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Waveform Design Methods for Piezo Inkjet
Dispensers Based on Measured Meniscus Motion

Kye-Si Kwon

Abstract—Waveform design methods for piezo inkjet dispensers
based on measured meniscus motion are presented. The meniscus
motion is measured from charge-coupled-device camera images
wherein strobe lights from light-emitting diodes are synchronized
with the jetting signal. Waveforms for the piezo dispenser are
designed such that the number of experiments can be signifi-
cantly reduced compared to conventional methods. Furthermore,
the designed waveform can also be evaluated by the measured
meniscus motion since the motion is directly related to jetting
behavior. [2009-0032]

Index Terms—Measurement.

I. INTRODUCTION

I
NKJET technology has recently emerged as one of the

most powerful tools for patterning electronic applications

such as large-area displays, radio-frequency identification, and

printed-circuit-board patterning [1]–[3]. As inkjet applications

broaden, various types of jetting materials are required to be

precisely dispensed from the inkjet head. Jetting fluids need to

have jettable material properties, as discussed in [4] and [5].

In addition, jetting performance needs to be well controlled

for inkjet technology to be viable in various applications. To

control jetting performance parameters such as droplet speed

and droplet volume, the input waveform voltage driving the

printhead must be properly designed [6]–[9]. In practice, a

simple trapezoidal waveform has been widely used for this

purpose. To find the optimal dwell time for the waveform, the

relationship between droplet jetting speed and dwell time has

been sought [6]–[8]. However, this conventional approach for

designing the waveform requires a number of experiments to

scan the dwell time for its relationship to droplet jetting speed.

Furthermore, if there is no jetting from inkjet dispensers, it is

difficult to understand the possible causes of nonjetting. In such

cases, a trial-and-error approach has been the only option to

determine the jetting conditions. In this paper, a new waveform

design method is proposed such that time-consuming efforts to

find optimal waveforms can be reduced.

Since the experimental study by Bogy and Talke [7], jetting

phenomena have been known to be related to a pressure wave of

the ink inside the inkjet head. In the paper by Bogy and Talke,

meniscus-protrusion behavior was discussed in relation to pres-
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sure waves. However, an in-depth study of meniscus motion

behavior might be difficult because the meniscus measurement

in the paper by Bogy and Talke relied on postprocessing a

prohibitively large number of charge-coupled-device (CCD)

camera images.

Recently, the meniscus motion in an inkjet nozzle was mea-

sured using particle tracking velocimetry (PTV) or particle

image velocimetry (PIV) techniques [10], [11]. Using visual-

ization, the jetting behavior can be understood. However, addi-

tional particles, which might change jetting performance, must

be included for PIV measurement. Also, special equipment

is required for particle velocity measurement. In summary,

measurement methods based on PIV or PTV may not be quick

and simple enough for meniscus motion measurement and

waveform design in industrial printing devices.

In this paper, a new method for measuring meniscus motion

is proposed. The proposed technique uses a CCD camera sys-

tem wherein light-emitting-diode lights are synchronized with

the jetting signal. Therefore, the proposed method does not

require special hardware, unlike previous methods using PIV

techniques. Most printing systems already have a CCD camera

system with a strobe LED for measuring droplet speed [1],

[7]–[9]. Therefore, only software algorithms need to be imple-

mented in existing CCD camera systems for in situ measure-

ment of meniscus motion. The proposed software algorithm has

two parts: 1) image processing to identify the meniscus location

from the CCD camera image and 2) controlling LED lights

that enable CCD camera image acquisitions of the meniscus

motion over the duration of interest after the jetting signal. The

measurement of meniscus motion has the advantage that jetting

behavior can be predicted without actual jetting.

As an application of the measured meniscus motion, a wave-

form design method is presented. It should be noted that the

motion is likely to be complex because it is the combined

result of pressure waves generated from both the rising and

falling sections of the waveform. For straightforward analysis

of meniscus motion behavior in relation to a waveform, the use

of a trial waveform with a long dwell time is proposed. By using

the test waveform, meniscus motion from either the rising or

the falling region of the waveform can be analyzed separately.

From the period of the measured motion, the optimal value

for the dwell time of the waveform can be determined. Dwell

time is known to be one of the critical parameters in designing

a waveform [6]–[8]. The proposed waveform design scheme

will be extended to a waveform for high-frequency jetting; this

requires two optimal values for dwell time since there are two

dwell components in the waveform. Finally, the jetting behavior

of a negative waveform will be discussed.
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Fig. 1. Experimental setup.

Fig. 2. Digital pulse trains.

II. MEASUREMENT OF MENISCUS MOTION

Fig. 1 shows a schematic of a typical drop watcher system

for acquiring strobe CCD camera images in order to measure

droplet jetting speed and droplet volume [1], [7]–[9]. Here,

LED lights, which are synchronized with the jetting signal,

are used to acquire frozen droplet images [12]. To control the

LED lights, two digital pulses are generated and controlled in

this paper. The first digital pulse train, shown in Fig. 2(a), is

used as a trigger signal for jetting. The second pulse train,

shown in Fig. 2(b), is used for controlling the LED light. The

second pulse was triggered from the first pulse, and the trigger

delay with respect to the first digital pulse was controlled. By

adjusting the delay time of the second digital pulse with respect

to the first pulse, the frozen image at the delay time can be

obtained. To measure droplet speed, two preset delay times in

the second digital pulse were used [12]. However, a number

of predetermined sets of delay times for controlling the LED

lights are required for measuring meniscus motion. At each

delay time, the meniscus location will be determined via image-

processing techniques. In this paper, so-called edge detection

techniques were used to identify the meniscus location. Edge

detection techniques have been used in many vision applica-

tions where information about the location of object boundaries

is required [12]. To apply the edge detection technique to

meniscus motion measurement, a straight-line region of interest

(ROI) generated near the nozzle in the jetting direction was used

for CCD camera image analysis. Then, the meniscus location

was identified from the discontinuity in the pixel intensities

along the ROI in the acquired image. The ROI line consists of

image pixels having values that vary from 0 to 255 according to

the brightness of the image. Meniscus locations can be detected

by setting a suitable threshold value where the image pixel

values in the ROI will cross the threshold value. This image

processing should be repeated in order to obtain each meniscus

location at predetermined sets of delay times for the LED lights.

Note that this method measures only the protruding meniscus.

Therefore, information can be lost if the meniscus is hidden

inside the nozzle.

Fig. 3 shows the software that we developed to automatically

measure meniscus motion. For a better understanding of the

software, a video clip can be found from the Web site in [13].

Unlike the jetted-droplet speed measurement, a low magnitude

of input voltage should be used to prevent the printhead from

jetting any ink droplets.

A single nozzle head (MJ-AT-01-50) from MicroFab Tech-

nologies, Inc., which has an orifice diameter of 50 µm, was

used as the jetting device for the experiment. For the jetting

material, we used a nanosilver ink with nanoparticles dissolved

in deionized water.

The accuracy of the measured meniscus motion depends

mainly on the image resolution. For our imaging system, a Sony

XC ES 50 system was used to acquire images. Here, a lens

(MORITEX-ML-Z07545) and a lens adaptor (MORITEX-ML-

Z20) were used to obtain the required magnified image. As a

result, one pixel in the CCD camera image corresponds to about

1.3 µm. The resolution can be increased by adjusting the magni-

fication of the lens or by replacing the CCD camera with a high-

resolution camera with more pixels in the camera sensor. We

note that the measured results can also be affected by various

conditions such as lighting, lens focus, and the threshold value

for detecting meniscus location. Nonetheless, the accuracy of

the measured meniscus motion may not be critical in this paper

because the proposed algorithm for waveform design uses the

period of the measured meniscus motion.

III. WAVEFORM DESIGN BASED ON MEASURED

MENISCUS MOTION

A. Conventional Method for Designing Waveform

In this section, we discuss a conventional waveform de-

sign method for determining the waveform parameters of the

trapezoidal waveform shown in Fig. 4. The results from the

conventional method will then be compared with the results

from the proposed waveform design method.

When the rising (or falling) section of the waveform shown in

Fig. 4 is applied to a piezo inkjet dispenser, negative (or posi-

tive) pressure waves are generated and then propagate inside

the dispenser tube [7]. On the other hand, the dwell region of

the waveform is not related to the generation of pressure waves

but rather to the amplification or cancellation of pressure waves

generated from the rising and falling sections of the waveform.

Ink droplet jetting becomes easier if the positive pressure wave

is amplified by means of adjusting the dwell time.

To control the jetting performance of inkjet dispensers, the

parameters of the waveform, shown in Fig. 4, must be properly
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Fig. 3. Developed software for measuring meniscus motion [13].

Fig. 4. Trapezoidal waveform.

determined. Normally, a fixed value for both the rising and

falling times is used [7]. Thus, the waveform design issue

is focused on determining the optimal value for dwell time.

An optimum value for dwell time of L/C, where L is the

dispenser tube length and C is the speed of sound of the ink,

was recommended in [7] and [8] for the amplification of the

positive pressure wave of the ink inside an inkjet dispenser. For

practical application, the optimal value of dwell time has been

determined by experimental means in [6]. For this purpose, the

droplet-jetting-speed and dwell-time relationship was sought by

measuring the droplet jetting speed using a strobe LED [6],

[8]. Fig. 5 shows the experimental results for the speed and

dwell-time relationship when the magnitude of the waveform

and rising/falling time were fixed at 30 V and 6 µs, respectively.

Fig. 5. Droplet-jetting-speed and dwell-time relationship (v1 = 30 V).

From Fig. 5, the optimal dwell time t1 can be designed to be

20 µs when the maximum speed is obtained. Then, as a final

step, the magnitude of voltage v1 can be determined by mea-

suring the jetting speed. Here, higher voltage would result in

higher droplet speed and vice versa.

The measured jetting-speed and dwell-time relationship con-

tains considerable information on jetting behavior. From the

results shown in Fig. 5, the jetting speed has peaks with a period

of 40 µs with respect to the dwell time. The period is related

to the speed of sound of the ink. The effect of the first rising
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Fig. 6. Meniscus motion with different dwell times (v1 = 15 V).

section of the waveform will decay due to the damping effect

of the pressure wave if a waveform with a long dwell time

is used. As a result, the peaks of the droplet speed shown in

Fig. 5 became smaller as the dwell time increased. Therefore,

the damping effect of the pressure wave can also be understood.

Note that the jetting speed converged to 2 m/s with the increase

in dwell time because the effect of the falling section of the

waveform dominated when the dwell time was long.

This conventional method of waveform design needs many

experiments to obtain the speed versus dwell-time relationship.

The measurement is based on the speed of jetted droplets. If

there is no jetting, a trial-and-error approach must be used to

find the appropriate jetting conditions.

B. Basic Waveform Design Based on Meniscus Motion

In this section, a new waveform design method based on

measured meniscus motion is discussed.

For waveform design based on meniscus motion, a proper

trial waveform should be used. Otherwise, it may be difficult to

extract useful information from the measured meniscus motion.

Fig. 6 shows the measured meniscus motions from arbitrary

trial waveforms. As seen in the figure, meniscus behaviors

differ by waveforms because traveling pressure waves from

the rising and falling sections of the waveforms interact with

each other. As a result, meniscus behavior in response to the

waveform was difficult to be understood.

For a proper trial waveform, we recommend the use of a

waveform with a very long dwell time. The trial waveform

has the same form as the basic waveform shown in Fig. 4,

except that it has a longer dwell time. During the long dwell

time, the piezo actuator in the inkjet dispenser is not actuated;

thus, the meniscus behavior from the first rising section of the

waveform can be observed without interference with the final

falling section. In addition, during the long dwell time, pressure

waves from the rising section of the waveform are likely to

decay due to the damping of the pressure waves. As a result,

meniscus motion due to the latter falling section can also be

understood. Fig. 7(a) shows the meniscus behavior from the

Fig. 7. Meniscus motion from the positive trial waveform with long dwell
time (v1 = 17 V and t1 = 100 µs). (a) Meniscus behavior from the positive
trial waveform. (b) Measured meniscus motion.

trial waveform. Here, the dwell time for the trial waveform

should be long enough so that at least two peaks of the meniscus

can be observed, and the damping effect can reduce meniscus

oscillation significantly before subsequent piezo actuation from

the final falling section of the waveform. From two peaks of

meniscus motion, period T of the meniscus can be measured.

Here, the meniscus period of the ink is inversely proportional

to the speed of sound of the ink.

Fig. 7(b) shows the measured meniscus motion from a trial

waveform with a dwell time of 100 µs. The meniscus mo-

tion related to the rising section of the waveform, as seen in

Fig. 7(b), was difficult to measure since a generated negative

pressure wave due to the first rising section pulled the meniscus

location into the nozzle. Later, when the falling section of the

waveform was applied, the meniscus motion was visible for

a while since a positive pressure wave can push the meniscus

out from the nozzle. In our experiment, the protruded-meniscus

location tended to be hidden inside the nozzle, as seen in

Fig. 7(b), due to the so-called meniscus vacuum (or back

pressure). The meniscus vacuum, which is a small negative

pressure applied at the ink reservoir, is needed because it can

prevent weeping of the ink from the nozzle. Nonetheless, it

can be observed from Fig. 7(b) that the period of meniscus

motion from the trial waveform T was about 40 µs. However,

the period of meniscus motion may be difficult to measure in

some cases. Then, the negative back pressure can be inten-

tionally reduced for measuring meniscus motion, as shown in

Figs. 7(b) and 8(b).

Negative voltage can be used for a trial waveform, as shown

in Fig. 8. Since the first falling section of the waveform accounts

for the positive pressure wave, protruded-meniscus motion can

be measured first, as shown in Fig. 8(b). Here, the period of

the meniscus motion T can be measured as 40 µs, which is

in good agreement with the result shown in Fig. 7(b). The
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Fig. 8. Meniscus motion from the negative trial waveform with long dwell
time (v1 = −17 V and t1 = 100 µs). (a) Meniscus behavior from the negative
trial waveform. (b) Measured meniscus motion.

use of a negative trial waveform can have advantages since

the first measured meniscus motion is likely to be the result

of the pressure wave generated from the first falling section

of the waveform only. In the previous positive trial voltage,

shown in Fig. 7, the protruded-meniscus motion due to the

final falling section of the waveform may be subject to the first

rising section, even though the meniscus oscillation from the

first rising section is damped.

Once the period of meniscus motion from either the rising or

falling section of the waveform is measured, the optimal dwell

time can be easily determined. Assuming that the pressure

waves (or meniscus oscillation) from the rising and falling

times have the same period with a phase difference of 180◦,

the positive meniscus can be maximized by setting the dwell

time to a one-half period of the measured meniscus motion, as

shown in Fig. 9. Therefore, the optimal value for dwell time

was determined to be 20 µs (t1 = T/2), which is in good

agreement with the optimal dwell time from the speed and

dwell-time relationship shown in Fig. 5. The jetting behavior

can then be predicted without actual jetting by measuring the

meniscus motion. For example, Fig. 6 shows the meniscus

motion from the waveform with optimal dwell time t1 = 20 µs.

By observing the meniscus motion, we see that jetting will

likely occur at 60 µs after the jetting signal is applied. Later, the

second meniscus peak at 100 µs is likely to become a satellite

drop if the magnitude of the waveform becomes large.

As a final step in waveform design, the magnitude of the

waveform was determined such that the target droplet jetting

speed can be satisfied. The magnitude of meniscus motion is

related to jettability of the jetting materials. If the magnitude of

Fig. 9. Meniscus behavior from the optimal waveform.

the meniscus motion of the jetting material is small, a higher

waveform voltage may be needed for jetting.

Note that a dwell time that is equal to the period of menis-

cus motion can cancel the pressure waves since the phase

of the pressure waves from the rising and falling sections of

a waveform is 180◦. As shown in Fig. 5, the droplet speed

was reduced significantly when the dwell time approached 40,

80, 120 µs, etc., which is repeated due to the periodicity in

meniscus behavior.

C. Waveform Design for High-Speed Jetting

For reliable jetting, a subsequent droplet should not be

ejected until the meniscus vibration from the previous drop has

sufficiently decayed. This damping takes time and limits the

maximum jetting frequency. High-frequency jetting is required

to increase the speed of printing. To obtain higher frequency

jetting, a proper waveform for the dispenser needs to be de-

signed such that residual meniscus oscillation can be effectively

suppressed after droplet jetting [14].

Compared to a basic waveform, more parameters, including

two optimal dwell times, are required to determine a waveform,

such as that shown in Fig. 10 for high-frequency jetting [6], [9].

The first dwell time t2 is related to jetting, as discussed in the

previous section. In addition, it was found that the optimal value

for maximizing jetting pressure is one-half of the measured

meniscus period from the trial waveform; i.e., t2 = T/2. The

second dwell time t3 is related to the suppression of residual

meniscus oscillation after jetting.

The effect of the first dwell time t2 can be understood from

the conventional approach using droplet jetting speed, as shown
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Fig. 10. Waveform for high-speed jetting.

Fig. 11. Meniscus oscillation from the waveform for high-speed jetting
(t2 = 20 µs, v2 = 8 V, and v3 = 8 V).

in Fig. 5. However, the effect of the second dwell time t3 may

be difficult to understand from the droplet speed measurement.

To understand the residual pressure-wave behavior, a self-

sensing capability was used in previous works [14], [15].

By measuring the pressure-wave behavior, the waveform can

be generated by maximizing jetting pressure and minimizing

residual pressure waves [14], [15]. However, an additional

circuit for measuring the pressure-wave signal needs to be

implemented, which may be difficult in some commercial

piezo inkjet printheads. As an alternative, the use of measured

meniscus motion is presented not only for determining the

optimal value of dwell times but also for evaluating the de-

signed waveform. The use of measured meniscus motion can

be straightforward since it is directly related to jetting behavior.

Fig. 11 shows the effect of the second dwell time t3 on residual

meniscus motion. We recommend that the optimal value for

the second dwell time be the period of the measured meniscus

motion from the trial waveform, as shown in Fig. 12, which

was 40 µs (t3 = T) in this paper. The suppression effect shown

in Fig. 11 (t3 = 40 µs) can be understood by comparing the

measured meniscus motions from waveforms with different

Fig. 12. Meniscus behavior from the optimal waveform for high-frequency
jetting.

Fig. 13. Negative waveform.

second dwell times (t3 = 20 and 80µs). Note that the second

dwell section of the waveform is unlikely to affect jetting,

as seen in Fig. 11.

As a final step in designing the waveform, appropriate volt-

ages in the waveforms v2 and v3 will be determined based on

the measured jetting speed and residual meniscus oscillation.

D. Negative of Basic Waveform

To the author’s knowledge, few research papers have dis-

cussed a negative waveform that has the opposite sign of the

basic waveform, as shown in Fig. 13. The use of a negative

waveform may be straightforward because the first falling sec-

tion of the waveform alone can result in jetting. Later, the rising

section of the negative waveform is needed to restore the input

voltage to zero for the next firing. Consequently, the dwell time

of the waveform seems to be unimportant in terms of jetting.

Fig. 14 shows the relationship between dwell time and speed

of the negative waveform. The droplet speed remains relatively

constant, which is independent of the dwell time. However, the

droplet speed decreased from 6 to around 2 m/s compared to

that of the basic waveform in Fig. 5. Therefore, we suggest that

the use of negative waveform should be limited to jetting fluids

with high jettability.

Even though jetting speed is less sensitive to dwell time,

the waveform needs to be carefully designed. In designing

a negative waveform, a dwell time of 40 µs (t4 = T ) is

recommended for canceling residual pressure waves, as shown

in Fig. 15. The measured residual meniscus behavior in Fig. 16

might look trivial since the only protruding part was mea-

sured. However, the negative pressure from the rising section

of the waveform often results in poor jetting conditions since

the negative pressure from the final rising section may pull
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Fig. 14. Droplet-speed and dwell-time relationship using the negative wave-
form (v4 = 30 V).

Fig. 15. Meniscus behavior from the optimal negative waveform.

Fig. 16. Measured meniscus motion from the negative waveform
(v4 = 19 V).

the meniscus into the nozzle excessively in some cases; e.g.,

t4 = T/2, 3T/2, etc.

IV. DISCUSSION AND CONCLUSION

New measurement techniques have been presented to mea-

sure inkjet meniscus motion using a CCD camera system

with strobe LEDs. Jetting behavior can be predicted from the

meniscus motion. To analyze the waveform effect on meniscus

motion, the use of a trial waveform with a long dwell time was

proposed. Based on the measured meniscus period, the optimal

value for dwell time in the waveforms can easily be determined.

The results can be summarized as follows.

1) In the basic waveform, the optimal value of dwell time is

one-half of the measured meniscus period (t1 = T/2).
2) In a waveform for high-frequency jetting, the optimal

value of the first dwell time is one-half of the meniscus

period for jetting (t2 = T/2), whereas the optimal value

for the second dwell time is the meniscus period in order

to suppress residual meniscus oscillation (t3 = T ).
3) For a negative waveform, the optimal value for dwell

time is the meniscus period in order to reduce undesirable

residual meniscus oscillation (t4 = T ).

By using the proposed method for measuring meniscus mo-

tion and the proposed waveform design algorithm, experimental

efforts needed to determine optimal dwell time can be reduced.

In addition, the designed waveform can be evaluated using

meniscus motion without the need for actual jetting since the

jetting behavior can be predicted from the measured motion.

The proposed method was focused on designing an efficient

waveform, which can result in maximum meniscus motion for

jetting and minimum residual meniscus motion after jetting. On

the other hand, once ink droplets are jetted from the nozzle,

other issues arise such as satellite droplets, droplet volume,

and jetting directionality due to nozzle surface wetting. The

optimization of such droplet jetting conditions is beyond the

scope of this paper and requires further research.
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