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High dots per inch (DPI) is the core index of inkjet printer, which is hindered by satellite ink droplet. Herein, we
propose a novel high-DPI and monodisperse droplet inkjet printhead with the piezoelectric cutter. The as-
established model has optimized the inkjet printhead structural parameters, actuating and cutting signal
waveforms. The cutter element achieves moving the break-up point to the middle of the ink column, reducing the

length of tail and generating a monodisperse droplet. Additionally, the cutter consistently reduces the droplet
length with different ink properties including viscosity, density, surface tension, and contact angle, exhibiting
high applicability. The research results provide an in-depth study on the design of high-DPI and monodisperse
inkjet printheads, offering an efficient approach to improve inkjet printhead performance.

1. Introduction

Inkjet printing invented in 1858, is a digital printing technology by
depositing ink droplets onto a moving substrate [1]. It has a rapid
development in recent decades attributing to the advantages such as low
cost, high printing quality and digital control, which is an extensively
versatile technology applying for printing complex and exquisite pat-
terns [2-4], fabricating electronic devices [5,6], producing functional
materials [7,8], printing biological applications [9,10], and so on.
Elegant approaches to improving the printing resolution have been
developed by inkjet printing, including piezoelectric inkjet (PLJ), ther-
mal inkjet, electrohydrodynamic inkjet, and surface acoustic-wave
printing [11]. Among these, PIJ printing is the most mature and
commonly used technology with merits of rapid dynamic response,
convenient control, simple structure, and no heating [12].

In P1J printing technology, the piezoelectric inkjet printhead is a
crucial component for achieving high printing resolution, measured in
dots per inch (DPI) [13], which has attracted considerable attention
from researchers. Printheads with the resolution from 50 to 1200 DPI
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have been developed by researchers and companies, dramatically
enhancing applications in various fields [14-18]. However, satellite
droplet has long posed a challenge in improving printing DPI, as they
increase the inkblot range. [19,20]. Adjusting the ink properties and
driving signal waveform are the most commonly reported method for
eliminating satellite droplet [21]. Critical parameters such as Reynolds
number, Weber number, and Ohnesorge number describe the conditions
for droplet formation [22]. By optimizing ink properties like density,
viscosity, and surface tension, monodisperse droplets can be achieved.
Nevertheless, the stringent requirements for usable ink properties limit
applications outside of document printing [23,24]. Additionally, various
actuation waveforms, including single-polar, double-polar, M-shape,
and W-shape trapezoidal [15,25,26], have been developed to eliminate
satellite droplets by fine-tuning their parameters. However, the
increased length of waveform periods due to these complex designs
hampers improvements in print speed [27]. Therefore, to broaden the
range of usable ink properties and simplify waveform design, novel
structures that enable monodisperse droplet printing are needed.

In this work, we present a high-DPI and monodisperse droplet inkjet
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printhead with a piezoelectric cutter to suppress the formation of sat-
ellite ink droplets and enhance printing resolution. Unlike traditional
break-up models, the proposed P1J printhead employs a piezoelectric
cutter to apply transversal pressure, facilitating droplet breakup. The as
established printhead is modeled on COMSOL Multiphysics to optimize
the structural parameters and the input signal waveforms. With the
optimal parameters, the cutter effectively prevents satellite droplet
formation, reducing droplet length by 20 %. Furthermore, the printhead
demonstrates high applicability with various ink properties, under-
scoring the superior performance of this high-DPI, monodisperse droplet
inkjet printhead featuring a piezoelectric cutter.

2. Method
2.1. Structure design

Traditional P1J printing modes include squeeze [28], shear [29],
bend [30], and push [31]. We have designed a bend-mode P1J printhead
structure, as shown in Fig. 1. The inkjet paths are tightly arranged to
achieve high DPI. Each inkjet path comprises an ink supply channel,
piezoelectric actuator, piezoelectric cutter, restrictor, ink chamber,
nozzle, and throat. Among these components, the piezoelectric actuator
and cutter serve as driving elements based on the reverse piezoelectric
effect. The actuator generates pressure to form ink droplets, while the
cutter eliminates satellite droplets.

Traditional PIJ printhead utilizes an actuator to generate an ink
column outside the nozzle, which breaks into a droplet with a long tail.
Due to the instability associated with increased length, this process
naturally results in the formation of a main droplet and several satellite
droplets. The presence of satellite droplets reduces the printing DPI by
extending the inkblot on the moving substrate. The variation ratio (6) is
described as:
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where Dy, is diameter of main droplet, Di s is diameter of the num. i
satellite droplet, and I' is the interval between the num. i satellite droplet
and num. (i - 1) droplet (num. 0 remarks the main droplet). Here, we
designed a piezoelectric cutter to reduce the length of ink blot by pro-
moting the break-up of the ink column.

This design integrates the driving forces of the piezoelectric actuator
and cutter, utilizing the dss and ds; [32,33] deformations (Fig. S1),
respectively. The cutter element is installed beneath the nozzle plate as
shown in Fig. 1, replacing part of the throat and controlling the for-
mation of the ink column. When an ink column gradually forms under
the driving force of the actuator, an electric field is applied to the
piezoelectric cutter. The cutter induces a transversal deformation,
resulting in the reduction of the throat diameter. This variation gener-
ates an inward pressure wave within the ink column, accelerating its
necking process. Subsequently, the cutter recovers when the electric
field is removed, slowing down the ink flow. The cutter's deformation
and recovery operate together to create a new break-up position in the
middle of the ink column. Consequently, the droplet length is reduced
due to the cutting effect, improving stability and preventing the gener-
ation of satellite droplets. The resulting monodisperse droplet leaves a
shorter inkblot on the substrate, thereby enhancing printing precision.

2.2. Modeling

The optimization and analysis of novel printhead are numerically
simulated using COMSOL Multiphysics. To enhance the simulation
speed and accuracy, the printhead model is divided into four parts: the
piezoelectric actuator model, the printhead model, the piezoelectric
cutter model, and the inkjet model, as illustrated in Fig. 2. The boundary
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Fig. 1. Schematic of the novel high-DPI and monodisperse droplet inkjet printhead with the piezoelectric cutter. (a) Structure of arranged high-DPI P1J printhead. (b)
Cross-section drawn of single P1J printhead. Schematic of ink ejection (c) with piezoelectric cutter, (d) without piezoelectric cutter.
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Fig. 2. The as established printhead simulation models. (a) Piezoelectric actuator model (Top view). (b) Inkjet model. (c) Piezoelectric actuator model (side view).

(d) Piezoelectric cutter model. (e) Printhead model.

settings of these models are detailed in the supporting materials.

The actuator model comprises the piezo domain and the SiOy vi-
bration plate domain, with its top and side views depicted in Fig. 2 (a)
and (c), respectively. This model is based on piezoelectricity, which is
described by the following equation[34]:

D = [¢f] [B] + [T @

(8] = [d] " [B] + [se] ] ®)
where [D;] is electric displacement vector, [e;] is dielectric constant
matrix, [Ej] is electric intensity vector, [dy] is piezoelectric coefficient
tensor, [T7] is stress vector, [Sk] is strain vector, [si] is elastic flexibility
tensor. The deformation mechanism of a piezo material with pole di-
rection of third coordinate axis (y-axis) is shown in Fig. S1. Its piezo-
electric coefficient tensor can be described as:

d15
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When an electric field parallel to poling direction is applied to the
material, it induces longitudinal, transversal, and shear strain derived
from piezoelectric coefficient dss3, ds1, and d;s. In our design, the ds3 and
ds; deformation is employed as the driving forces in inkjet process,
whose deformation can be calculated by [20]:
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where Ay is the deformation in 3-direction, Ax is the deformation in 1
and 2 direction, U is the voltage, h is the thickness of material, [ is the
length of material. In the printhead design, PZT-5H is chosen as the
piezo material due to its excellent sensitivity and dielectric constant,
with the piezoelectric coefficient value are: d3; = —2.74 X IO’IOC/N,
ds3 = —5.93 x 107 1%C/N, and di5 = —7.41 x 1071°C/N.

The printhead model is constructed based on the coupling of piezo-
electricity and fluid-solid interaction, encompassing the piezoelectric
actuator domain and the inkjet printing path domain (model dimensions
are provided in Table S1). Due to the extensive contact interface be-
tween the solid and liquid components, the force exerted by the ink
cannot be ignored. Consequently, the interaction between the ink and
the actuator is set as a bidirectional coupling. The fluid-solid interaction
including the equation of fluid flow, structure deformation, and
boundary interaction. The initial ink density and viscosity are 1050 kg/
m® and 10 mPa-s respectively. Thus, the ink flow can be considered
laminar, as determined by the Reynolds number [35]:

o pﬂujdﬂﬂuidelate
u

Re @

where pqyiq represents the fluid density, Ugyiq is the fluid velocity norm,
Lylate is the ink chamber length, and y is the fluid viscosity coefficient. It
is noted that there is no heat transfer in the printing process, thus the ink
flow can be calculated by the governing equations of continuity equa-
tion and Navier-Stokes Eq. [36]. The continuity equation comes from the
mass conservation of infinitary:

Puid
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where t is time, ugyiq is the fluid velocity vector. The Navier-Stokes
equation comes from the momentum conservation of Newton's second
law:

Ui
Pfluid ot

where fis the external forces, and T is the stress tensor. Additionally, the
structure deformation is described by the governing equation:

9
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where F is the volume force, o is stress tensor, psoliq is the fluid density,
and ugiq is the fluid velocity vector. The bidirectional coupling fluid-
solid interaction boundary is described by [37]:

a'-lsolid

ot a1

Ufluid = Uw =

on=Tn 12)
where uy, is the fluid velocity at the boundary, n is boundary normal
vector.

It models the piezoelectric cutter model based on the coupling of
piezoelectricity and fluid-solid interaction, comprising the cutter
domain and ink domain. This model analyzes the deformation of the
cutter with a thickness of 2 pm and a diameter of 30 pm. Compared with
the deformation driven by electric field, the cutter deformation induced
by high-speed ink flow can be neglected due to the high radial depth,
indicating an obvious unidirectional coupling from solid to liquid. Thus,
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the deformation of piezoelectric cutter can be the prescribed mesh
displacement in the inkjet model.

The inkjet model is based on the two-phase flow (level-set method),
consisting of the ink domain and air domain. The lower part of the throat
slides to the cutter region, utilizing prescribed mesh displacement to
simplify the computation in solid-liquid interaction. Additionally, the
level set method is a reinitialized and conservative approach to describe
and track the fluid interface. The 0.5 contour of the level set function ¢
defines the interface, ¢ equals O in air and 1 in ink. In a transition layer
close to the interface, ¢ smoothly transitions from 0 to 1. The convection
of the reinitialized level set function can be described as [38]:

o)) -evve] =0

Vel
where ¢ is proportional to the thickness of the transition layer, and w
determines the amount of reinitialization.

@ vunaa Vo (9:(90 -9 (3)

3. Result
3.1. Printing process analysis

The piezoelectric cutter demonstrates its effectiveness in eliminating
satellite droplets, as shown in Fig. 3 and Video S1. Traditional print-
heads utilize a piezoelectric actuator to promote droplet formation,
without the cutter. The actuator induces pressure waves in the ink
chamber and generates a long ink column at the nozzle. As the column
gradually elongates, its thinnest position (also known as the neck) ap-
pears near the nozzle, where breakup occurs to form a droplet. This
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Fig. 3. The inkjet process of the as designed printhead. (a) Input cutting signal and cutter's deformation curve. (b) The states of cutter during different time. (c) Inkjet

process with and without the piezoelectric cutter.
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droplet typically has a long tail, increasing its overall length. The
extended length of the droplet contributes to the formation of satellite
droplets, causing the droplet to become unstable and undergo a subse-
quent secondary breakup.

Nevertheless, a monodisperse droplet is ultimately generated when
employing the piezoelectric cutter under the same condition. The
printing process of the novel printhead relies on the synergistic action of
actuator and cutter. The deformation of actuator induces the velocity
variation in the ink chamber, pushing ink out of the nozzle and forming
an ink column. Whereafter, the cutter deforms lagging behind the peak
value of the ink column velocity, generating the velocity variation twice,
as shown in Fig. S3. This creates a neck in the middle of the ink column,
which becomes thinner over time. Notably, the deformation of the cutter
begins after the actuator stops working, avoiding complicated interac-
tion. As the neck of the ink column elongates, it exhibits a thinner profile
compared to scenarios without the cutter. Eventually, the ink column
breaks to form a droplet with a shorter length, enhancing stability and
eliminating the possibility of generating satellite droplets.

3.2. Optimizing of actuator parameters

Numerical simulations are carried out to achieve high DPI printing,
involving the structural parameters optimization, signal waveforms
design, and ink ejection process comparison. Sufficient actuating pres-
sure is necessary for forming an ink droplet. The structural optimization
results (Fig. S4) indicate that a thinner PZT and SiO; plate provides more
driving force in printing. However, a narrower actuator faces challenges
in deformation due to increased material stiffness, resulting in insuffi-
cient driving power. Notably, the actuator deformation curves reveal the
presence of residual vibrations that affect the actuator's deformation
process, delaying subsequent variations. Here, an actuator with a 20 pm
width is chosen to achieve high DPI printing, and the actuating signal
waveform is optimized to provide higher ink flow velocity.

The trapezoidal signal waveform is commonly used in P1J printheads
and consists of four key parameters (Fig. 4a): the time of the voltage
rising section (t;), the time of the voltage dwelling section (ty), the time
of the voltage falling section (tf), and the amplitude (U). Simulation
results in Fig. 4b-c indicate that shorter actuator rising and falling times
result in higher amplitude pressure waves in the ink flow. Moreover,
when the dwelling time is shorter than the period of one pressure wave's
propagation (t,) (as defined in Eq. S2), interactions between pressure
waves occur, leading to variations in ink flow velocity.

Therefore, the parameters are further optimized to enhance the
actuating force through the utilization of pressure waves (Fig. 4 e-g).
The maximum ink flow velocity is relative improved at t;.actuator = 0.2
and 0.4 ps, signifying the accumulation of the pressure wave generated
during the falling time with the residual one. Here, the rising time of 0.2
ps is selected due to the higher ink flow velocity. Similarly, maximum
velocities are observed at tg.actuator = 0.2 ps and tgactuator = 0.2 M,
showcasing optimal accumulation of the two pressure waves. The rela-
tionship between actuator deformation and ink flow velocity in Fig. 4h
suggests that the actuator's recovery should commence at half the
wavelength of ink flow. Due to the residual vibration of actuator, the
recovery of actuator is delayed compared to the falling part of the signal.
Therefore, the waveform parameters should meet the requirement of t,.
actuator + td-actuator < tp/2 to ensure optimal performance. Meanwhile, the
falling time t¢actuator = tp/4 controls the amplitude and lasting time of
the pressure wave, which is induced by the recovery of actuator.

We have explored the impact of input signal amplitude and ink
properties in Fig. S5. The finding reveals that the signal amplitude is
directly proportional to the maximum velocity, while increasing ink
viscosity and density decelerate the ink flow. Additionally, various ink
viscosities exhibit identical t, values, whereas ink density influences the
propagation of the pressure wave. This suggests that signal waveforms
should be adjusted according to different ink densities to better utilize
the actuating forces in printing.
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3.3. Optimizing and characteristic of cutter

The droplet length is a significant factor contributing to the forma-
tion of satellite droplets, as a long tail breaks up easily due to its insta-
bility. Therefore, to decrease the droplet length, cutting signal waveform
parameters are optimized through simulation (Fig. 5), including the
cutter waveform dwelling time (t4.cyt), waveform starting time (t;.cyo),
and deformation amplitude (D). The simulations are conducted with
the ink properties set at a viscosity of 10 mPa-s, density of 1050 kg/m3,
and surface tension of 0.07 N/m?2. Besides, the rising and falling time are
set at 0.01 ps to provide higher cutting pressure, and the deformation
displacement of cutter is acquired through the piezoelectric cutter
model (Fig. S6).

Droplet length is reduced with a shorter t4.cyt value compared to the
sceneries without the cutter. The less dwelling time shorten the interval
between the cutter's deformation and recovery, concentrating the
contribution of cutter pressure, which results in the necking of ink col-
umn. Consequently, the column breaks to form a shorter droplet, with
the minimum length observed when t4.cyt = 0.1 ps. Then, ejection with
smaller ts . value generates a droplet with a decreased length, as the
earlier cutting moves the break-up point downwards. It is noted that the
cutting should start after the maximum ink flow velocity to avoid hin-
dering the ink column formation. Finally, the increasing deformation
amplitude of cutter provides more pressure on the ink column, and the
thoroughly slicing is occurred when D¢y = 0.45 pm. According to the
results, the cutter achieves a monodisperse droplet with the shortest tail
length (reduced by 20 %) when parameters are set to tg.cyt = 0.10 ps, ts.
cut = 0.75 ps, and Dyt = 0.45 pm.

To verify the applicability, the cutter structure is operated under
various ink properties (viscosity, density, surface tension, and contact
angle). The simulation results in Fig. 6 depict that satellite droplets are
easily generated in the absence of the cutter. An elongated tail forms
during ink ejection, left at the nozzle when the ink viscosity is <6 mPa-s.
Meanwhile, the higher viscosity ink generates long droplet. Both of them
are unstable due to the long length, which is easily broken, leading to the
formation of satellite droplets. Additionally, higher ink density tends to
increase the droplet length, augmenting the likelihood of satellite
droplets formation.

Nevertheless, the droplet break-up points consistently move to the
middle when the cutter is employed, irrespective of variations in ink
viscosity and density. The generated tail (viscosity <6 mPa-s) and
droplet (viscosity >6 mPa-s) are both short due to the cutting effect.
Particularly, the cutter reduces the droplet length by 31 % at an ink
viscosity of 8 mPa-s. Thus, the stability is enhanced with the shortened
length, resulting in the formation of monodisperse droplet. Similarly,
the cutter slices the ink column with different ink density, lead to a
reduction in droplet length, which significantly avoids the generation of
satellite droplet. Additionally, the piezoelectric cutter performs excel-
lently with different ink surface tension and contact angle (Fig. S7-8),
shortening the droplet length compared to the ejection result without
the cutter. Subsequently, no satellite droplet is created attributing to the
enhanced stability of the droplet. Hence, the results demonstrate that
the cutter structure addresses the challenge of generating satellite
droplets by shortening the droplet length, which improves the printing
precision with various ink properties.

4. Discussion

There are two modes of satellite droplet generation: multiple
breakup due to capillary waves and end-pinching where pinch off from
the thread and head. These modes are influenced by the combined ef-
fects of the Ohnesorge number, thread length, and capillary wavelength
[39]. In this study, the droplet completely breaks in the end-pinching
mode, whether it is the first breakup or secondary breakup. The capil-
lary wave does not appear with the movement of the droplet, and
necking mainly results in the end-pinching mode. During the inkjet
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Fig. 5. Ink ejection results with different cutter deforming parameters. The simulation results and droplet length comparison with different (a) dwelling time (tg.cut),

(b) starting time (t;.cy), (¢) deformation amplitude (Deyy).

process, the ink column has a continuous centripetal velocity driven by
the transversal pressure of cutter deformation. Similarly, the recovery of
the cutter generates an inverse centripetal velocity, which drags the
upper part of the ink column. The transversal velocity variation of the
ink column forms a neck in the middle of it. It is noted that the variation
propagates in the form of a pressure wave, which is the same as in the
ink chamber. As the ink column elongates, the neck will move down,
remaining in the middle position throughout. Subsequently, the ink
column breaks up from the neck, pinching off a considerable length
compared to without the cutter.

Hongming Dong [39] has deduced the condition of eliminating sat-
ellite droplet in end-pinching mode. The droplet contracts into a single
drop without breaking up with its length less than a limiting value I* b,
which can be described as:

to1 — ta)

- (A(

where Rpozze is the nozzle radios, A is a constant calculated in experi-
ment, ty; is the first breakup time from nozzle, t,, is the secondary
breakup time of generating satellite droplet, t., = (pR3 nozzle/u)'/? is
the capillary time. Hence, the droplet length is critical to judge if

+2 ) Rnozzle (1 4)

a

satellite droplet will be generated, which has been reported by Pimbley

[40]:
A Uiiquid TAUiquia
b= v log( 2y )

where Atljjquiq is the velocity disturbance amplitude, / is the instability
wavelength, and y is instability growth rate, which can be calculated by:

1 9 , 3 .,
— - 2 _ . —
teay = 3 (2 —x*) + 4Oh X 2Ohx

where x is the dimensionless wave number. The breakup length is

further corrected by Pimbley and Lee [40] which is defined as:

L=B+P-I°
where [P is diffusive length described as:
lD = ;M/}uz _Eliquid|ds

HoJs

and IC is convective length described as:
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[ — n/ﬂ/m,uz\ds 19
v Js

where S is the profile section, u, and u, are the radial and axial
component of velocity vector.

By introducing the pinch-off length through the piezoelectric cutter,
the droplet length can be reduced to a value less than I* b. Consequently,
the droplet contracts into a single drop, eliminating satellite droplets. To
integrate the cutter element into a commercial printhead, its cutting
waveform should be adjusted according to the optimization of the cut-
ter. The deformation and recovery interval tq.cy¢ should be short enough;
otherwise, two necks will be induced. Having more necks weakens the
effect of the cutter, decreasing the reduction of droplet length. The
cutter deformation should slightly lag behind the maximum velocity of
ink flow to ensure the neck position appears in the middle of the ink
column. Moreover, the cutter is required to provide sufficient driving
forces, which can be approached by improving the deformation velocity
and displacement.

5. Conclusion

In summary, this paper designs a novel high-DPI and monodisperse
droplet inkjet printhead model, providing a waveform optimizing
method and achieving the absence of satellite droplet formation with the
piezoelectric cutter. Superposition of pressure waves is enabled to
improve the ink velocity, when the actuator's recovery starts at half the
wavelength of ink flow (t;.actuator + td-actuator < tp/2 and tr.actuator = tp/4).
The piezoelectric cutter shortens the droplet length by 20 % at the

1200

parameters of tg.cy = 0.1 ps, tgeut = 0.75 ps, and D¢y = 0.45 pm.
Additionally, the novel structure is highly applicable to various ink
properties, including viscosity, density, surface tension, and contact
angle. The designed printhead consistently eliminates the satellite
droplet due to the high stability of short droplet, significantly improving
the printing precision. This technology holds the potential for designing
higher-DPI printheads and applications in a broader range of fields.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jmapro.2024.07.029.
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