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1. Introduction  
Material jetting is utilized by dispensers[1,2] and three- 

dimensional (3D) printers[3,4], dispensing a small amount of 
material through a small diameter nozzle in droplets at room 
temperature, similar to inkjet printing. Drop-on-Demand (DOD) 
is a commercialized inkjet method, and fine droplets can be 
ejected according to the control method of the piezoelectric 
element.

In particular, this material jetting can be applied to fields 
requiring precision because they can inject an accurate amount 
of liquid. Additionally, the application of the jetting method 
reduces the stair-step effect[5] compared to the use of the fused 

deposition modeling (FDM) method, resulting in excellent 
surface quality[6]. The jetting methods include inkjet[7‒9], binder 
jetting[10‒12], and pneumatic jetting methods[13‒15].

Low-viscosity inks, which are used in inkjet methods, are 
incompressible Newtonian fluids. Therefore, their viscosity 
does not change with pressure and speed. Various studies have 
been conducted on the accurate analysis of the volume and 
length of the ejected droplets. For example, Lu et al. 
experimentally studied the effects of the fluid and dispensing 
system parameters, such as pressure, viscosity, needle motion, 
and nozzle size, on droplet formation using computational fluid 
dynamics (CFD) software for a needle-valve type piezoelectric 
dispensing system[16,17]. Cheng et al. studied the effect of the 
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needle impact velocity on the droplet volume[18]. Antonopoulou 
et al. studied the effect of the surface tension and jetting 
velocity on the droplet length[19]. Studies based on Newtonian 
fluids with non-varying viscosities suggest a direction for the 
design and control of needle-valve type piezoelectric 
dispensing system.

The pneumatic jetting method involves jetting through a 
piezoelectric control valve, also known as a needle-valve-type 
piezoelectric dispenser. Compared to the use of the inkjet 
method, the jetting method can jet inks with a viscosity of 
several hundred Pa·s or higher, enabling the printing of 
materials with a high solid content, thereby resulting in 
reduced volume shrinkage and improved mechanical 
properties[20,21]. High-viscosity inks are typical non-Newtonian 
fluids that exhibit shear-thinning properties, and their viscosity 
changes with the pressure and velocity inside the ink 
chamber[22]. In particular, the viscosity of the fluid changes 
with an increase in the velocity of the fluid, resulting in an 
inaccurate analysis of the jetting flow rate and the shape of 
the jetting droplet compared to that of the inkjet method using 
low-viscosity fluids[23]. Therefore, experimental studies have 
been extensively conducted on needle-valve dispensing 
systems with non-Newtonian fluids. For non-Newtonian fluids, 
the effects of input signals and nozzle diameters on the 
formation and volume of droplets have been investigated[24,25]; 
however, the analysis of the formation and volume or mass of 
droplets is essential to fully reflect the viscosity change 
characteristics of non-Newtonian fluids due to needle 
movement.

This study aims to accurately predict the formation and mass 
of droplets in a needle-valve dispensing system with a 
non-Newtonian fluid by analyzing the characteristics of a 
non-Newtonian fluid whose viscosity changes with the 
movement of the needle. The shear rate of the non-Newtonian 
fluid due to the movement of the needle was characterized up 
to 1,000 (1/s), and the droplet formation and volume were 
calculated using the viscosity change test results in the fluid 
analysis. In addition, the shear-thinning characteristics were 
modeled by assuming a power law fluid to improve the 
accuracy of the analysis.

A needle-valve dispensing system was designed and built 
in-house to minimize analysis errors, and the needle drive was 

controlled using a trapezoidal signal. The movement of the 
needle was measured with a laser displacement meter. 
Moreover, the mass of the droplet was measured using an 
electronic balance, and a high-speed camera with a sufficient 
response to the driving frequency of the needle was used to 
analyze the droplet morphology. The mass and formation 
process of the droplets were analyzed by varying the stroke, 
driving displacement of the needle, and driving frequency.

The study results are expected to help in designing 
dispensers used in the semiconductor manufacturing and 
biofields, which require high-viscosity fluids to be dispensed 
in precise amounts.

2. Dispensing system design and analysis
2.1 Needle-valve piezoelectric jetting dispenser

Figure 1 illustrates the structure of a piezoelectric needle-valve 
system used to dispense high-viscosity fluids, such as 
adhesives or polymers, in small amounts. A needle-valve was 
used to control the opening and closing of the nozzle. The 
drive waveform of the piezoelectric actuator was applied using 
Labview, a DAQ (Data acquisition) board, and an internal 
sample clock. A laser displacement sensor (LK-G150, 
KEYENCE) with a resolution of 0.5 μm and a sampling period 
of 200 μs was used to measure the displacement of the needle, 
and the shape of the droplet from the nozzle was recorded with 
a high-speed camera (FASTCAM MINI UX50, Photron). The 
mass of the droplet was measured with an electronic balance 
(HR-200, A&D KOREA) with a resolution of 0.1 mg. When 
a voltage was applied to the piezoelectric actuator (P-844.60, 
PI GmbH & Co.), the piezoelectric material deformed and 
displaced the piston.

Figure 2(a) illustrates the piezoelectric needle-valve system. 
In particular, the displacement of the needle is amplified by 
the ratio of the areas (Dpc1/Dpc2)2 of the top and bottom side 
of the piston chamber to approximately 365 μm in this study. 
The needle then moves up and down due to the deformation 
of the membrane. The movement increases the pressure inside 
the nozzle, which breaks the flow of the fluid through nozzle 
contact and releases the droplet due to the inertial force. The 
fluid is continuously pressurized for a constant flow throughout 
its path. 
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To force the fluid in the chamber out of the nozzle, it is 
necessary to pressurize it and secure the stroke of the needle. 
Thus, the chamber was pressurized to 4 bar with air, and the 
displacement of the needle was increased to 165 μm or higher. 
When the viscosity of the fluid is more than 1000 mPa·s, the 
displacement of the needle should be larger than 100 μm. In 
commercially available piezoelectric actuators, the displacement 
is approximately 50 μm at 100 V and 100 Hz, which is 
insufficient. Therefore, a displacement-amplification structure 
using different fluid cross sectional areas was designed, as 
illustrated in Figure 2(b). This structure is suitable as a 
displacement amplifier because of its rapid response 
characteristics in transmitting the motion of the piezoelectric 
actuator connected to the piston and the needle through 
incompressible oil. The shape and dimensions of the 

needle-valve part are illustrated in Figure 2(c). The up and 
down motion of the needle performs the function of a valve. 
In addition to the speed and displacement (stroke) of the 
needle, these parameters significantly impact the injection 
characteristics of the fluid.

The movement of the needle is controlled by applying a 
trapezoidal signal comprising four steps, as illustrated in 
Figure 3. Initially, the nozzle is closed by the needle, and 
during the rising time, the needle rises, and the nozzle opens. 
During the opening time, the needle moves up, opening the 
nozzle with a maximum displacement. Thereafter, during the 
falling time, the needle descends and gradually closes the 
nozzle. Finally, during the closing time, the needle closes the 
nozzle to stop the fluid from injection. 

2.2 Needle-valve modeling for CFD analysis
The objective of this study is to understand the process of 

droplet formation and shape change using CFD analysis. 
Figure 4 illustrates the structure of a needle-valve system. To 
model the droplet injection using the piezoelectric dispenser 
device, we first defined the analysis regions as the outer region 
consisting of the bottom region of the chamber containing the 
fluid (Lc1, Lc2), needle region (Ln), and air (Lo). In the 
needle-valve type system, the part consisting of the needle, 
nozzle, and chamber is classified as the structure part and the 
fluid part in the chamber. The structure is classified as 
illustrated in Figures 4(a) and (b). After injection, the fluid 
exists in the air at the bottom side outside the nozzle. 

The values of dimensional parameters for CFD are listed in 
Table 1. In the needle-valve type, the portion where the needle 
and the chamber are in contact is known as the seat. The seat 
angle of the part at which the top of the needle and the top 
of the chamber are in contact is denoted θ2, and the angle at 

Fig. 1 An in-house design and built needle-valve dispensing 
system structure

Fig. 2 Structure of the dispensing system: (a) piezoelectric needle- 
valve system; (b) displacement-amplification mechanism; 
(c) needle-valve

Fig. 3 Control signal for needle-valve movement
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which the needle and nozzle are in contact is θ1. (Figure 4(c)). 
The computational domain must be continuous to perform 
CFD calculations. Therefore, the gap between the needle and 
valve must be set to zero. Moreover, the closing gap (G) was 
set to 0.005 mm to calculate the needle-valve ion system. A 
laminar flow model was applied to the flow in the chamber 
owing to the high fluid viscosity and a needle speed of less 
than 10 m/s. The surface of the high-viscosity fluid supplied 
to the top of the nozzle was set to follow the pressure inlet 
condition, assuming no pressure loss at the boundary.

The nozzle wall surface and the needle wall surface were 
set to the wall boundary condition, and the no slip condition 
was applied. Because the fluid area and flow change with time, 
the transient solver was applied. The characteristics of the fluid 
used in the analysis are listed in Table 2.

In a needle-valve system, the rapid movement of the needle 
increases the shear rate of the fluid, which increases its fluidity 
and decreases its viscosity. The hydrogel (Sono Jelly, MEDITOP 
Corp.) used in this study corresponds to a non-Newtonian fluid 
with high-viscosity characteristics, and the fast movement of 
the needle causes a shear-thinning phenomenon that reduces 
its viscosity. To analyze the accurate dispensing of droplets, 
the rheological properties obtained through experiments where 
the shear rate of the hydrogel was extended to 1,000 (1/s) are 
illustrated in Figure 5, and CFD analysis was performed by 
applying the power law model, as shown in Eq. (1).

μ = 𝐾γ̇ n−1(μmin ≤ μ ≤ μmax) (1)

where n is the behavior index; K is the consistency index 
(power law index); γ̇ is the shear rate; and μmin and μmax are 
the maximum and minimum viscosities used in the CFD 
analysis, respectively. Table 3 lists the values of the power law 
model parameters.

2.3 Flow characteristics in the needle valve
The commercial software Fluent and a dynamic mesh were 

applied to understand the effects of the needle movement on 
the velocity and the relationship to the trapezoidal drive signal. 

(a) Overall view   (b) Detailed view    (c) Closing gap
Fig. 4 Structure of the needle-valve system

Table 1 Dimensional parameters for CFD
Parameters Value (mm) 

Chamber diameter (upper) Dc2 = 6, (lower) DC1 = 3
Needle diameter (upper) Dn2 = 4, (lower) Dn1 = 2
Chamber length (upper) Lc2 = 25, (lower) Lc1 = 6
Nozzle diameter Dn = 0.4
Nozzle length Ln = 4

Outside diameter Do = 7.0
Outside length Lo = 80

Closed gap length G = 0.005
Seat angle θ1 = 45°, θ2 = 30°

Table 2 Properties of the fluid used in the simulation
Air Liquid

Density (kg/m3) 1.225 990
Viscosity (mPa·s) 0.0179 Power law

Surface tension (N/m) 0.065
Contact angle (°) 90

Fig. 5 Rheological properties of hydrogel

Table 3 Viscosity of the power-law liquid
Item K (Pa·sn) n μmax (mPa·s) μmin (mPa·s)

Value 102.014 0.266 144,000 35

Table 4 Boundary condition used in the simulation
Fluid pressure 

(bar)
Operating frequency 

(Hz)
Needle displacement 

(μm)
4 40~120 165~365
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The velocity distribution of the fluid in the stationary and 
moving states is illustrated in Figures 6(a) and (b), respectively. 
The objective of this study is to understand the process of 
droplet formation and shape change using CFD analysis. 
Poiseuille flow was applied when the needle was stationary. 
In contrast, when the needle was moving, the combined 
Poiseuille and Couette flows were applied. In the case of 
Poiseuille–Couette flow, the flow velocity between the 
chamber and the needle is more than two times higher than 
that in the case of the Poiseuille flow, depending on whether 
the needle is moving, as illustrated in Figure 7(a). The shear 
rate increases accordingly, and it decreases in the high- 
viscosity regime in the Poiseuille-Couette flow, as illustrated 
in Figure 7(b). Therefore, the flow rate increases when the 
needle is in motion compared to when the needle is stationary.

When a trapezoidal drive signal is applied to the needle, the 
fluid in the chamber is jetted, and droplets are formed, as 
illustrated in Figure 8, in both simulation and experiment.

In the initial state, the nozzle is closed by the needle and 
filled with fluid. In section ⓐ, the nozzle is opened because 

of the rise of the needle, and a space is created above the 
nozzle. This creates an instantaneous negative pressure, 
causing the fluid at the inlet side of the nozzle to flow back 
toward the chamber, forming a concave surface owing to 
surface tension, as illustrated in Figure 8(a). In section ⓑ, 
where the needle continues to rise, the internal pressure acting 
on the fluid in the chamber creates a flow in the direction of 
the nozzle outlet, forming a convex shape, as illustrated in 
Figure 8(b). In section ⓒ–ⓓ, where the needle descends from 
the maximum displacement, the amount of injection from the 
nozzle increases owing to the shear-thinning phenomenon, 
where the viscosity decreases because of the increased shear 
rate due to the acceleration of the needle. Therefore, the initial 
droplet separates from the nozzle and forms a fluid filament, 
as illustrated in Figure 8(c)–(d). In section ⓔ, where the needle 
descends to the lowest point, the droplet has the largest size, 
as illustrated in Figure 8(e). As the needle contacts the nozzle, 
no more fluid is supplied into the nozzle. Thereafter, the 
droplet stretches its fluid filament owing to an inertial force. 
The fluid filament becomes thinner in section ⓕ where the 
nozzle is closed, and the droplet separates, as illustrated in 
Figure 8(f). The fluid filament part moves rapidly to the 
droplet because of surface tension; however, the droplet does 
not form a spherical shape owing to its high viscosity.

Subsequently, we analyzed the mass and shape changes of 

(a) Poiseulle flow

(b) Couette-Poiseulle flow
Fig. 6 Changes in the shear force and viscosity according to the 

needle movement

(a) Viscosity (b) Flow velocity
Fig. 7 Flow change in the chamber depending on the needle 

movement

Fig. 8 Droplet morphologies in a jetting cycle (pressure: 4 bar; 
needle stroke: 165 μm; frequency: 120 Hz): (a) back flow; 
(b) growth; (c‒d) extension; (e) breakage; (f) separation
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the droplet. The internal pressure for overcoming the viscosity 
of the fluid and forming droplets was set to 4 bar. The kinetic 
displacement of the needle was increased by 100 μm from 165 
μm to 265 and then to 365 μm, and the driving frequency was 
increased in intervals of 40 Hz from 40 to 120 Hz. Variation 
in the droplet mass with the driving frequency and needle 
displacement are illustrated in Figures 9(a) and (b), 
respectively. The mass of the droplets was obtained by 
dividing the total mass of the injected liquid by the number 
of droplets, and the average value after three experiments was 
used in calculations to reduce the measurement error. As 
shown in Figure 9(a), the mass of the droplet increases at low 
driving frequencies because the opening time of the nozzle is 
prolonged, increasing the flow rate.

At a given frequency, the mass of the droplet increases when 
the displacement of the needle is large because the needle 
moves through a large distance during a given interval. This 
increases the shear rate of the fluid with the needle velocity, 
increasing the flow rate owing to the viscosity-reducing, 
shear-thinning phenomenon. Figure 9(b) indicates that for a 

given needle displacement, the nozzle opening time increases 
at low frequencies. Therefore, the mass of the injected droplet 
changes with the driving frequency and stroke of the needle. 
Comparing the analysis findings with the experimental results, 
the error is within 10% at 265 and 365 μm, where the 
displacement of the needle is large; however, the error is more 
than 10% at 165 μm, with the lowest flow rate. In addition, 
at 80 Hz, the difference in the mass of the droplet with respect 
to the magnitude of the displacement is stable within 10%. 
Particularly, with a high driving frequency of 120 Hz and a 
large displacement of 365 μm, the difference between the 
calculated and measured value was 3.5%, demonstrating the 
reliability of the analysis. The aforementioned results suggest 
that at higher frequencies, such as 80 and 120 Hz, the CFD 
analysis predicts droplet mass with better accuracy. 

In the hydrogel, which is a non-Newtonian fluid, the needle 
is stationary during the opening time, as shown in Figure 3, 
and the shear rate decreases, resulting in a change in the 
viscosity of the fluid. As the driving frequency increases, the 
opening time is shortened, and the change in viscosity is 
reduced, which is considered to reduce the error from the 
experiment.

The jetting shape of the droplet obtained by varying the 
driving frequency and displacement of the needle in the CFD 
analysis is shown in Figure 10 along with the photograph of 
the jetted droplet captured using a high-speed camera. The 
analytical and experimental results were compared in a section 
at a height of 80 mm. The blue images indicate the analytical 
results. Moreover, the black and white images are the results 

(a) Variation as a function of needle operating frequency

(b) Variation as a function of needle displacement
Fig. 9 The droplet mass at 4 bar as a function of needle operating 

frequency and needle displacement

(a) 165 μm        (b) 265 μm        (c) 365 μm 
Fig. 10 Jetting droplet formation shape depending on the needle 

stroke and driving frequency: Blue images show the 
CFD analysis results, and the black and white images 
show the experimental results
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captured using a high-speed camera. When the displacement 
of the needle is maintained constant, the droplet shortens with 
an increase in the driving frequency.

In contrast, it elongates with decreasing driving frequency 
owing to the long nozzle opening times. Furthermore, when 
the needle displacement increases while maintaining a constant 
frequency, the droplet elongates because the speed of the 
needle movement increases, reducing viscosity and pushing 
large fluid volumes toward the nozzle. As the driving 
frequency increases, the change in the droplet length is small, 
even with an increased needle displacement, because the 
nozzle opening time is short at high frequencies. For this 
needle-valve dispenser, the hydrogel was modeled as a 
power-law fluid to predict the change in viscosity with the 
shear rate owing to needle movement, and the results of the 
CFD analysis were in good agreement with the experimental 
values.

3. Conclusion
A power law model that fully reflects the shear rate up to 

1,000 (1/s) in a non-Newtonian fluid was developed to perform 
fluid analysis and investigate the accurate jetting behavior of 
droplets in a droplet dispenser combining a piezoelectric 
element with a needle-valve method for jetting a precise 
amount of hydrogel, which is a high-viscosity fluid. An 
in-house built needle-valve jetting dispenser was modelled to 
minimize the error of the analysis, and the obtained results 
matched the experimental results within a 10% error. The 
following conclusions were obtained from this study.

A Couette–Poiseuille flow was generated when the needle 
was in motion. When the internal pressure was maintained at 
4 bar, and the driving frequency and stroke of the needle were 
set to 120 Hz and 365 μm, respectively, the fluid flow velocity 
between the chamber and the needle increased by more than 
two times relative to that in the case of a stationary needle, 
and shear thinning occurred.

When the driving frequency of the needle was relatively 
high, the analytical results of the mass of the droplet were 
consistent with the experimental results within a 10% error. 
When the driving frequency was high at 120 Hz, and the stroke 
of the needle was large at 365 μm, the difference between the 

analysis and experimental results was 3.4%. This result 
highlights the high reliability of the analysis results.

The shapes and lengths of droplets obtained experimentally 
were similar to those obtained through the analysis. The 
opening time of the nozzle is the longest at 40 Hz. At a given 
needle displacement, the lower the driving frequency, the 
longer the droplet. At the same driving frequency, the larger 
the driving displacement of the needle, the longer the droplet. 
However, when the driving frequency is increased to 80 and 
120 Hz, the increase in the length and mass of the droplet is 
decreased owing to shorter nozzle opening times at higher 
frequencies.

The results of the CFD analysis, obtained using a power 
series model considering the shear rate of non-Newtonian 
viscous fluids and reflecting the viscosity change, are 
consistent with the experimental values. Therefore, the mass 
and shape of the droplets can be accurately predicted using the 
CFD analysis, which can be helpful for dispensing system 
design in various fields such as semiconductor and bio 
industries.

To realize high-speed dispensing systems using high-viscosity 
fluids, the length of droplets must be further shortened in 
high-frequency driving. In future work, it should be investigated 
whether it is possible to shorten the length of the jetted droplet 
by optimizing the drive signal applied to the needle for each 
section.
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