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Abstract 

Adding nanoparticles can significantly improve the tribological properties of lubricants. However, there is a lack 
of understanding regarding the influence of nanoparticle shape on lubrication performance. In this work, the influ-
ence of diamond nanoparticles (DNPs) on the tribological properties of lubricants is investigated through friction 
experiments. Additionally, the friction characteristics of lubricants regarding ellipsoidal particle shape are investi-
gated using molecular dynamics (MD) simulations. The results show that DNPs can drastically lower the lubricant’s 
friction coefficient μ from 0.21 to 0.117. The shearing process reveals that as the aspect ratio (α) of the nanoparticles 
approaches 1.0, the friction performance improves, and wear on the wall diminishes. At the same time, the shape 
of the nanoparticles tends to be spherical. When 0.85 ≤ α ≤ 1.0, rolling is ellipsoidal particles’ main form of motion, 
and the friction force changes according to a periodic sinusoidal law. In the range of 0.80 ≤ α < 0.85, ellipsoidal 
particles primarily exhibit sliding as the dominant movement mode. As α decreases within this range, the friction 
force progressively increases. The friction coefficient μ calculated through MD simulation is 0.128, which is consistent 
with the experimental data.
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1 Introduction
Lubricants are employed to lessen the friction and wear 
of machines. With the continuous advancement of sci-
ence and technology, traditional lubricants have gradu-
ally become inadequate in meeting the evolving industry 
requirements for reduced friction and minimized wear 
volume. In that regard, lubricants containing nanopar-
ticles have attracted significant attention from research-
ers due to their remarkable tribological properties, 
establishing themselves as increasingly vital materials in 
recent years. According to several studies, friction can be 

reduced by up to 80% using lubricants containing nano-
particles instead of basic lubricants [1, 2].

Nanoparticle additives improve the friction 
performance of lubricants mainly because of the rolling 
effect, tribofilm formation, mending, and polishing 
effects [3–5]. Numerous experiments have demonstrated 
the attractive tribological properties of nanoparticles as 
additives. For instance, Alias et  al. [6] investigated the 
friction coefficient μ of lubricants with different contents 
of diamond nanoparticles (DNPs), concluding that the 
addition of DNPs reduced the value of μ from 0.40 to 
0.12. Igarashi et  al. [7] prepared phenol/formaldehyde 
resin-based composites with carbon nanotubes (CNTs) 
and found that CNTs effectively decreased the friction 
coefficient and wear of the phenolic resin. Yu et  al. [8] 
have established that physically deposited graphite 
nanoparticles can form a film on the friction surface 
of vegetable oil, thereby improving anti-friction and 
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anti-wear characteristics. Moreover, the friction 
coefficient and the degree of wear were shown to be 
related to the volume fraction and size of graphite 
nanoparticles.

However, analyzing nanoparticles’ motion state and tri-
bological properties in actual production is challenging 
because their size covers the micro-nano scale. In recent 
years, many researchers have used molecular dynamics 
(MD) simulations to quantitatively calculate tribologi-
cal performance parameters that are difficult to meas-
ure in experiments [9–11]. Pan et al. [12, 13] applied the 
MD method to study the effects of carbon content and 
shear rate of naphthenic hydrocarbons on the boundary 
lubrication and interfacial slip. Gao et al. [14] employed 
a single-peak contact model, and Mo et  al. [15] used a 
multi-peak contact model, pointing out that the friction 
force is proportional to the contact area. Han et al. [16] 
explored the tribological properties of Cu and Fe com-
posite structures through the MD simulation. Zhang 
et al. [17] analyzed the nanoscale distribution character-
istics of lubricant additives. Their findings revealed that 
surface adsorption was primarily influenced by molecu-
lar polarity, arrangement, and orientation. These factors 
are crucial for comprehending the mechanisms underly-
ing nanoscale lubrication.

Most studies have primarily focused on examining 
the impact of nanoparticle properties on friction per-
formance [18, 19]. However, the influence of particle 
shape on the anti-wear and anti-friction performance 
has remained largely unexplored. In earlier simulation 
studies, most nanoparticles were simplified as regular 
spheres, neglecting the potential impact of irregularly 
shaped nanoparticles on the lubricating system [20, 21]. 
However, the produced nanoparticles may have incon-
sistencies in aspect ratios (α) due to their small size.

Considering the research gaps mentioned above, this 
study aims to investigate, for the first time, the influ-
ence of DNPs on the tribological properties of base oil 
through friction experiments. MD simulation was used 
to explore the effect of nanoparticle aspect ratio α vari-
ation on lubricant lubrication performance. N-hexade-
cane was taken as the base oil to simulate nanoparticle 
additives’ role in lubricating oil accurately. The diamond 
nanoparticle choice was due to their zero environmen-
tal impact and high hardness against the substrate. After 
altering the α of the nanoparticle and the external load, 
the motion state of the particles between the walls was 
analyzed. Subsequently, the impact of varying ellipsoidal 
particle aspect ratios on the tribological properties of the 
lubricant was examined by calculating the mechanical 
response and stress of the solid wall. This analysis shows 
how particle aspect ratio changes affect the lubricant’s 
performance.

2  Experimental Details
The main instruments used in the experiment were the 
MFT-5000 tribo-wear tester (Figure 1) (Rtec Instruments 
Ltd.) and the Olympus LEXT OLS4100 3D measuring 
laser microscope. Given the low cost and convenience of 
extraction, DNPs acquired from Fuhua Mineral Materials 
were chosen as the nano-additive for the friction 
experiment. N-hexadecane (98% purity) purchased 
from McLean Reagent Network served as the base 
oil. A 20 × 20 × 10 mm Cu slab (Ra = 0.69 μm and the 
hardness is 170 HV) with a hardness much lower than 
that of diamond was used as the substrate and steel balls 
(E52100 and the hardness is 500 HV) with a diameter 
of 6.35 mm were selected as the indenter material (both 
were purchased from Zetian Metal Materials). Table  1 
displays the key metrics for the friction experiment.

The ratio of the semi-major axis a and the semi-minor 
axis c of the ellipsoid is defined as the aspect ratio α of 
the diamond particle, which determines the nanoparticle 
shape (Figure 2).

Due to its low cost and high efficiency, the shock-
wave method has been widely applied in industrial 
production to prepare nano-diamond particles [22]. 
Since the prepared diamond nanoparticles are easy 
to agglomerate, it is necessary to disperse them by 
mechanical or inorganic chemical methods [23]. After 
that, the nanoparticles were screened many times by 

Figure 1 MFT-5000 friction and wear testing machine



Page 3 of 12Pan et al. Chinese Journal of Mechanical Engineering           (2024) 37:80  

membrane separation and other screening methods to 
obtain particles with different α [24]. The transmission 
electron microscopy (TEM) image of the DNPs used in 
the friction experiment is shown in Figure 3, where the 
primary range of α is between 0.88 and 0.98. This study 
aims to provide a theoretical foundation for producing 
nano-diamond particles.

The results of the friction experiment are shown in 
Figure 4. The friction coefficient μ of pure n-hexadecane 
gradually increases and remains stable at about 0.21 after 
1000 s. After adding DNPs, the value of μ is still lower 
than that of pure base oil, at 0.117 ± 0.003 after 1000 s. 
Figure 5 displays the wear scar morphology of the sample 
under a three-dimensional measuring laser microscope. 
It can be found that the addition of nano-additives 
reduces the wear scar width from 0.51 mm to 0.43 mm.

Figure  6 is the SEM image of wear scar morphology. 
Figures  6a and b show the wear pattern under 100-
fold electron microscope. When the lubricant is pure 
n-hexadecane, and nano-diamond is added, wear marks 
are deeper and more noticeable. The wear patterns under 
500-fold electron microscopy are displayed in Figure  6c 
and d. Traces of adhesive wear are seen in Figure 6c and 

are indicated in red circles. Lubricants containing nano-
diamonds reduce the wear significantly.

3  Molecular Dynamics Simulations
3.1  Establishment of the Molecular Dynamics Model
Figure 7 depicts a boundary lubrication model containing 
nano-ellipsoid particles. The upper and lower walls are 
made of face-centered cubic (FCC) crystalline copper, 
and the wall thickness is 2.8 nm. The dimensions of the 
boundary lubrication model in the x and y directions are 
14.3 nm × 7.2 nm. The periodic boundary conditions 
are applied in the x and y directions, and the aperiodic 
boundary conditions are valid in the z direction. The 
upper and lower solid walls were divided into three 
layers for the analysis. These layers consist of an inner 
Newtonian layer that reflects the mechanical response, 
an intermediate thermostat layer that regulates the 
system’s temperature, and a rigid layer that enforces 
the boundary conditions. This division ensures a more 
comprehensive understanding of the system’s behavior 
and enables accurate characterization of the tribological 
properties. Only a limited number of n-hexadecane 
molecules is positioned between the upper and lower 
walls in the boundary lubrication because most base oil 
molecules will be pushed out of the contact area of the 
rough body [25]. Diamond nanoparticles (DNPs) are 
utilized as an additive and assumed to be the rigid bodies 
in the simulation to prevent their deformation during the 
motion and avoid a negative impact on the data accuracy. 
The parameter α of the nanoparticles used in the MD 
simulation is shown in Table 2.

3.2  Details of the Simulation
The united-atom force fields model (TraPPE-UA) [26] 
can be employed to simulate the interactions between 
hexadecane molecules. This model simplifies the internal 
forces within the molecules by utilizing pseudo-atoms 
that represent the CHx groups. These pseudo-atoms are 
positioned at the carbon atom’s locations, reducing com-
putational complexity while maintaining the required 
accuracy. The necessary calculations can be performed 
efficiently without compromising the reliability of the 
simulation results by employing the TraPPE-UA model. 
The interactions between Cu atoms are described by the 
EAM potential function [27] to reflect the deformation of 
the wall. The interactions between C and Cu atoms adopt 
the Morse potential [20, 28], providing faster calculation 
speed and higher precision. In the simulation, diamond 
nanoparticles are regarded as rigid bodies, and the forces 
between their internal atoms are ignored [29]. The non-
bonding interactions between other atoms can be repro-
duced using the L-J potential [30].

Table 1 Parameters of the friction experiment

Metrics for experiment

Motion mode Reciprocating

Additives DNPs

Temp 25 ℃
Load 1 N

Frequency 5 Hz

Time 30 min

Sliding stroke 5 mm

Figure 2 Ellipsoidal nanoparticle
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Figure 3 TEM image of DNPs: a, c TEM image of DNPs, b, d Respective diameter distributions of DNPs

Figure 4 Friction coefficients of different lubricants under 1 N load as a function of time



Page 5 of 12Pan et al. Chinese Journal of Mechanical Engineering           (2024) 37:80  

The friction and wear process of the entire boundary 
lubrication system includes three stages: relaxation, 
compression, and shear. The system’s energy is first 
minimized, followed by relaxation under the NVT 
ensemble, so the system’s energy converges to a constant 
value. Subsequently, the system transitions into the 
dynamic compression stage, where the NVE ensemble 
is employed instead of the NVT ensemble. The effect 
of compression is achieved by fixing the rigid layer 
2 and exposing the rigid layer 1 to an external load. At 
the beginning of the pressurization stage, a pressure 
of 30 MPa is first applied to the rigid layer 1 along the 
z direction to ensure the stability of the model. After 
the system height is gradually stabilized, the pressure is 

Figure 5 The abrasion marks under a three-dimensional measuring 
laser microscope: a N-hexadecane, b DNPs-0.1 wt%

Figure 6 SEM image of wear scar morphology: a 100X-N-hexadecane,b 100X-DNPs-0.1 wt%, c 500X-N-hexadecane, d 500X-DNPs-0.1 wt%

Figure 7 Boundary nano-lubricant model

Table 2 Parameters of ellipsoidal particles

α = c/a 0.80 0.83 0.85 0.88 0.9 0.95 1.0

a = b (nm) 2.30

c (nm) 1.85 1.91 1.96 2.03 2.07 2.19 2.30
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further increased from 300 to 600 MPa. Because of the 
presence of nanoparticles and base oil molecules, there is 
no direct contact between the upper and lower walls. The 
Nose-Hoover method [31] controls the temperature of 
layers 1 and 2 at a constant value of 300 K to conduct the 
heat generated by the system. During the shearing phase 
at a constant pressure, the oppositely oriented velocities 
v with equal magnitudes are applied in the x-direction of 
rigid layers 1 and 2. The pressing time is 0.2 ns, and the 
shearing time is 1.8 ns. In the entire molecular dynamics 
(MD) simulation, a time step of 1 fs is used. The damping 
coefficient is also set to 100 times the time step size.

4  Results and Discussion
4.1  Shear Stage
The positive direction of particle rolling was clockwise to 
distinguish it from the other possible directions. Figure 8 
depicts the front views of various lubrication systems at 
different times when the pressure (Pz) is 300 MPa, and 
the speed (v) is 10 m/s. It can be found that most of the 
base oil molecules are closely distributed near the wall, 
forming an adsorption layer. During t = 0.25-0.40 ns, 
nanoparticles will roll in all cases, and their rolling speed 
increases rapidly with the aspect ratio α. After that, 
the shearing action causes the particles with smaller α 
(α < 0.85) to slide relative to the walls rather than roll. 

Figure 8 Front views of the lubrication system at different moments: a α = 0.83, b α = 0.88, c α = 1.0

Figure 9 Particle angular velocity ω as a function of time under Pz = 300 MPa
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Particles with larger values of α (0.85 ≤ α ≤ 1.0) will 
predominantly exhibit a rolling motion. This motion is 
primarily because particles with shapes closer to a sphere 
experience reduced rolling resistance against the upper 
and lower walls.

Figure  9 displays the particle angular velocity ω as 
a function of time t at Pz = 300 MPa, which further 
reflects the motion state of particles with different 
values of α during the shearing process. During the 
initial shearing stage (t < 0.40 ns), particles with various 
α values all exhibit a clockwise rolling motion in tandem 
with the shearing movement. Furthermore, the angular 
velocity of the particles increases with higher α values. 
At t = 0.40-0.45 ns, the angular velocity of the particles 
with α < 0.85 turns from positive to negative and then 
oscillates between -0.2 and 0.2 rad/ns, which is because 
the particles sway from side to side due to the action 
of the wall. At t > 1.05 ns, the fluctuation amplitude of 
the particle angular velocity at α < 0.85 tends to zero, 
indicating that the particle is sliding in the subsequent 
motion process. The positive particle exhibits sinusoidal 
variation at 0.85 ≤ α < 1.0 during the entire shearing 
process. In addition, the larger the value α of the 
particles, the higher the average of ω and the smaller 
the fluctuation amplitude, meaning that the particle has 
a quasi-spherical shape and the rolling is more likely to 
occur. When α = 1.0, the particle is spherical, and its 
angular velocity gradually stabilizes around 0.3 rad/ns 
after t = 0.6 ns.

To analyze the wear abrasion of the walls with different 
values α in a lubrication system, the surface topography 
maps of the lower wall were acquired at Pz = 300 MPa 
and t = 0.65 ns (see Figure  10). From blue to red, the 
height of Cu atoms along the z-direction changes from 

negative to positive. This also means that red indicates 
the higher height of the surface atoms, while dark blue 
denotes the appearance of grooves on the surface. 
According to Figure 10a, it can be seen that grooves with 
different depths are on the wall under the sliding action 
of nanoparticles with α = 0.80. Moreover, the lattice 
distortion of Cu atoms occurs under the extrusion action 
along the two sides of the groove. Besides, the atoms 
accumulate in front of the movement of nanoparticles. In 
Figure 10b, the nanoparticles with α = 0.83 also exhibit 
sliding motion. However, the wear on the wall surface 
is noticeably less severe compared to the lubrication 
system with α = 0.80. In Figure  10c, the nanoparticles 
continue to roll throughout the shearing process, and no 
grooves, atomic stacking, or ridges are observed on the 
wall’s surface. However, some wall atoms are found to be 
randomly distributed in the wear zones due to the stress 
concentration that occurs when the long-axis end of the 
particle is in contact with the wall, forming defects on the 
wall atoms [32].

The wear behavior of the lubricating system can be 
further revealed by calculating the number of atoms 
removed from the solid wall. If the displacement of a Cu 
atom is greater than half of the Cu lattice constant (0.18 
nm), the atom is considered to be removed. Figure  11 
depicts the number of wear atoms in the shearing 
process for the lubrication systems with α = 0.80 
(sliding particles) and α = 0.90 (rolling particles) at Pz 
= 300 MPa and v = 10 m/s. It can be observed that the 
former removes more atoms than the latter throughout 
the shearing time. After t = 1.0 ns, the difference in the 
wear amount between the two systems becomes larger. 
With the increase of time, the wear amount of the sliding 
particles continues to increase. In contrast, that of the 

Figure 10 Variation of atomic height on the lower wall along the z 
direction (Pz = 300 MPa and t = 0.65 ns): a α = 0.80, b α = 0.83, c α = 
0.90

Figure 11 The atomic wear of the lubricating system in the shear 
process
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rolling particles gradually decreases, proving that the 
wear induced by rolling nanoparticles is weaker than that 
caused by sliding nanoparticles.

Figure  12 depicts the front view of the lubricating oil 
film containing nanoparticles at different moments 
at Pz = 300 MPa and v = 20 m/s. It can be found 
that once the pressure is stabilized (t = 0.25 ns), the 
nanoparticles directly contact the solid wall, resulting in 
the deformation of the wall in the contact area. Under the 
influence of the particles, the lubricating oil molecules 
that have initially been adsorbed on the wall separate 
from its surface, then squeeze out of the contact zone 
and move around the particles. However, the direction 
of motion of oil molecules cannot form a complete 
closed loop. When t = 0.75 ns (Figure  12a), some base 
oil molecules are squeezed and aggregated around the 
particles. The number of molecules in region 1, the 
direction of particle sliding (shown with the red arrow 
in the figure), is significantly larger than in region 2. This 
phenomenon is also observed in Figure  12b. However, 
because of the rolling motion of nanoparticles, there is 
only a small amount of base oil molecular aggregates in 
the surrounding region 1, and the quantity of molecules 
in the region 2 remains almost unchanged. This 
observation means that the movement of particles will 
affect the adsorption behavior of base oil molecules on 
the wall during the shearing process. Sliding particles are 
more likely to cause molecular aggregation than rolling 
particles.

4.2  Mechanical Response
Figure  13 depicts the relationship between the friction 
force FL of the lubricating system with different 

aspect ratios α and the time t at Pz = 300 MPa. For the 
convenience of observation, only one point is marked 
for every 10 data. In the lubricating system with α = 
1.0 (spherical particles), the value of FL is always stable 
(around 3.16 eV·Å-1) during the shearing process. 
Furthermore, the nanoparticles primarily undergo 
rolling motion in this system. When 0.85 ≤ α < 1.0, the 
particles are kept rolling, and the FL value of the system 
varies according to a sinusoidal law. With the decrease 
of α, the oscillation amplitude and the maximum of 
FL of the system increase. When α < 0.85, the motion 
of nanoparticles is not just like the rolling during the 
shearing process, but a combination of rolling and sliding 
(rolling first and then sliding). Simultaneously, FL is 
maintained high, with no obvious periodic variation.

In Figure  13a, the FL value decreases from 6.28 eV·Å-

1 to 0.02 eV·Å-1 in the lubricating system with α=0.90 
within the time range of t = 0.55 - 0.69 ns. The nanoparti-
cles rotate clockwise when they transition from the long-
axis end to the short-axis end and engage in a rolling 
motion. As a result, the center of gravity gradually shifts 
downward, leading to a force between the nanoparticles 
and the wall that is opposite in direction to FL. At 0.70 - 
0.87 ns, the value of FL increases from 1.08 eV·Å-1 to 9.20 
eV·Å-1, which is because the system needs to overcome 
the force between the wall and the particles to make the 
latter ones "stand up", thereby augmenting FL. At t = 
0.25-1.80 ns, the FL parameter of the lubricating system 
with 0.85 ≤ α ≤ 1.0 varies as a sinusoidal function.

When α = 0.83 (Figure  13b), the lubricating system 
oscillates up and down at 8.78 eV·Å-1 at t = 0.40-0.70 ns. 
The interaction between nanoparticles and the wall dur-
ing the shearing process tends to roll. However, since α 
is small, the long axis prevents it from rolling further. 

Figure 12 Front view without the wall lubrication system at Pz = 300 MPa and v = 40 m/s: a α = 0.80, b α = 0.90
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Then, the value of FL increases to 11.13 eV·Å-1 due to the 
direct contact between the wall and the particle. This is 
because the lattice distortion of the Cu atoms in the con-
tact area under the extrusion action hinders the move-
ment of the wall, causing the FL to increase. Compared to 
the lubrication system with α = 0.90, the system with α = 
0.83 exhibits a 26.71% increase in the maximum friction 
force FL. This suggests that rolling particles contribute to 
a lower peak in FL. In addition, the FL variation curve of 
the lubricating system with α = 0.80 is similar to that of 
the system with α = 0.83.

Nevertheless, the maximum FL value of the former sys-
tem is smaller than that of the latter. The nanoparticles in 
the former system are kept sliding, resulting in the rela-
tively small fluctuation range of FL. This may be due to 
the reduction in α, the flattened particle shape, and the 
enlarged contact area with the wall, reducing the stress 
concentration on the wall.

(a)

(b)
Figure 13 The values of FL of the lubrication system with different particles at Pz = 300 MPa (1 point is marked at the interval between each 10 
points): a 0.85 < α ≤ 1.0, b α ≤ 0.85

Figure 14 Friction force FL of lubrication systems with different 
particle aspect ratios under different loads
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Figure  14 depicts the friction force FL of the particle 
lubricating system with different aspect ratios under 
various loads, which is the average over the whole 
shearing process. It can be found that when α = 1.0, the 
rolling state of the particles can always be maintained so 
that FL of the system achieves its minimum. In the case of 
0.85 ≤ α < 1.0, there is a slight increase in the FL value of 
the system compared with spherical particles under three 
loading conditions, but it is still kept at a low level. At 
this time, the particles are mainly rolling during shearing, 
which also ensures good friction performance, and with 
the increase of α, the FL of the system is further reduced. 
When 0.80 ≤ α < 0.85, the particles are too flat to roll and 
slide between the two walls. At this time, the FL value of 
the system decreases with the decrease of α, which is also 
consistent with the result observed in Figure 13.

At the micro-nano scale, the interactions between 
n-hexadecane molecules, wall atoms, and ellipsoid par-
ticle atoms are crucial in determining the tribological 
properties of the lubrication system. In this context, the 
conventional macroscopic friction force formula (FL = 
μ·FN) is no longer directly applicable due to the complex 
and intricate nature of these interactions. In this respect, 
Derjaguin [33] considered the role of adhesion and intro-
duced a quantitative force L0:

where F0 is the frictional force offset, FN is the positive 
pressure, and μ is the friction coefficient.

The results obtained from the MD simulation were 
thus fitted using Eq. (1), and the friction coefficients μ 
of the lubricating systems with different α particles were 
obtained. As shown in Figure  15, the intercept of the 
fitted line is the frictional force offset, and the slope is 
the frictional factor. The friction force deviation of the 

(1)FL = µ(L0 + FN) = F0 + µ · FN,

lubricating system with α = 1.0 is found to be -0.78 eV·Å-

1, and the μ value is 0.128, which is in line with that (0.12) 
determined in Ref. [6] and the above-measured value 
(0.117 ± 0.003). The frictional offset of the lubricating 
system with α = 0.90 is -1.24 eV·Å-1, and the value of μ is 
0.169, 32% higher than that of particles with α = 1.0. The 
frictional offset of the lubricating system with α = 0.80 is 
0.42 eV·Å-1, and the value of μ is 0.251, i.e., 96% and 48% 
greater than those of particles with α = 1.0 and α = 0.90, 
respectively.

5  Conclusions
The effects of nanoparticles as additives on lubricating 
systems under different loads and shear rates were ana-
lyzed experimentally and via MD simulations. The fric-
tion force and positive pressure obtained by the system 
were calculated by changing the shape of the nanopar-
ticles, and the wear regularities of the walls were also 
observed. Based on the findings of this work, the follow-
ing conclusions can be drawn.

(1) The experimental results of friction and wear show 
that adding DNPs with an aspect ratio of 0.88-0.98 
can effectively improve the friction performance 
of n-hexadecane, reducing the average value of the 
friction coefficient μ by approximately 44.3%.

(2) During the shearing process, the motion of quasi-
spherical nanoparticles at 0.85 ≤ α ≤ 1.0 is domi-
nated by rolling. When 0.80 ≤ α < 0.85, sliding is 
predominant. Moreover, the closer the nanoparticle 
shape to spherical (i.e., the nearer is α to 1.0 in the 
rolling movement), the smaller the friction coeffi-
cient of the lubricating oil and the weaker the wear 
undergone by the wall.

(3) When 0.85 ≤ α ≤ 1.0, the angular velocity of the 
rolling particle changes periodically according to 
a sinusoidal law. As the value of α increases, the 
fluctuation amplitude of the angular velocity rises, 
whereas that of the frictional force decreases. If 
0.80 ≤ α < 0.85, the angular velocity of the rolling 
particles gradually tends to 0, which means the 
sliding motion. Once the α parameter decreases, 
the contact area between the particles and the wall 
increases, and the friction force decreases instead.

(4) In the friction experiment, the addition of DNPs to 
the lubricant lowers the friction coefficient μ from 
0.21 to 0.117 ± 0.003, and the results are consist-
ent with that of the MD simulation of the particles 
(0.128).

The objective of this study is to establish a theoreti-
cal basis for the production of nano-diamond particles. 
On the basis of MD simulation, we hope to introduce 

Figure 15 Friction coefficient μ of particle lubrication systems 
with different aspect ratios
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water molecules and oxygen atoms to simulate the fric-
tion behavior under real conditions. This will enable us 
to investigate friction phenomena more accurately at the 
molecular scale.
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