect the ejection characteristics and the printing accuracy of
droplets. In this paper, the driving waveform was taken as the research object, then established a �nite
element analysis model for driving droplet ejection, the in�uence of each time component (voltage rise
time trise, voltage falling time tfall and voltage dwell time tdwell ) of trapezoidal wave on the displacement
of the driver and the pressure at the nozzle ori�ce was studied and optimized. According to the two-phase
�ow model of the nozzle developed, the relationship between driving parameters (voltage amplitude,
voltage dwell time tdwell, and operating frequency) and jetting characteristics (droplet velocity and
volume) was obtained. Finally, a bipolar driving waveform was designed to suppress the residual
oscillation. The results show that the damping waveform can effectively suppress the residual vibration
of the pressure wave and greatly improve the working frequency and printing accuracy of the inkjet
printing head.

1 Introduction
In inkjet printing, computer is used to convert images and character information into electrical signals,
then under the control of electrical signal, the droplets are ejected to the substrate and complete the
printing process [1]. Piezoelectric inkjet has become the most promising printing technology in modern
times because of its high precision, high e�ciency, environmental protection and wide material
compatibility. It has been widely used in many industrial �elds such as large-scale inkjet printing, printing
electronics, biomedicine, additive manufacturing and so on [2–7].

In the process of piezoelectric inkjet printing, the piezoelectric driver deforms under the action of the
driving voltage and generates a pressure wave in the chamber.When the pressure wave at the nozzle
ori�ce is large enough, the ink will overcome the resistance and eject from the nozzle ori�ce and �nally
form the ink droplets.When the ink is ejected by a pressure wave,the residual pressure wave in the ink
channel takes a while to decay,if the next ink droplet is driven before the pressure wave is completely
attenuated, the �ight speed and volume of the droplet will be affected obviously, and even secondary
ejection will be produced [8].Therefore, to study the characteristics of residual oscillation of pressure wave
and accelerate its attenuation process,it is of great signi�cance to improve the ejection speed and the
consistency of ink droplets.In recent years,many scholars have studied the in�uence of driving waveform
and driving parameters on droplet jet characteristics.Gan H Y et al. used a circular piezoelectric element
to drive the nozzle inkjet system, and studied the in�uence of various waveforms on the volume of ink
drops, including monopole wave, bipolar wave, M-wave and W-wave [9].Shin et al. used experiments to
study the in�uence of time interval and driving voltage in double waveform on the volume and velocity of
low viscosity �uid ink drop, and obtained the ideal ink drop by changing the time interval and voltage
[10].Amol A. Khalate et al. optimized the driving waveform of the piezoelectric print head based on the
robust feedforward control method and proved that the waveform designed by this method could
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effectively suppress the residual oscillation of the pressure wave through simulation analysis and
experimental research [11].

The piezoelectric inkjet process involves the coupling of multiple physical �elds such as piezoelectric
domain, solid domain, �uid domain, and gas-liquid two-phase �ow. In the numerical analysis in this
paper, the piezoelectric driver model, piezoelectric print head model and nozzle two-phase �ow model of
the piezoelectric inkjet system were established respectively. Innovatively, the �uid velocity at the nozzle
inlet calculated by the piezoelectric inkjet print head model is introduced into the nozzle two-phase �ow
model as the inlet condition, and then couple the two models together to form a complete piezoelectric
inkjet printing system model. The process of droplets forming and its in�uencing factors were studied
systematically, as shown in Figure 1 and Figure 2[12]. In addition, the in�uence of residual oscillation on
droplet jetting characteristics of the piezoelectric inkjet system is studied, and a new driving waveform is
designed to suppress the residual oscillation. It is showed that the working frequency of the piezoelectric
inkjet system is improved, and the e�cient and stable ejection of droplets is realized.

2 Optimization Of The Driving Waveform
Productivity and stability are important requirements in printing, which are closely related to the jetting
process. Driving waveform is one of the most important parameters which play a central role in the
printing process. In this paper, the classic trapezoidal driving waveform was studied and optimized. As
shown in Figure 3, the trapezoidal wave is composed of three parameters: voltage rise time trise, voltage
dwell time tdwell, and voltage fall time tfall. Among them, voltage dwell time tdwell is a key parameter that
affects ink droplet jetting characteristics deeply.

2.1 Analysis and Optimization of Voltage Rise Time trise

During the voltage rise stage, the piezoelectric actuator bends upwards, causing the pressure chamber to
increase in volume and generate negative pressure, which will move to both sides of the chamber.The
voltage rise time (trise) is related to the displacement of piezoelectric actuator, the velocity and pressure of
the �uid at the nozzle. The piezoelectric driver model (in Figure 1) is used for numerical calculation, and
the simulation results are shownin Figure 4.As trise increases, the displacement of the driver and the time
to reach the peak increase correspondingly. However, the overall trend does not change much, which
means that although trise is different, their ink absorption capacity is similar.Figure 5 shows the pressure-
time curve at the nozzle corresponding to different trise values.With different trise, the pressure changed
signi�cantly only at the peak of the �rst negative pressure.As trise increases, the rate of voltage rise
decreases, and the deformation of the driver slows down, resulting in lower velocity and pressure of the
�uid at the nozzle ori�ce.Thus, trise is �nally determined to be 4µs.

2.2 Analysis and Optimization of Voltage Fall Time tfall
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According to the wave conduction theory, during the voltage fall stage, piezoelectric actuator returns its
initial position, and the volume of the pressure chamber is reduced to generate a positive pressure, which
is superimposed with the pressure wave re�ected in the voltage rise stage. As a result, the positive
pressure wave increases and the negative pressure wave disappears. When the strengthened positive
pressure wave arrives at the nozzle, the �ow at the nozzle will be jetted at a high speed. This stage is
called ink-jet stage. Therefore, the goal of tfall optimization is to promote the �uid velocity and pressure at
the nozzle ori�ce as much as possible.

It can be seen from Figure 6 that as the voltage fall time tfall increases, the �uid velocity at the nozzle
increases �rst and then decreases, and it reaches the maximum value at 3µs. When tfall increases, the
pressure at the nozzle ori�ce is different at the �rst positive pressure wave, and as tfall gradually
increases, the �rst positive pressure gradually decreases. In order to obtain a higher droplet jetting speed,
tfall is �nally determined as 3µs, as shown in Figure 7.

2.3 Analysis and Optimization of Voltage Dwell Time tdwell

During the voltage dwell stage, the negative pressure wave generated in the voltage rising stage will
propagate and re�ect in the chamber. Afterwards, the positive pressure wave generated during the voltage
fall stage is superimposed or canceled, the length of the tdwell determines the mutual superposition or
cancellation effect between the pressure waves. When the enhanced positive pressure wave reaches the
nozzle, the �uid in the nozzle will be jetted at a high speed, and the high-speed jetting of the ink droplets
will be realized with a smaller driving force. The speci�c time to form the positive peak value of the
velocity wave was calculated by using the piezoelectric inkjet printhead model and obtained tdwell = 8µs.

The effects of tdwell on the �uid velocity at the nozzle is shown in Figure 8. With the increase of tdwell, the
�uid velocity increases at �rst and then decreases, and reaches the maximum when tdwell is 8µs. If tdwell is
too large or too small, the pressure waves generated during the voltage rise and fall stage will be
canceled each other out, and then the pressure at the nozzle ori�ce is reduced, thereby causing the �uid
velocity slows down. The results are consistent with those obtained by using the velocity wave
superposition principle.

3 Effects Of Driving Parameters On Jetting Characteristics Of The Ink
Droplet
The driving parameters such as voltage amplitude, voltage dwell time tdwell, and operating frequency have
greatest in�uence on the jetting characteristics of the ink droplet. Therefore, the relationship between
driving parameters and jetting characteristics will be studied from three parameters above.

3.1 Driving voltage amplitude
The driving voltage amplitude determines the energy to �re a droplet and in�uences the ink jetting speed
and �ow rate. According to the two-phase �ow model of nozzle developed in Figure 2, the simulation
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results are shown in Figure 9 and 10. It can be seen that with the increase of driving voltage amplitude,
the length of the liquid column increases, and the �ight speed and volume of the ink droplets increase,
too. When the driving voltage increases, the displacement of the piezoelectric actuator increases. This
results in greater pressure waves inside the channel. In a given printhead, the greater the pressure, the
greater the �ow velocity and �ow rate at the nozzle ori�ce.

For example, when the driving voltage is 40V, the liquid column is longer, and the ink droplets have a
longer tail after breaking. The satellite ink droplets will be formed after the tail is broken. And the longer
the tail, the larger the number and volume of satellite droplets. When the driving voltage is 10V, there is no
ink drop ejection. This is because the driving voltage is too small, and the �uid in the channel cannot
obtain enough energy to overcome the resistance caused by factors such as viscosity and surface
tension, and thus cannot be ejected from the nozzle to form a droplet. Therefore, a smaller driving voltage
is chosen to improve the droplet forming quality and ejection stability.

3.2 Voltage dwell time
It can be seen from the simulation results in Figure 11 and 12, with the voltage dwell time tdwell increases,
the droplet velocity and volume increase at �rst and then decrease. When tdwell=8µs, the length of liquid
column is the longest, and the speed and volume of the droplet reach the maximum. It shows that when
tdwell=8µs, the positive pressure peak generated, which makes the �uid in channel obtain higher pressure
under the same driving conditions.

3.3 Operating frequency
The productivity is directly related to the maximum frequency at which the printhead can be operated, so
the operating frequency also determines the performance of the printhead. The simulation results of
jetting effect on operating frequency are shown in Figure 13. When the frequency varies from 5 KHz to 10
KHz, the droplets ejected effectively, and no satellite droplet appears. After that, when the frequency
increases gradually, the droplet ejection speed increases, and the number of satellite droplets increases
gradually, too, which will affect the print quality.

4 Waveform Design To Suppress The Residual Oscillations
After a droplet has been ejected from the nozzle, the pressure waves responsible still run through the
channel of printhead. These oscillations are called residual oscillations. The time required to damp the
residual oscillations depends on the geometry and material properties of the channel and the viscosity of
the ink.

Figure 14 shows the comparison between the ideal �uid velocity and the actual �uid velocity in channel.
After the ink droplet is ejected (red dot), the residual pressure wave propagating in the channel, the time
required to damp the residual oscillations is about 130 µs. The ideal �uid velocity without residual
oscillation is shown by the blue dotted line in the �gure, the residual pressure wave in the printhead
dissipates quickly after the ink droplets ejected and had no effects on the ejection of next droplets. In
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fact, when a jetting pulse is applied before the residual oscillations (generated by the previous drop) are
damped completely, the drop properties of the jetted drop will be different from the previous drop.
Consequently, the total pressure in the channel and, the droplet speed and volume depend also on the
time between the two jetting pulses. Therefore, it is of great signi�cance to study the characteristics of
the residual oscillation and accelerate the attenuation process of the residual oscillation to improve the
jetting velocity and the consistency of the droplets.

4.1 Damping waveform design
In order to accelerate the attenuation of residual oscillations, a bipolar driving waveform is designed,
which is shown in Figure 15. Based on the standard waveform, an auxiliary damping waveform is added
to accelerate the attenuation of residual oscillations. The parameters include: trR, tfR, trQ, tfQ are the rise
and fall times of the waveform respectively, tdR is the voltage dwell time of the �rst standard waveform, td

is the time interval between the damping waveform and the standard waveform, tdQ is the voltage dwell
time of the damping waveform, and UR and UQ are the voltage amplitudes of the standard waveform and
the damping waveform, respectively, as shown in Figure 15.

As shown in Figure16, according to the principle of wave superposition, when the velocity at the nozzle is
restored from the �rst positive peak to zero, the damping waveform is loaded on the piezoelectric
actuator, and then the pressure wave generated by damping waveform will neutralize the residual
pressure wave. The standard waveform is mainly used to generate droplets. The optimal time component
of the standard waveform has been determined above, the optimal starting time of the damping
waveform is approximately equal to the basic period of the velocity wave. At the same time, since the
damping waveform triseQ and tfallQ have a little in�uence on the residual oscillation, in order to simplify the
waveform, triseQ and tfallQ is set to be equal to trise and tfall respectively. In this section, UQ and tdwellQ of the
damping waveform are optimized.

(1) Voltage amplitude of the damping waveform UQ 

Set the voltage dwell time of the damping waveform tdwell is 8µs, and UQ varied from 1.8 V to 3 V, the step
is 0.1V. Then obtain the nozzle inlet velocity curves corresponding to different damping waveform
voltages. It can be seen from Figure 17 that with the gradual increase of the voltage UQ, the residual
oscillation of the pressure wave gradually attenuates. When UQ is 2V, the residual oscillation of the
pressure wave has the best damping effect. Therefore, UQ=2V is chosen as the voltage amplitude of
damping waveform.

(2) Dwelling time of the damping waveform voltage tdwellQ 

The dwelling time of the damping waveform voltage tdwellQ was set to vary from 2µs to 12µs, the step
was 2µs, and other parameters remained unchanged. The velocity curve of the nozzle inlet corresponding
to voltage dwelling time was obtained. It can be seen from the Figure 18, with the gradual increase of
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tdwellQ, the damping effect on residual pressure wave increases at �rst and then decreases. When tdwellQ is
8µs, the damping effect on residual pressure wave is the best, so the tdwellQ is determined to be 8µs.

4.2 The effects of residual oscillation suppression
The optimized vibration damping waveform was loaded on the piezoelectric print head, and then
obtained the speed-time curve of the nozzle inlet, as is shown in Figure 19. With the standard waveform,
the time when the residual peak of nozzle inlet velocity is less than ± 5% of the maximum peak is 106 µs
(red-dotted line position, the corresponding frequency is 9.43 kHz). While with the damping waveform, the
time when the residual peak of nozzle inlet velocity is less than ± 5% of the maximum peak is 55 µs (red-
solid line position, the corresponding frequency was 18.2 kHz). In the piezoelectric print head model, the
operating frequency with damping waveform is about one time higher than that of the standard
waveform.

As shown in Figure 20, eight ink droplets are continuously ejected at the operating frequency of 18 kHz,
and compared the entrance velocity in the nozzle with the standard waveform and the damping
waveform. When ink droplets are ejected with the standard drive waveform, the remaining pressure wave
will not stop immediately, but will decay in oscillation. Therefore, the initial condition of the next driving
waveform is different from the previous one. The pressure waves are superimposed and offset each
other, resulting in the change of the peak velocity of the nozzle inlet, which leads to the different velocity
of the ink drops, and ultimately leads to the decline of the printing accuracy. However, when the ink drops
are injected with the damping waveform, the difference between the peak velocity of the nozzle inlet is
almost negligible, which indicates that the vibration suppression waveform can effectively suppress the
residual oscillation of the pressure wave, and ensure each droplet has similar initial conditions before
injection, and effectively improve the printing accuracy and e�ciency.

In the printing process, the droplets should be injected at different frequencies as required, and the
droplets velocity should be constant. For this, the function of droplets velocity relative to injection
frequency (DOD frequency) is introduced. Two droplets are ejected continuously at different frequencies,
and the maximum �uid velocity of the second droplet was obtained which with the standard waveform
and the damping waveform, as is shown in Figure 21. It can be seen that, driven by the standard
waveform, with the increase of DOD frequency, the �uctuation of the maximum velocity of the �uid at the
nozzle ori�ce is greater. That is, the velocity and volume of the droplets generated will change greatly with
different injection frequencies. Applied with the damping waveform, it can be found that the maximum
velocity of the �uid changed a little with the increase of DOD frequency, and the maximum velocity
remains stable. This also means that the velocity and volume of the ink droplets �nally formed have
good consistency with different injection frequencies, indicating that the damping waveform has a good
effect on suppressing residual oscillations.

In order to show the effect of damping waveform on improving working frequency and droplet
consistency directly, the simulation analysis of the droplet ejection with the standard waveform and the
damping waveform is performed. As shown in Figure 22 (a), when the standard waveform was loaded,



Page 8/23

the residual oscillation of the pressure wave in the �rst period caused serious interference to the injection
of droplets in the second period, resulting in a signi�cant difference in the volume of droplets injected in
the two periods (�rst droplet:22pl/second droplet 10.4pl). As shown in �gure 22 (b), when the damping
waveform was loaded, the two droplets are in good consistency in two periods (�rst period 22PL / second
period 21.7PL). The results show that the damping waveform can effectively suppress the residual
vibration of the pressure wave and greatly improve the working frequency and printing accuracy of the
inkjet printing head.

5 Conclusions
(1) The piezoelectric inkjet print head model was developed, and the effects of trapezoidal driving
waveform on the jetting characteristic were studied. Then nozzle entrance velocity and pressure
corresponding to different voltage rise time trise, voltage falling time tfall and voltage dwell time tdwell are
obtained, and each time component of the driving waveform was optimized. Finally, the time components
of the driving waveform trise, tdwell and tfall were chosen as 4µs,8µs,3µs individually.

(2) The two-phase �ow model was built and used to analyze the in�uence of driving parameters such as
driving voltage amplitude, voltage dwell time, and operating frequency on the droplet ejection
characteristics. Then the droplet speed and volume characteristics with different driving parameters were
obtained.

(3) The effects of residual oscillation of pressure waves were studied, and the vibration suppression
waveform was designed based on the principle of superposition of waves. The voltage amplitude and
voltage dwell time of the suppression waveform was ascertained. Ultimately, the time components of the
damping waveform were achieved. That is, TriseR=4 µs, TdwellR=8 µs, TfallR=3 µs, Tdwell=16 µs, TriseQ=4 µs,
TdwellQ=8 µs, TfallQ=3 µs, UR=20 V, UQ =2 V. It is showed that the damping waveform can effectively
suppress the residual oscillation, and improve the e�ciency and stability of droplet injection obviously.

Abbreviations
Trise Voltage rise time

Tdwell Voltage dwell time

Tfall Voltage falling time

TrR Voltage rise time of the standard waveform

TfR Voltage falling time of the standard waveform

TdR Voltage dwell time of the �rst standard waveform



Page 9/23

Td The time interval between the damping waveform and the standard waveform

TdQ Voltage dwell time of the damping waveform

TrQ Voltage rise time of the damping waveform

TfQ Voltage falling time of the damping waveform

UR Voltage amplitudes of the standard waveform

UQ Voltage amplitudes of the damping waveform

DOD Direction-of-departure
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Figures

Figure 1

Finite element analysis model of the piezoelectric inkjet print head

Figure 2

Two-phase �ow �nite element analysis model
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Figure 3

Positive polarity single trapezoidal drive waveform 

Figure 4

The pressure-time curve at the nozzle ori�ce corresponding to different trise values 
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Figure 5

The peak value of the average �uid velocity at the nozzle ori�ce

Figure 6
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The pressure change curve at the inlet of the nozzle ori�ce corresponding to different tfall values

Figure 7

The velocity-time curve at the nozzle ori�ce corresponding to the tdwell of different voltages and the
corresponding peak �uid velocity curve at the nozzle ori�ce

Figure 8
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The in�uence of driving voltage amplitude on injection effect

Figure 9

The relationship between driving voltage and ink droplet �ying speed and volume

Figure 10

Comparison of ink drop formation with different voltage dwell time
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Figure 11

The relationship between the voltage dwell time and the �ying speed and volume of droplets
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Figure 12

The jetting effect of droplets with different operating frequencies
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Figure 13

Comparison of the �uid velocity at the nozzle ori�ce

Figure 14

Anti-vibration waveform
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Figure 15

Schematic diagram of velocity wave superposition and cancellation

Figure 16
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The �uid velocity-time curve at the nozzle ori�ce corresponding to different suppression waveform
voltages

Figure 17

The �uid velocity-time curve at the nozzle ori�ce corresponding to the tdwell of different suppression
waveform voltages
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Figure 18

Fluid velocity-time curve at the nozzle before and after applying suppression waveform

Figure 19
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The driving waveform and the corresponding �uid velocity-time curve at the nozzle ori�ce when eight ink
droplets are continuously ejected at a frequency of 20 kHz

Figure 20

The peak �uid velocity at the nozzle ori�ce at different injection frequencies
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Figure 21

The ejection status of ink droplets in two cycles of the piezoelectric inkjet print head when different
driving waveforms are loaded


