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1 Introduction
Miniaturization has always been the trend in electronic 
equipment. Great achievements in the integration of 
microelectronic circuits and sensors make microelectronic 
devices widely used in today's life. In the context of 
device miniaturization, the demand for micro batteries 
continuously increases. To ensure the microelectronic 
devices can be effectively powered, it is necessary to 
further improve their energy and power density with 
their restricted size. While exploring high-capacity 
battery active materials, it is very important to develop 
fabrication technologies to effectively perform the 
materials' potential. Conventional electrode fabrication 
methods, such as electrochemical deposition [1-2], chemical 
vapor deposition (CVD) [3-4], physical vapor deposition 
(PVD) [5-6], and atomic layer deposition (ALD) [7],
require cleanroom, expensive facilities and complex 
operation process, which restrict the manufacturing 
speed of small-sized energy source devices. 
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Droplet morphology analysis of drop-on-demand 
inkjet printing

Inkjet printing, also known as droplet-based direct 
ink writing, is a high-efficient, cost-saving, non-impact 
3D printing technology, which can precisely deposit 
2D or 3D functional structures on various substrate. 
Many kinds of materials such as metals [8], ceramics [9], 
biomaterials [10], or even 2D materials [11] can be used as 
the printing solute of the inkjet printers. These distinctive 
advantages making it widely and successfully applied 
in the flexible electronics [12-13], life science [14-16], and
microelectronic energy source devices [17-20]. Inkjet 
printed materials obtain porous properties after sintering, 
and the pore size of materials can be artificially 
controlled by adjusting the size of nanoparticles in the ink 
and the subsequent sintering time, which is very suitable 
for the preparation of porous electrodes. Compared with 
the conventional electrode, the high porosity electrode 
printed by inkjet can increase the surface area of active 
material and lead to the high rate capacity.

To obtain the expected 3D microstructure, every single 
droplet needs to be deposited accurately, especially when 
printing a microelectrode array [21]. The influence of 
viscosity, surface tension and density on the droplet 
flying morphology should be very clear. The theory 
of pressure wave propagation proposed by Bogy and 
Talke [22] is taken as the basis of printing condition 
analysis. This theory introduces the generation, motion 
and superposition rules of the pressure wave in the 
channel. In the study of ink properties, dimensionless 

https://doi.org/10.1007/s41230-023-2106-6

www.springer.com/41230

Copyright © 2024 Foundry Journal Agency



 21

CHINA  FOUNDRYVol. 21 No. 1 January 2024
Research & Development

criterions such as capillary number (Ca), Weber number (We), 
Ohnesorge number (Oh), and the reciprocal of the Oh number (Z),
which indicate the relationships between the inertial force, 
viscous force and surface tension, are applied to predict the 
motion and morphology of droplets. 

Jiang et al. [23] used one-dimensional simulation with 
MATLAB to predict the drop breakup, coalescence and meniscus 
movement of a drop-on-demand (DoD) inkjet. They proposed a 
rapid parametric analysis method for comprehensively analyzing 
nozzle dimension, driving pressure and fluid properties. 
Castrejón-Pita et al. [24] studied the thinning and breakup 
phenomenon of liquid filaments. Their experiment and 
simulation results show that thinning filament passes through 
a number of intermediate transient regimes, thereby delaying 
the onset of the inertial-viscous regime. This discovery has 
practical implications regarding the formation of undesirable 
satellite droplets. Xiao et al. [25] used Doppler vibration test 
with COMSOL to study the voltage wave, which provided a 
new idea for waveform design. Zhong et al. [26] proposed a non-

dimensional number d , where v, dt and D are droplet 
velocity, driving pulse and nozzle diameter, respectively, 
to analyze the droplet stability after ejection from an inkjet 
nozzle. In the second year, Wang et al. [27] from the same 
laboratory, studied the oscillation of the droplets and found that 
the deformation extent of droplet is strongly dependent on the 
Ca, it increases at first and then decreases as the Ca increases. 
Through many-body dissipative particle dynamics (MDPD), 
Suphanat et al. [28] discovered higher temperature and applied 
pressure can shorten droplet breakup time. 

Previous researchers have made great efforts in theoretical 
research and engineering application of inkjet printing 
technology. In the research of inkjet, numerical simulation 
has gradually become an indispensable method to shorten the 
research cycle and obtain the information hard to get from 
experiments, such as pressure. The accuracy of numerical 
simulation can be guaranteed only with accurate inlet boundary 
condition. Due to the small size of the nozzle (~100 μm), it 
is nearly impossible to measure the extrusion velocity of the 
droplet at the nozzle through the experiments. Generally, in 

the numerical simulation of inkjet, the velocity at the nozzle is 
considered to be constant during the injection. However, such 
simplification may lead to the decrease of simulation accuracy 
or even wrong results. In this study, based on the experimental 
results, a multistage velocity waveform was proposed to be 
the inlet boundary condition. The influence of each stage 
of velocity waveform on the droplet morphology and flight 
state was analyzed. Furthermore, the effect of ink properties 
including density, viscosity and surface tension under the 
multistage velocity waveform was studied.

2 Experimental description
Experiments were carried out with a DoD piezoelectric inkjet 
system, as shown in Fig. 1. A Labjet-600 (MICROJET Inc.) 
printer was used, which mainly contains a driving pulse 
controller, a pressure controller, a three axes platform system 
and a piezo-nozzle with an orifice radius of 40 μm. The 
pressure controller can keep the static pressure of the liquid 
in the reservoir at a proper level. The drive pulse controller 
provides various pulse waveforms to the lead zirconate titanate 
(PZT) piezo unit of the printer, as shown in Fig. 2(a). Under 
different voltage waveforms, PZT piezo unit produces different 
degrees of deformation, which precisely controls the expansion 
or reduction of the liquid channel. LED strobe, CCD camera 
and magnifier were combined to observe the morphology of 
the droplet. The CCD took pictures every 10 μs after giving the 
driving pulse. All the pictures taken by the CCD were enlarged 
until each pixel can be clearly seen. The displacement and 
morphological data of the droplet were recorded with a number 
of pixels. The effective pixels of the CCD were 768×494, and 
the size of the pixel in picture was 4.9 μm.

Fig. 1: Schematic diagram of the experimental system

Fig. 2: Structure of piezo nozzle (a), driving waveform (b), schematic of channel expansion (c) and channel 
contraction (d), and pressure wave propagation in the channel (e) 
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The driving pulse determines the deformation of piezo unit 
and the propagation of the pressure wave in the liquid channel. 
Figure 2(b) shows the waveform of driving pulse in this 
experiment, which consists of five stages. In the first stage (A-B), 
the piezo unit deforms quickly under the action of the sharp rise 
of voltage, leading to a rapid expansion of the liquid channel, 
as shown in Fig. 2(c). The rapid expansion generates a negative 
pressure, then propagates along the channel to both ends, as 
described in Fig. 2(e). Under the positive voltage platform (B-C), 
the liquid channel keeps expanding. According to the reflection 
rules of acoustic waves, when the negative pressure wave moves 
to the nozzle (closed end) and the reservoir (open end), the 
original negative pressure wave will be converted into negative 
pressure wave and positive pressure wave, respectively with 
the same amplitude but the opposite propagation direction. The 
big voltage slope (C-D) makes the expanding channel contract, 
as shown in Fig. 2(d), and generates a positive pressure, which 
offsets the negative pressure propagating to the reservoir. The 
positive pressure generated in Stage C-D is superposed with the 
previous positive pressure and moves towards the nozzle under 
the negative voltage platform (D-E). When superposed positive 
pressure reaches the nozzle, the droplet ejects. In the last voltage 
slope (E-F), the liquid channel returns to its original shape, 
producing a negative pressure and finally causing a reverse 
pulling on liquid at the nozzle.

According to the pressure wave propagation theory, pressure 
resonance can be obtained by adjusting the pulse voltage width 
and interval [29]. However, due to the complexity and small size of 
the cavity structure in printer, the accurate waveform of pressure 
and velocity at the nozzle are difficult to describe at this stage. In 
the experiments, the dwell voltage (Dv) and echo voltage (Ev) are 
set to 65 V, the dwell time and echo time are set to 60 μs. 

Triethylene glycol monomethyl ether solution with Ag 
nanoparticles (Pvnanocell inc, 150TM-119) was used as printing 
ink. The average radius of the nanoparticles was about 80 nm. 
The density and surface tension of ink depend on the content of 
Ag. When the Ag content reaches 45wt.%, the density, surface 
tension and viscosity are 4.8 g·mL-1, 30 dyne·cm-1, and 34 cps (at 
25 °C), respectively.

3 Mathematical model
Due to the low mass of the ink droplet, the effect of the air 
resistance on droplets cannot be ignored. The process of 
droplet generation and flying can be considered as a multiphase 
flow problem. The conservation of mass (continuity equation) 
and momentum equation (Navier-Stokes equation) were used 
to describe the flow of ink and air:

(1)

(3)

(4)

(5)

(7)

force and surface tension force. PISO algorithm (pressure 
implicit with splitting of operators) [30] was applied for solving 
this formula.

At the mesoscale, the effect of surface tension on droplet 
morphology is much greater than gravity. The continuum 
surface force (CSF) model [31] was used to calculate the surface 
tension, which interprets surface tension as a continuous effect 
across the interface, rather than as a boundary condition on 
the interface. The pressure drop across the surface can be 
represented as:

where p1, p2 are the pressures of different phases on either 
side of the interface, σ is the tension coefficient (in units of 
force per unit length), and k1, k2 are the surface curvature of 
different phases, which can be obtained by calculating the 
local gradient:

where

where n denotes the interface normal. The surface tension can 
be written in terms of the pressure jump across the surface. 
The force at the surface can be treated as a volume force, 
which can be expressed as following form:

where ρ is the density,  is the axial velocity, p is the pressure,  
 is the stress tensor,  and st are the gravitational body 

(2)

where Vcen denotes the given velocity in the center of the parabolic 
profile, r is the distance to the center of the nozzle, r0 is the 
nozzle radius, c is defined as the velocity coefficient which 
related to the actual internal roughness of the nozzle and the 
ejecting velocity. In this work, by comparing the simulation 
results with the experimental results, it is found that when 
the value of α is around 2.5, the simulation results are more 
consistent with the experiment results.

4 Results and discussion
4.1 Multi-stage velocity waveform analysis
Due to the rotational symmetry of the model, an axisymmetric 
2D model with 210,207 grids was utilized. The average grid 
size was 2 μm. The distance between the nozzle and the 

(6)

where αi and αj are the volume fractions of the phase i and 
phase j. 

VOF model [32] was used to track the interface between air and 
liquid. The nozzle inlet was set as velocity boundary condition, 
and the velocity profile can be expressed as following form:

α1 1 2 2 α2 2 1 1

1 2

-
c

st
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Fig. 4: Droplet morphology and injection status in each stage of multi-stage velocity waveform

Fig. 3: Velocity waveform of nozzle

morphology is shown in Fig. 4. A certain stage in the velocity 
waveform can affect droplet morphology in many aspects, 
rather than one-to-one correspondence. The duration of C1 
in the waveform is closely related to the breakup time which 
refers to the time when the main droplet separates from the 
filament. The longer the C1 lasts, the later the droplet breaks, 
and the larger the droplet radius is. The slope of C2 also has 
great influence on droplet breakup. With a smaller C2 slope, it 
takes a longer time for the liquid filament to break up from the 
nozzle, and the filament has a larger droplet radius. When the 
duration of C2 is over 5 μs, increasing duration time has little 
effect on breakup velocity, breakup time and filament length. 
The draw-back velocity has a great influence on the maximum 
liquid column length [33]. Under a higher draw-back velocity, 
the nozzle generates a smaller curvature of the crescent, 
resulting in a higher necking position and a slower velocity at 
tail, which increases the filament length.

Figure 5 shows the experimental results (E) and the simulated 
results with multi-stage velocity waveform (S1) and  flat 
velocity waveform (S2). The detail parameters of multi-stage 
velocity waveform are obtained from Fig. 4. The durations of 
C1, C2, C3, C4 of the multi-stage waveform are set to 40 μs, 
5 μs, 75 μs, 5 μs, respectively. The slope of C2 and the draw-
back velocity (C4) are set to 0.0234 and 1.2 times of the 
beginning velocity.

The inlet velocity waveform condition has great influence 
on the accuracy of simulation result. The morphology of the 
droplets under different waveforms is quite different, as shown 
in Figs. 5(a) and (b). The simulation result with multi-stage 
velocity waveform shows a much higher accuracy compared 
to the experimental result.

substrate was set to 2 mm. The grid was refined at the region 
where the liquid flows through. Mesh-independent simulation 
was carried out to make sure the results were irrelevant to the 
mesh resolution. The zone between the inlet and the nozzle 
was filled with liquid, while the zone from the nozzle to the 
substrate was filled with air. The pressure at the outlet was set 
to 1 atm. The ink chamber and substrate were set as no-slip 
condition. Time step was 20 ns, and the continuity residual 
was less than 10-8.

The velocity waveform has a significant impact on simulation 
accuracy [25], while due to the diversity and complexity of cavity 
structure, it can hardly be deduced by mathematical methods. 
To obtain a velocity waveform consistent with the experimental 
results, a multi-stage velocity waveform was proposed, as 
shown in Fig. 3. In the multi-stage velocity waveform, C1 is a 
part of cosine function, C2 and C3 are two straight lines with 
different slopes, and C4 is also a straight line corresponding to 
the draw-back velocity.

The effect of each stage of multi-stage waveform on droplet 
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Fig. 5: Experimental results (E) and simulated results with multi-stage velocity waveform (S1) and flat 
velocity waveform (S2): (a) droplet generation process; (b) droplet flying process; (c) real time 
displacement; (d) real time velocity

The analysis results of the real time displacement and velocity 
of the droplets are shown in Figs. 5(c) and (d). The simulated 
displacement under multi-stage velocity waveform is highly 
consistent with that of the experiment. At the beginning of 
ejection, the droplet velocity decreases sharply due to the surface 
tension and viscous force, as shown in Fig. 5(d). At this time, 
the filament with multi-stage velocity waveform still connects to 
the nozzle. The surface tension and viscous force at the nozzle 
are continuously dragging the droplet upward, reducing the 
velocity of the droplet. As the length of the filament becomes 
longer, the diameter of the liquid column at the nozzle decreases, 
as shown in Figs. 5(a) and (b). The dragging effect of surface 
tension and viscous force on the velocity keeps decreasing. As 
a result, the velocity at the front end of the droplet continuously 
decreases, but the decreasing rate is getting lower. In the case 
of flat waveform, because of the sudden decrease of velocity, 
filament disconnects from the nozzle soon after the injection. 
The velocity remains stable for a period of time, then the tail of 
the droplet accelerates to approach to the front end under the 
action of surface tension. Then, due to the impact of the tail to 
the front, the velocity of the droplet front begins to increase.

4.2 Morphology analysis with different ink 
properties

The multi-stage velocity waveform was taken as the inlet 
boundary condition to study how the liquid properties affect 

the droplet flight morphology. The influence of different 
densities on the droplet morphology is shown in Fig. 6. The 
front and tail of filaments at 340 μs and 510 μs are marked 
with green and black lines, respectively.

At the same flight time, for example, at 510 μs, the tail of 
filaments with different densities is roughly kept at the same 
height. The velocity differences of filament tails are relatively 
small. In contrast, the height differences of filament fronts 
are obvious. With a higher density, the front of the filament 
flies farther and has higher velocity. This phenomenon can be 
explained by the effect of surface tension. The droplet with 
a lower density possesses smaller momentum. The limiting 
effect of surface tension is relatively obvious. The tail droplet 
is easy to merge with the head droplet to form a whole droplet. 
However, when the droplet has a higher density, it is difficult 
to form a single droplet due to its high momentum.

Figure 7(a) shows the filament length change during the 
flight process. At beginning, the length of liquid filament 
increases almost linearly. Then, as the filament disconnects 
from nozzle, the growth rate suddenly decreases. The end 
of the liquid filament spheroidize rapidly under the effect of 
surface tension, resulting in a rapid shortening of the liquid 
filament length. After the disconnection, the filament tail 
moves toward the filament front, and due to the velocity 
difference between filament front and tail, the filament length 
is in the state of increase, decrease or not change. In this case, 

(a)

(b)

(c) (d)
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the disconnection times are approximately the same, which 
indicates that the ink density is not the main factor affecting 
droplet disconnection time from nozzle.

The radius change of the filament front is shown in Fig. 7(b). 
It increases linearly after the droplet ejecting from the nozzle. 
Then, after droplet disconnects from the nozzle, the radius 
growth rate slows down and finally tends to be fixed. There 
is no obvious oscillation of droplets under current printing 
parameters. Droplets with a higher density tend to have a 
lower radius and radius growth rate.

Viscous force is a kind of surface force that hinders the 

irreversible deformation of a droplet. Figure 8 illustrates the 
influence of viscous force on the ejection process. Droplets with 
a low liquid viscosity are easily dispersed into multiple droplets. 
The high viscosity droplets have stronger adhesive force inside, 
which can better ensure the continuity of the liquid. As the 
viscosity increases, the droplet is subjected to a greater upward 
drag force during the ejection process, resulting in a decrease 
in the velocity of the droplet. To disconnect from the nozzle or 
breakup to form a main drop, droplet with a higher viscosity 
needs to overcome the greater viscosity force, which leads to the 
lower flying velocity and the longer disconnection time.

Fig. 7: Real-time changes of filament length (a) and main droplet radius (b) under different liquid densities

(a) (b)

Fig. 8: Influence of viscosity on droplet morphology: (a) 1 cps; (b) 10 cps; (c) 20 cps; (d) 30 cps; 
(e) 40 cps; (f) 50 cps; (g) 60 cps

Fig. 6: Influence of density on droplet morphology: (a) 700 kg·m-3; (b) 1,000 kg·m-3; (c) 1,300 kg·m-3; 
(d) 1,600 kg·m-3; (e) 1,900 kg·m-3; (f) 2,200 kg·m-3; (g) 2,500 kg·m-3
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Fig. 10: Influence of surface tension on droplet morphology: (a) 10 dyn·cm-1; (b) 20 dyn·cm-1; 
(c) 30 dyn·cm-1; (d) 40 dyn·cm-1; (e) 50 dyn·cm-1; (f) 60 dyn·cm-1; (g) 70 dyn·cm-1

Fig. 9: Real-time changes of filament length (a) and main droplet radius (b) under different viscosities

The filament length change is shown in Fig. 9(a). It should 
be noted that when the liquid filament breaks into two or more 
droplets, the filament length refers to the distance between 
the front of the first drop and the end of the last drop. In the 
observation area (from the nozzle to the substrate), although 
the droplet flying velocity and the disconnection time are 
different, the difference of filament length remains in a 
relatively small range. The variation trend of droplet radius, as 
shown in Fig. 9(b), is similar to the influence of density. After 
droplet injection, the radius increases linearly, then the growth 
rate decreases, and finally tend to be stable.

The effect of surface tension is shown in Fig. 10. Liquid 
droplets with high surface tension tend to reduce the surface 
area spontaneously because of their high surface energy. 
Droplets with high surface tension have greater internal forces 
and tend to form spheres. The filament with the higher surface 
tension possesses lower velocity at the front and the higher 
velocity at the tail. In the process of injection, the resultant force 
of the surface tension on the droplet is upward, so with bigger 
liquid surface tension, the droplet is subjected to greater upward 
resultant force, which reduces the velocity of droplet front. After 
the tail is necked, the resultant force of the surface tension at the 
droplet tail is downward. With the bigger liquid surface tension, 
the droplet is subjected to a greater downward resultant force, 
resulting in a higher downward velocity at the filament tail.

Under the same viscous force, droplet with the bigger surface 
tension possesses the greater driving force and tends to shrink 
into a sphere. Therefore, the droplet is more likely to disconnect 
from nozzle, and form shorter filament. Maximum filament length 
at 70 dyn·cm-1 is 597.5 μm, while the maximum filament length 
at 10 dyn·cm-1 reaches 1,774.5 μm, as shown in Fig. 11(a). The 
time when the droplet disconnects from the nozzle is obviously 
nonlinear with the surface tension. Droplets with a lower surface 
tension disconnect faster than those with a higher surface 
tension. The effect of surface tension on the disconnection time 
at the nozzle is also reflected in the radius change. As shown in 
Fig. 11(b), high surface tension droplets form stable main droplets 
much faster than low surface tension droplets.

From the above data and analysis, it is clear that, under the 
same multi-stage velocity waveform, the density, viscosity 
and surface tension all have obvious effects on droplet 
morphology. The time when the droplet disconnects from the 
nozzle is very critical. The filament length, droplet radius and 
velocity before and after the disconnection can be completely 
different. The filament length and filament front velocity at 
disconnection are found to have obvious linear correlation 
with σ/ρμ and ln(ρ/(μσ 

1
2 )), as shown in Fig. 12. This linear 

relationship indicates that the density (ρ), viscosity (μ), and 
surface tension (σ) have a direct and obvious impact on liquid 
filament length and filament front velocity.

(a) (b)
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Fig. 12: When droplet is about to disconnect from the nozzle, the filament length (a) and velocity (b) are 
linearly related to σ/ρμ and ln(ρ/(μσ  ))

1
2

5 Conclusion
Inkjet technology is a commendable technology to build 
2D/3D structure with various materials. In this study, a multi-
stage velocity waveform was proposed as the input boundary 
condition in the simulation. The accuracy of the multi-stage 
velocity waveform was verified through experiments. The 
influences of ink properties including density, viscosity and 
surface tension on droplet morphology were studied. The result 
shows that the droplet with a lower density (ρ), viscosity (μ)
and higher surface tension (σ) tends to have larger radius. As 
the viscosity increases, the liquid filament tends to possess a 
lower velocity, and needs a longer time to disconnect from 
the nozzle. Filament with a higher surface tension possesses 
a lower velocity at the front and a higher velocity at the tail, 
resulting in a smaller length of the filament. When the filament 
is about to disconnect from the nozzle, the filament length and 
filament front velocity are found to have an obvious linear 
correlation with σ/ρμ and ln(ρ/(μσ  )).
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