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Abstract

Molecular dynamics simulation was conducted on large-scale polydimethylsilo-
xane nanocones. The structure was pre-conditioned before it was subjected to
simulations for tension and compression tests. This study aimed to perform energy
minimization of the structure and equilibrated it at a temperature of 300 K and a
pressure of 1 atm. The methodology of this study consisted of two parts, namely
the building of nanostructure encompassing initial and boundary conditions, and
the substrate equilibrium process which included energy minimization, temperature
equilibrium, and pressure equilibrium. The Berendsen thermostat was used to
control the temperature in the isothermal-isochoric ensemble, (NVT) and
isothermal-isobaric ensemble NPT equilibrium processes. The results showed that
all substrates met the minimization criteria. The value of the final potential energy,
Ep, must be negative and the change of potential energy, 4Ep, was close to zero.
After the minimization process, the substrate underwent thermal and equilibrium
processes at the desired temperature, Te=300 K, and desired pressure, P¢=1atm. All
simulations for equilibrium met the criteria as the final temperature and pressure of
the substrate approached the desired temperature and pressure without any further
significant fluctuations.

Keywords: Equilibrium, Molecular dynamics, Nanofabrication, Nanocones,
Polydimethylsiloxane.
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1.Introduction

Nanotechnology has become the centre of research and development for many
sectors, and it is even more prominent in the era of industrial 4.0. Over the past 20-
30 years, the demand for micro and nanodevices has increased substantially as
electrical and electronic components are smaller in size. The extensive use of
elastomeric polymers such as polydimethylsiloxane (PDMS) for the fabrication and
prototyping of micro/nanopatterns has opened up new techniques in
nanofabrication. PDMS has mechanical and chemical properties suitable for
micro/nanofabrication, especially soft lithography. Furthermore, PDMS can act as
a membrane to allow gas to pass through it and it does not swell with humidity [1].
In terms of chemical properties, PDMS is chemically inert, has low interfacial
energy, and has a high transparent depth up to 300 nm [2].

The rapid development in nanofabrication has opened up many possible
applications for cell-nanotopographic interactions. Robert Langer in his work
stated that nanotechnology may revolutionize and change the pharmaceutical
industry [3]. Cell responses to nanostructures can be utilized in various ways. One
of those applications is the development of antimicrobial surfaces. Such surfaces
can be found naturally on dragonfly wings [4] and gecko skin [5], and researchers
around the world are attempting to replicate this surface in a laboratory
environment. For instance, [4] found that dragonfly wings have a nanocone surface
with a base diameter of 50-70 nm and a height of 240 nm as well as indicating clear
signs of antibacterial properties. In another study Kelleher et al. [6] observed that
nanopillar found on cicada wings have effective antimicrobial properties against
the gram-negative bacteria, P-aeruginosa.

Molecular dynamics is a deterministic approach to calculating the dynamic
trajectory of a molecule, atom, or ion. It has been extensively used in tribology,
material properties, and rheology. In molecular dynamics, changes in the
molecular trajectories can be extracted and used to predict macroscopic
behaviour. This method is powerful for observing process changes at the
molecular level. In molecular dynamics simulation, the first step before
simulating any process is model/substrate conditioning. Substrate conditioning
includes energy minimization, temperature equilibrium, and pressure
equilibrium. These steps are essential so that the substrate is equilibrated with
ambient conditions, or the model/substrate will collapse or explode when external
dynamics are applied to the structure. From the simulation results, the substrate
conditioning for large-scale PDMS nanocones was found to be stable at ambient
conditions (T=300K and P=1 atm) after subjected to minimization, temperature
equilibrium and pressure equilibrium.

2.Method

The first stage of molecular dynamics simulation was to define the initial and
boundary conditions. These included initial position, external forces, and
interaction potential between particles. Figure 1(a) shows the PDMS chemical
structure, while Fig. 1(b) illustrates the PDMS monomer and its atomic
arrangement. A monomer is a repeating unit in a series of PDMS chains that form
a giant PDMS substrate structure. For this study, the monomers used were a series
of PDMS chains of 8 and 12. The building of the monomers was performed using
JMOL, and the packing and initial position were performed using PACKMOL [6].
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For this stage, the Linked Cell technique was used to hold the monomer and for
monomer equilibrium [7]. This method was incorporated in PACKMOL to
facilitate packing. This approach is simpler as it does not involve long-distance
interaction [6]. The system was partitioned into small boxes and atoms were
assigned to each bin using arithmetic operations. After the packing process was
complete, it provided the substrate (i.e., nanopillar or nanocones) with atoms that
have positional stability. After that, the initial XYZ position of the atom was used
in the subsequent step to replace the atomic parameter with a force field suitable
for the polymer. In this study, two types of force fields were used, namely Polymer
Consistent Force Field (PCFF) [8] and Condensed-Phase Optimized Molecular
Potential For Atomistic Simulation Studies Force Field (COMB) [9].

As depicted in Fig. 2, the dimensions of the PDMS nanocones were -2.565A,
-127.263A, -53.273A to 253.16A, 127.373A, 53.273A in X, Y, Z directions,
respectively. For this simulation, the nanocones consisted of a total of 600000
atoms, 644211 bonds, 1556404 angles, 3074683 dihedrals, and 1506003
improper interactions. After the structural topology, and the initial and boundary
conditions were defined, the substrate underwent an energy minimization
process. It is a crucial part of the molecular dynamics simulation for the
conformer to achieve a stable state. The objective of minimization can be
achieved by calculating the potential energy changes. Energy minimization was
performed by adjusting the atomic coordinates iteratively until the structure
achieved the lowest energy conformation. This can be performed when the
system made several changes in the rotation of atoms at a given iteration. This
step was repeated multiple times until the lowest energy was found or the atom
returned to its original position. The system is considered minimized when the
potential energy change is zero or almost zero.
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Fig. 1. (a) PDMS chemical structure, (b) illustration of PDMS monomer.
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Fig. 2. PDMS nanocones model with dimensions of -2.565A, -127.263A, -
53.273A to 253.16A, 127.373A, 53.273A in x, y, z directions, respectively.

After energy minimization, the structure underwent temperature and pressure
equilibrium. Equilibrium is the process of equilibrating and stabilizing the structure
with the ambient condition [10]. First, the temperature of the system should reach
the desired temperature of 300 K. When the system settles at the desired
temperature, the atom will re-arrange itself to correspond to the targeted
temperature [11]. After that, the system underwent pressure equilibrium until its
proper density was obtained at a pressure of 1 atm. For temperature equilibrium,
the structure underwent conical or isothermal-isochoric ensemble, which is known
as NVT ensemble [12]. This ensemble has constant particles, volume, and
temperature. The equilibrated temperature system should reach and stabilise at the
target temperature during the simulation run. Linear momentum was set to zero so
that the structure did not drift and destabilize the entire system. This reason was to
equilibrate the system with the ambient and ensure that the system was stable before
undergoing tension. For pressure equilibrium, the structure underwent an
isothermal-isobaric ensemble, which is known as NPT ensemble. This ensemble
has constant particles, volume, and pressure. An equilibrated pressure system
should reach and fluctuate at the target pressure during the simulation run.

The equation of motion was solved by integrating with the Verlet algorithm.
Verlet algorithm is a third-order algorithm based on the studies of Stémer [13, 14].
Verlet algorithm was chosen as it is relatively simple and straightforward, and the
calculations in this algorithm are moderate [15, 16]. Moreover, the neighbour list
was used to eliminate unnecessary calculations by omitting neighbouring atoms
(truncated potential), where the force was zero, rij > ra. By employing the
neighbour list, a cut-off radius, rc,: was set to avoid any undesired long interactions
of any atom. This could substantially reduce CPU time and hence increase
efficiency. To reduce computational time, the truncated cut-off distance was set to
re=2.5c. This is the conventional cut-off value of Lennard-Jones [17, 18].
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All simulations were performed using Berendsen thermostat as a means of
controlling the temperature spike. The temperature control with velocity scaling in
the system is based on the following equation:

Tnew (Ziv 171jnew_ﬁljneW)
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Berendsen thermostat is essential for molecular dynamics to stabilize a structure
with finite particles at the desired temperature in NVT or NPT simulations. The
temperatures of the atoms in the nanocones were reset by re-scaling their velocity
at each timestep. After position and velocity were calculated, the macroscopic
properties could also be calculated. These properties included temperature, stress
tensor, viscosity, density, and pressure. The equations used to calculate these
properties are based on statistical mechanics and kinetic theory as shown below.

1 2
Temperature; T = M(Z’i"zl [mi(ui -U(m)) ]) 2
1
Stress tensor; gyp = — ;(Z’i" mgiteg + N N Tijoc Fijp) (3)
Pressure; P = -2 4)

3

After the data of macroscopic properties for each bin were obtained, the
simulation proceeded to the third stage. At this stage, the time-averaged of the
macroscopic properties for the entire simulation run time was calculated. The
equation used is as follows:

(4) lim + [T AT (D)dt ®)

Equation (5) is derived based on statistical mechanics. The <> bracket indicates
time and ensemble average. This indicates that the calculation is only considered
for a sustained amount of time specified by the user. For a simulation box with N
particles, the state of the system box can be described by the 6-dimensional phase
space I". I" can be divided into two components; the first component is configuration
space which comprises 3-dimensional X, y, z, and the second component is
momentum space which also comprises 3-dimensional x, y, z. The configuration
space and the momentum space form the phase space, I". At any given time, t, the
positions, and momenta of all particles can be stored using the phase space, 1. The
timestep set is pico-second, and the number of timesteps is 10000, which yields the
dynamic time of 10 nanoseconds. For any property that is a function of phase time,
A(T'(1)), the time-averaged of that property can be calculated using Equation (6).

< B >= JNKT =502, S At AL, (it 'At) (©)

3.Results and Discussion

In molecular dynamics simulation, the first process for conditioning the substrate
is energy minimization. The main objective for energy minimization is to achieve
the lowest energy state for the PDMS material as its initial condition. The energy
minimization process is a crucial part of the molecular dynamics simulation for the
conformer to achieve a stable state. When the substrate is subjected to
minimization, the atoms in the substrate will position themselves to produce the
lowest net energy of the system. This process was repeated at each timestep until
the atomic positions were optimized at the minimum energy level. The lowest
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energy conformation was calculated to form the bond angle and length with the
smallest spatial energy.

Figures 3 and 4 show the energy minimization utilizing COMPASS and the
PCFF force fields, respectively. In evaluating energy minimization, two main
parameters can be used as indicators to confirm that the energy minimization is
correct. The first indicator is that the value of the final potential energy, E, must be
negative. Each atom adjusted its position at each minimization step or iteration by
rotating itself until it finds a position with the lowest energy.

In LAMMPS, there are four stopping criteria for minimization: stopping tolerance
by energy, stopping tolerance by force, stopping criteria when a number of iteration
exceeds maximum iteration, and the number of total force evaluated exceeds
maximum evaluation. In this simulation, the criteria of stopping tolerance by energy
were used. Idealistically, a system is minimized when the change of potential energy
is zero [19]. However, to achieve zero change of potential energy is almost impossible
in simulation as well as in the real situation. Thus, the energy tolerance parameter,
ewl, Can be set. If the iteration reaches this parameter, the simulation stops and is
considered minimized. The ey for this simulation was 1.0e-4.

At the atomic level, there are two types of interactions which are nonbonded
and bonded interactions. When the minimization process occurs, the energy in
bonded interaction will decrease as it settles to a lower energy. If the nonbonded
interaction dominates the structure, total E, starts to be negative. In Figs. 3 and 4,
the minimization process clearly occurred, where the energy started to become
negative and settled there [20]. The second indicator for determining the success of
energy is to have a plateau when the minimization occurs. This is indicated by the
change of potential energy, 4E,, which is approaching zero, and implies that the
energy state is stable and minimized [21, 22].

The substrate was equilibrated at temperature, Ts=300 K and pressure, Ps=1
atm. The timestep used was 400,000. The equilibrium process is an essential
process as the process will condition the thermodynamics state of the atoms in the
substrate at the desired temperature and pressure of 300 K and 1 atm, respectively.
If the simulation is proceeded without an equilibrium process, the system may
collapse due to unrestrained dynamics. Thus, equilibrium is a vital process after
energy minimization [23, 24].
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Fig. 3. Energy minimization obtained using the COMPASS force field.
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Fig. 4. Energy minimization obtained using the PCFF force field.

Thermal equilibrium is essential for the substrate to settle at the desired
temperature and also to eliminate residual errors. This process aids the system to
reach the desired temperature of 300 K and remains stable when the equilibrium
process continues. Figures 5 and 6 show the temperature equilibrium obtained from
the COMPASS and PCFF force fields. The trends were similar, with significant
fluctuations at the beginning of the equilibrium process and settled at 300 K.

From Figs. 5 and 6, significant fluctuations were observed at the beginning but
then decreased significantly at timestep of less than 100,000. This indicated that
the substrate has no unusual or unrestrained dynamics that may cause problems
which could be due to the energy minimization process performed earlier. The
substrate was at the lowest energy state and the atom was at the optimum range;
thus, when the substrate temperature was increased, the atom did not excite rapidly.
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Fig. 5. Temperature equilibrium obtained from COMPASS force field.
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Fig. 6. Temperature equilibrium obtained from PCFF force field.

Similar to thermal equilibrium, pressure equilibrium is also essential for the
substrate to settle at the desired pressure and to eliminate residual errors. This
makes the system reaches the desired pressure of 1 atm and remains stable as the
equilibrium process continues. Thus, the process must be conducted at longer
timestep to further confirm that the system has reached equilibrium.

Figure 7(a) shows the pressure equilibrium obtained from COMPASS force
field, while Fig. 8(b) shows the pressure equilibrium obtained from PCFF force
field. Figures 7(a) and 8(b) show the close views of respective charts. Similar
patterns were observed where significant fluctuations can be seen at the beginning
of the chart before it settled at pressure of 1 atm.

The results of the energy minimization and temperature and pressure
equilibrium demonstrated that the PDMS nanocone structure was stable with pre-
defined topology, and initial and boundary conditions. The nanocones did not
exhibit residual errors or any unrestrained dynamics for both force fields
(COMPASS and PCFF).

1500

1000

500

50000 100000 150000 200000

-500

Pressure(atm)

-1000

-2000

Timestep

@)

Journal of Engineering Science and Technology April 2024, Vol. 19(2)



542 A. H. A. Manap et al.

(b)
Fig. 7. (a) Pressure equilibrium obtained from COMPASS
force field, (b) Close view of chart (a) at timesteps from 0-4000.

Timestep

(b)
Fig. 8. (a) Pressure equilibrium obtained from PCFF force field,
(b) Close view of chart (a) at timesteps from 0-4000.
4.Conclusions

From the simulation results, the substrate conditioning for large-scale PDMS
nanocones was found to be stable at ambient conditions (T=300K and P=1 atm).
After the initial and boundary conditions were defined, the substrates were
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subjected to minimization, temperature equilibrium and pressure equilibrium. All
substrates met the minimization criteria where the value of the final potential
energy, Ep, was negative and the change of potential energy, 4E,, was close to zero.
After minimization process, the substrate experienced thermal and equilibrium
process. All processes met the criteria of equilibrium as the final temperature and
final pressure approached desired temperature, Tq, and desired pressure, Pq.
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