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Molecular dynamics simulation of formation and control of nanodroplets in
piezoelectric nanoejection systems

Chi-Fu Dai* and Rong-Yeu Chang

Department of Chemical Engineering, National Tsing-Hua University, P.O. Box 30043, Hsinchu, Taiwan, R.O.C.

(Received 27 August 2009; final version received 6 April 2010)

In this paper, the formation of nanodroplets in piezoelectric nanoejection processes is investigated by non-equilibrium
molecular dynamics simulation. By compressing liquid propane molecules with various specific pushing periods of
oscillation, the phenomena of liquid thread breakup and droplet formation are simulated. The simulation results revealed
that various features aid the piezoelectric nanoejection system. Two breakup shapes including double-cone and long tail
structures were found in this process. To analyse the ejection process in detail, 2D contour plots and thermal properties for
various pushing periods are shown and discussed in this paper. The results show that the sizes of nanodroplets are linear
depending on the pushing periods. The findings show a new control factor and mechanism for nanodroplet formation
through piezoelectric nanoejection processes.

Keywords: simulation; molecular dynamics; nanojet ejection

1. Introduction

Piezoelectric ejection [1] is a type of drop-on-demand

(DOD) inkjet printing technology. A DOD device will

only create and eject droplets to the specific surface where

droplets are needed. Piezoelectric inkjet print heads offer

several advantages such as high-print quality, high-

chemical resistance, long life and low limitation of ink

selection. Recently, with the progress of nanomachining

[2,3], nanosized nozzles have been developed. Naik et al.

[3] reported on microfluidics for the generation and

characterisation of liquid and gaseous micro- and nanojets.

Piezoelectric inkjet printing has been applied to other

industrial process technologies; piezoelectric inkjet printer

not only solves the problems that occur in large-area

fabrication processes, but also effectively lowers the cost

of fabrication, enhances competitiveness or creates a

new industry, thereby paving the way for a considerable

number of industrial applications at both macro- and

nanoscales [4]. It is accepted that continuum mechanics is

good at describing the nonlinear dynamics, free-surface jet

flow [5] and viscoelastic fluid jet [6] at the macroscale.

However, jet breakup and the spray model require

assumptions or experiential correlations, which are

difficult to find for the nanojet process. Therefore, the

continuum model is not applicable when nanoscale or

molecular-level physics is dominant. Non-equilibrium

molecular dynamics (MD) simulation is a powerful tool

used to predict the processes under various conditions in a

nanoscale environment.

Recently, many researchers have reported MD

simulation results [7–14] and have presented theory [15]

regarding nanojet formation. Moseler and Landman [7]

first presented MD simulation results for a molecular

propane fluid jet system with a gold nozzle of diameter

6 nm. They also suggested a stochastic hydrodynamic

lubrication equation (SLE) [7,8] based on Navier–Stokes

equations with a Gaussian white-noise distribution to

describe the jet profile evolution. Shin et al. [9] observed

that the droplet sizes and jet breakup characteristics in

an argon nanojet injection still resemble the Rayleigh

breakup theory. Choi et al. [10] reported the ejection

behaviour of a nanojet with nozzles of varying diameters;

the results showed the effect of nozzle outlet size on the

breakup time and on the growth rate of spherical droplets.

Ichiki and Consta [11] reported the formation of charged

nanodroplets by MD simulation and analytical models.

Murad and Puri [12] reported on nanoscale jet collisions

for various impact velocities and found that the duration

between collision and recoil is dependent on impact

velocity. Shin et al. [13] reported on nanojet injection in a

high-pressure environment. Kang et al. [14] demonstrated

a method for controlling the direction of a liquid propane

nanojet through non-uniform asymmetric heating of a

nozzle. On the basis of MD simulation results [7], Eggers

[15] used self-similar profiles to describe the breakup

mode and dynamics of liquid nanojets. Tiwari and

Abraham [16] simulated a liquid nanojet breakup in a

dissipative particle dynamics (DPD) two-phase model.

They observed that the breakup of nanojets is accelerated

by thermal fluctuations. They also showed that the DPD
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two-phase model offers results similar to those obtained

from MD simulations [9].

These previous studies prove that nanojet flow

methods are a promising research topic in technological

applications and scientific investigations. Some character-

istics of nanojets and of the formation of nanodroplets

have been mentioned in these studies. However, the

ejection systems that are presented in the previous studies

are modelled with constant velocity or constant pressure;

the droplet size and number cannot be accurately

controlled. Thus, this research built up a piezoelectric

nanoejection simulation system with specific pushing

periods of oscillation to investigate the piezoelectric

ejection process at nanoscale. The realisation of a

piezoelectric nanoejection process will be useful in

assisting future design and motivate us to explore its use

in nanoscale manufacturing processes. In this paper, the

formation of nanodroplets and the breakup behaviour in

piezoelectric nanoejection processes are investigated by

non-equilibrium MD simulation.

2. Simulation method and system

2.1 Simulation modelling and parameters

In this paper, non-equilibrium MD simulation is used for

providing insights into nanoscale structural features and

the dynamics of nanojet flow. Specific potential models

are used to describe the interaction between different

molecules and atoms. The interaction force can be

calculated as the negative derivative of the potential

model. In this paper, the shifted Lennard-Jones 12-6

potential [17,18] is used to model the inter-molecular

interaction. The shifted Lennard-Jones 12-6 potential is

also used to model the interaction between metal wall

particles and propane molecules but with different

parameters [19]. The united-atom model [20,21] is used

to model the propane molecule as three particles. Each

particle represents a CHn (n ¼ 2, 3) group unit. Each unit

is considered as a mass point having the entire mass of the

CHn group. Therefore, each propane molecule contains

three sites: one CH2 site connected to two CH3 sites with a

spring. The units interact with others by means of inter-

molecular interactions and bonded forces. The accuracy of

the potential models and the methods used in this study has

been confirmed in a previous research [22]. Harmonic

potential functions [20] are used for describing the

vibrations of liquid propane molecules. The equilibrium

values for the carbon–carbon bond length and the C–C–C

bond angle are 1.526 Å and 112.48, respectively. Atoms

in the solid walls oscillate from their initial lattice sites.

To simulate this thermal fluctuation of metal particles,

we employed a nonlinear spring potential model [23].

The simulation models and parameters used in this study

are listed in Table 1.

The temperature of the gold nozzle is controlled by

the velocity-scaling method [17], which is shown in

Equation (1):

vnew
i ¼ vi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TD=TA

p
; ð1Þ

where TA represents the actual temperature of the system;

TD, the desired temperature of the system; vi, the original

velocity of the atoms; and vi
new, the modified velocity of

the atoms.

Before ejection, the temperature of the fluid molecules

is controlled by the Nosé–Hoover [24] thermostat, which

is shown in Equation (2):

vi ¼ Pi=mi; _Pi ¼ F 2 z·Pi;

Qz ¼
X
i

Pi=mi 2 gkTD;
ð2Þ

where Pi represents the momentum of the atoms; _Pi, the

acceleration; and mi, the mass. z and Q are the method

parameters.

The equation of motion is integrated by the fifth-order

Gear predictor–corrector method [17]. The integral time

interval in this research is about 1 fs.

2.2 Simulation system

The geometry of the simulation system is illustrated in

Figure 1. The entire piezoelectric ejection process is

Table 1. Intermolecular potential models and parameters used in this study.

Particle groups Potential model Parameters

Fluid particles (CH3, CH2)
UsðrÞ ¼

(
ULJðrÞ2 ULJðrcÞ2 ½r 2 rc�

dULJ

dr

� �
rc

r # rc

0 r . rc

sCH3ZCH3
¼ 0.387 (nm) [20]

sCH2ZCH2
¼ 0.387 (nm)

1CH3ZCH3
¼ 88.06 (K)

1CH2ZCH2
¼ 59.38 (K)

Wall particles (Au) ULJ ¼ 41 s
rij

� �12

2 s
rij

� �6
� �

sAuZCH2CH3
¼ 0.3271 (nm) [19]

1AuZCH2CH3
¼ 215.81 (K)

Wall particles Unonlinear ¼
H1

2
R 2 þ H2

4d2
er

R 4 þ H3

6d4
er

R 6 H1 ¼ 57, H2 ¼ 20, H3 ¼ 50 [23]

Notes: 1 represents the potential energy; s, the equilibrium distance between two atoms; rij, the distance between two atoms; and rc, the cut-off radius (set as 2.5s in this study to
reduce computational time). The parameters for different particle groups, which are obtained from the Lorentz–Berthelot mixing rule [25], are sij ¼ ðsii þ sjjÞ=2 and
1ij ¼

ffiffiffiffiffiffiffiffiffiffi
1ii1jj

p
, H1,H2 and H3 are the parameters of the nonlinear spring potential. R is the displacement of the particle position from the original lattice position. The critical

displacement of lattice position dc is set as 0.0025 times the lattice length.
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simulated using a gold nozzle and propane molecules that

are a common ejection fluid in MD simulations

[7,8,14,22]. The entire nozzle is constructed using an

FCC lattice and contains 29,090Au atoms. The diameter

of the nozzle channel is 5 nm. A plate placed behind the

reservoir functions as a pressure port and contains 5412Au

atoms. The fluid reservoir initially contains 6000 random

propane molecules that are contained in a reservoir of

dimensions 8.6 nm £ 8.6 nm £ 8.98 nm. The pushing

period of the piezoelectric ejection process consists of

one rise step and one fall step. To simplify the simulation

process, we employ only one pushing period in each case.

During the rise step, the pushing plate moves forwards

towards the outlet of the nozzle, and during the fall step,

the pushing plate moves back to its original position. By

pushing and pulling the pressure port inside the reservoir,

liquid is squeezed out of the nozzle in the form of droplets.

In order to avoid any skewing of the results by any non-

ideal conditions present during the preparation period, all

the simulation results used to obtain average values are

collected after the system has reached equilibrium.

Subsequent to the initial equilibration of the system at

around 150K, the pushing plate compresses the liquid

propane molecules with various specific pushing periods;

thus, liquid thread breakup and droplet formation were

simulated. The initial temperature for the solid wall and

fluid molecules is 150K, and the temperature of the solid

wall is maintained at 150K throughout the simulation.

In order to determine the specific compressing velocity

and pushing periods, the influence of compressing velocity

on fluid molecules in nanojet processes was previously

investigated [22]. From those results, a specific compres-

sing velocity of 44m/s was found to offer the most

stability and was chosen as the compressing velocity for

this study. The first breakup time, 80 ps, was chosen as the

unit of pushing periods. The pushing period was varied to

investigate the formation of nanodroplets and the

formation of the breakup behaviour in piezoelectric

nanoejection processes. Based on the first breakup time of

the specific compressing velocity [22], three different

pushing periods of 80, 160 and 240 ps were set for this

study. To avoid the effect of initial condition, three

different initial conditions were simulated in each case.

3. Results and discussion

3.1 Ejection process results at various pushing periods

Snapshots of the nanoejection processes at various pushing

periods are shown in Figure 2(a)–(c). Figure 2(a) shows a

snapshot of the lowest pushing period (80 ps). During the

rise step (0–40 ps), the fluid molecules are compressed

into the nozzle channel and form a cylindrical liquid

thread. The liquid thread maintains propagation through

the rise step and fall step. During the fall step (40–80 ps),

breakup behaviour can be observed at 70 and 80 ps. Owing

to the influence of the balance between surface tension and

inertia force, the first breakup occurs at the front end of the

liquid thread. The breakup profiles tend to resemble the

double-cone structure reported in a related research [7].

Furthermore, another breakup occurs at the mouth of the

nozzle at 80 ps; this breakup is caused by the intra-force

and the drag force exerted by the plate. As the plate moves

back to its original position, the liquid molecules in the

reservoir will be dominated by the adsorption force of the

plate. Subsequent to the liquid thread breakup, the liquid

molecules will recoil into a sphere and result in a

nanodroplet with a size similar to that of the first droplet.

Figure 2(b) shows snapshots of the nanojet process at

160 ps pushing periods. The rise step (0–80 ps) is similar

to that observed in the previous case, which is shown

Figure 1. Geometry of the piezoelectric nanojet. CH3 particles of propane molecules are shown in green; CH2 particles of propane
molecules in red; wall molecules in yellow and the pressure port molecules in blue (colour online).
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in Figure 2(a). During the fall step (80–160 ps), the liquid

thread ruptures at the first breakup and then forms the first

droplet. The second breakup also occurs at the mouth of

the nozzle at 145 ps and then forms a long liquid thread.

The liquid thread recoils into a nanodroplet larger than that

observed in the previous case (Figure 2(a)). The nanojet

process with the longest pushing period (240 ps) is shown

in Figure 2(c). It is apparent that the main difference

between this case and the other cases is that the profile of

the second breakup at 195 ps is a long thread shape that is

not similar to the double-cone structure observed in the

other cases. This is because the fluid molecules tend to

form a longer liquid thread if the rise step is longer.

Furthermore, we can observe that a cavity has formed

inside the reservoir at 320 ps (Figure 2(c)). This is because

of the ejection of a large number of fluid propane

molecules from the nozzle. As the pushing periods

increase, more fluid molecules are ejected from the nozzle,

and the scope of the cavities becomes more obvious.

Thus, two breakups appear in each nanoejection

process, and the different breakup structures show that

they are formed under different conditions. The first

Figure 2. Snapshots of the piezoelectric ejection process with a compressing velocity of 44m/s. Pushing periods are (a) 80 ps, (b) 160 ps
and (c) 240 ps.
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breakup is a double-cone structure that appears during the

forward movement of the thread at similar pushing periods

(70–85 ps). This breakup structure is a result of the balance

between surface tension and inertia force. The second

breakup structure is a long tail structure that appears at the

mouth of the nozzle. This structure is a result of stretching of

the liquid molecules by the intra-force and the drag force

exerted by the plate.Hence, the pushing period influences the

formation of the second breakup structure.

3.2 Two-dimensional property distributions

Two-dimensional plots of the spatial variations of the

nanojet properties for various pushing periods at specific

times are shown in Figure 3(a)–(c); these plots are used to

analyse the ejection process in detail. The dimensions of

each sampling cell are 0.76 nm £ 0.76 nm. The layer

density distribution (Figure 3(a)) shows that the density is

neither uniform nor continuous at nanoscale. Local

maximum high-density regions of approximately

0.6 g/cm3 appeared near the pressure port. The density

distributions also show the long thread structure in the

breakup location in the cases of long pushing periods. The

low-density region appearing in the nozzle outlet shows

that the cavity appears after the liquid is ejected. The

density of droplets adjusted at a pushing period of 240 ps is

about 0.6 g/cm3, which is higher than that observed in the

other cases. This is because the size of the droplet

increases in the y-axis. A layered density structure can also

be found between the vapour–liquid interfaces.

Figure 3(b) shows the pressure distribution. Similar to

the density distribution, local high-pressure regions appear

near the pressure port. Owing to the fact that a vacuum

environment surrounds the nozzle system, the pressure

Figure 3. 2D plots of property distributions for various pushing periods.
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reduces rapidly and finally tends to zero along the axis of

the nozzle outlet. During the fall step, a negative pressure

region appears at the reservoir wall. These results suggest

a mechanism wherein the pressure port compresses the

fluid molecules and forms high-pressure regions during the

rise step. And during the fall step, fluid is drawn back into

the reservoir by the force of attraction of the negative

pressure regions inside the reservoir.

The temperature distributions are shown in Figure 3(c).

We can observe that high-temperature regions appear in the

contracting part of the nozzle channel during the rise

step. It is obvious that shear-heating phenomena occurred

along the region of contact. As a result of heat conduction

and convection, the temperature distribution becomes

uniform as the ejection process progresses. Subsequent to

liquid ejection, we note that the temperature at the centre of

the liquid thread is higher than that at the surface.

3.3 Thermal properties and sizes of droplet for various
pushing periods

Figure 4 shows the number of ejected atoms at various

pushing periods. We observe that the number of ejected

atoms increases during the rise step in all the cases, and the

number slightly decreases when the fall step starts. This

shows that some molecules are drawn back into the

reservoir as a result of the interaction with the plate during

the fall step. Furthermore, the final results show that more

atoms are ejected with an increase in the pushing period.

The temperature changes for various pushing periods are

shown in Figure 5. We observe that the temperature

increases with time during the rise step. It is obvious that

shear-heating phenomena occur when the liquid flows

through the nozzle channel. Furthermore, the plate

compresses results in work done to the system. Thus, the

case with the longest pushing period (240 ps) can attach to

higher temperature than the others. Subsequent to the rise

step, the temperature steeply decreases because the plate

does a negative work as it moves in the reverse direction.

Subsequent to the fall step, the temperature remains constant,

and the final temperature increases with the pushing period.

Figure 6 shows the evolution of pressure inside the reservoir

for various pushing periods. We observe that the pressure

decreases asmolecules are ejected from the nozzle during the

rise step. Furthermore, the pressure reduces rapidly and

finally tends to zero during the fall step. This is because a

vacuum environment surrounds the nozzle system.

Figure 5. Temperature changes observed for various pushing
periods.

Figure 4. Number of ejected atoms for various pushing periods.
Figure 6. Evolution of reservoir pressure for various pushing
periods.
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Figure 7 shows the energy evolution of the ejection

processes for various pushing periods; this figure is used to

gain insights into the mechanism of the nanoejection

process. The total energy includes both kinetic energy and

Lennard-Jones potential energy. Investigation of the

energy terms for various ejection processes shows that

they increase with time during the rise step; the energy

terms do not display any obvious change during the fall

step. Subsequent to the rise step, the kinetic energy

decreases rapidly in all cases. This is because the plate

moves backwards and draws back the fluid molecules.

As a result, the different steps involved in the ejection

process influence the energy terms. For cases with higher

pushing periods, the energy profiles can attach the higher

value. This is because the fluid molecules obtain more

kinetic energy with an increase in the plate compression

time. As a result, for cases with higher pushing periods, the

energy terms show an increase greater than that observed

for the other cases. In contrast, for cases with the lowest

pushing period, the evolution of energy profiles are similar

to that observed in the other cases but attached to a lower

energy level.

The droplet diameter for various pushing periods is

shown in Figure 8. Various symbols represent the droplet

diameters along the x-, y- and z-axes. To avoid the effect

of initial conditions, the values are obtained from three

simulations with different initial conditions. The results

show that the size of the droplets is linearly dependent on

the pushing period. The results suggest that piezoelectric

nanoejection can create droplets of a specific size. We also

observe that there are discrepancies in the diameters and

directions of each droplet formed (Figure 8), which

implies that the droplet is not spherical in such cases. This

is because the diameter of the droplet is about 3–8 nm, and

there are too few fluid molecules to form a perfect

spherical structure. Furthermore, since the number of

molecules in the low pausing period case is less, the

discrepancy is more obvious than in the other cases.

3.4 The hydrodynamics equations of the breakup
profiles for ejection process

In particular, the nonlinear dynamics and breakup of free-

surface flows are usually described by the lubrication

equation [5] (LE) which contains Equations (3) and (4).

Equation (3) describes the velocity, v(z,t); and Equation (4)

describes the liquid thread radius, h(z,t):

›tvþ v›zv ¼ 2
g

r
›zkþ 3

h

r

›z h2›zv
� �
h2

; ð3Þ

›thþ v›zh ¼
2ð›zvÞh

2
; ð4Þ

where g represents the surface free energy of the fluid; h,

the viscosity; r, the density; and the mean curvature k is

kðz; tÞ ¼
1

ðhðz; tÞ{½›zhðz; tÞ�
2 þ 1}1=2Þ

2
›2
z hðz; tÞ

ð1 þ ½›zhðz; tÞ�
2Þ3=2

: ð5Þ

The LE based on the Navier–Stokes equation shows that

the repetition of forming self-similar long thread

structures would continue until it was interrupted by

breakup. However, influences of thermal fluctuations

change the dynamic process and jet structures in the

nanoscale. Thus, to describe the dynamic of nanojets, we

should include the influences of thermal fluctuations.

Figure 8. Droplet diameter for various pushing periods.

Figure 7. Results for the time evolution of the energy change
for various pushing periods.

Molecular Simulation 853

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
5
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



The SLE [7,8], where a size-dependent stress fluctuation

(standard Gaussian white noise, N) is included, is

demonstrated for comparison with the MD simulation

results [7]. Therefore, functions (3) and (4) will be modified

to Equations (6) and (7),

›tvþ v›zv ¼ 2
g

r
›zkþ 3

h

r

›zðh
2›zvÞ

h2

2
1

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6kBTh

p

r
›zðhNÞ

h2
; ð6Þ

›thþ v›zh ¼
2ð›zvÞh

2
: ð7Þ

Figure 9(a) shows the breakup profiles calculated from the

LEs and SLEs. We can find that the breakup structure in

the LE exhibits an extended thin, long thread. The breakup

structure in the SLE shows that the liquid thread resembles

two cones and leads to a symmetric pinch-off. The MD

simulation results with the longest pushing period (240 ps)

are shown in Figure 9(b). The first and the second breakup

profiles appear in the 70 and 160 ps, respectively. We can

find that the first breakup profile is similar to the results

of the SLE. The double-cone structures appear in those

breakup profiles. These results show that the breakup

profiles obey the SLE equation in the nanoscale.

Figure 10 shows the time dependence of the minimum

radius, Rmin. The results are gathered from the first and

second breakup with the longest pushing period (240 ps).

The results show that the behaviours of the neck profiles obey

Rmin / ðt0 2 tÞa, where the t0 is the pinch-off time. The SLE

analysis and MD results suggest that the value of a is 0.418

[7]; and the macroscopic results show that the value of a is

about 1 [8]. From Figure 10, the power exponent of the fitting

curve of the first breakup is 0.566 and the second breakup is

0.903. The results show that the first breakup is similar to the

related research results [7]; and the second breakup is

influenced by the intra-force and the drag force exerted by the

plate. Therefore, the second breakup will tend to decay fast

and lead to a long tail structure.

4. Conclusion

Non-equilibrium MD is used in this study to simulate

piezoelectric nanoejection processes at various pushing

periods. Based on the simulation, discussions and some

results of these simulations are presented in this paper.

Two different breakups under different mechanisms are

found in this study. The first one is the double-cone

structure, which is a result of the balance between surface

tension and inertia force; the second one is the long tail

structure, which is a result of the intra-force and the drag

force exerted by the plate. The property distribution

contours show that density and pressure are neither

uniform nor continuous at the nanoscale during the

ejection process. Local high-pressure regions appear near

the pressure port during the rise step, and a negative

pressure region appears at the reservoir wall during the

Figure 9. Breakup profiles of (a) breakup profiles calculated
from the LEs and SLEs and (b) the results fromMD simulation in
the case of the 240 ps pushing period.

Figure 10. Time dependence of the minimum radius, Rmin, in
the case of the longest pushing period (240 ps).
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fall step. As the plate compresses, shear-heating

phenomena occur in the region of contact with the nozzle

channel during the rise step. The evolutions of thermal

properties show that the number of ejected atoms, system

temperature and energy increase with time during the rise

step, and these parameters slightly decrease during the

fall step. The reservoir pressure decreases during the rise

step and reduces rapidly during the fall step. A linear

relationship between the size of the droplets and the

pushing periods is observed in this study. The hydro-

dynamics equations (LE and SLE) of the breakup profiles

are discussed to compare with the MD simulation results.

The results show that piezoelectric nanoejection processes

can provide control over the size of droplets and may

possibly have many technological applications.
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