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Abstract: The low viscosity of water-lubricated films compromises their load-bearing capacity, posing
challenges for practical application. Enhancing the lubrication stability of these films under load is
critical for the successful use of seawater-lubricated bearings in engineering. Polydopamine (PDA)
shows great potential to address this issue due to its strong bio-inspired adhesion and hydration
lubrication properties. Thus, PDA nanoparticles and seawater suspensions were synthesized to
promote adhesive lubricating film formation under dynamic friction. The lubrication properties
of PDA suspensions were evaluated on Cu ball and ultra-high molecular weight polyethylene
(UHMWPE) tribo-pairs, with a detailed comparison to seawater. The results show PDA nanoparticles
provide excellent adhesion and lubrication, enhancing the formation of lubricating films during
friction with seawater. Under identical conditions, PDA suspensions demonstrated the lowest friction
coefficient and minimal wear. At 3 N, friction decreased by 56% and wear by 47% compared to
distilled water. These findings suggest a novel strategy for using PDA as a lubricant in seawater for
engineering applications.

Keywords: polydopamine; seawater; underwater adhesion; lubrication

1. Introduction

Water-lubricated bearings, critical propulsion components for environmentally sus-
tainable ocean vessels, provide significant advantages, including environmental protection
and cost-effectiveness [1,2]. However, their adoption in practical applications remains
significantly limited compared to oil-lubricated bearings, primarily due to the inherent low
load capacity and lubrication stability resulting from water’s low viscosity [3]. This limita-
tion leads to significant friction and wear during the operation of water-lubricated bearings,
particularly during critical startup and shutdown phases [4,5]. Consequently, enhancing
the stability of the lubricating film within a low-viscosity water environment is essential for
the technological advancement and broader implementation of water-lubricated bearings.

Hydration lubrication represents a highly efficient form of water-based lubrication,
capable of achieving ultralow friction and minimal wear [6,7]. Hydration lubrication relies
on the formation of a hydration layer by water molecules on solid surfaces. This layer
provides a thin film of water between friction contact surfaces, thereby reducing direct
solid-to-solid contact. The hydration layer facilitates a flowing environment, allowing for
smoother sliding between the contact surfaces while significantly lowering the friction
coefficient. In pursuit of identifying effective strategies for applying hydration lubrication
in water-lubricated engineering applications, researchers previously synthesized and tested
a series of soft matter microparticle and UHMWPE composites [8–11]. The findings indicate
that the hydration lubrication provided by soft matter substantially reduces the friction
coefficient and wear mass loss in friction pairs when utilizing a water tank as the lubricating
medium. However, in practical applications, most water-lubricated bearings operate
within an open lubrication system. Therefore, maintaining the stability of the hydration
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lubrication film between interacting surfaces will be a pivotal area of focus for future
research endeavors.

As an outstanding mussel-inspired material, polydopamine (PDA) exhibits the re-
markable ability to adhere to nearly any surface within a seawater environment [12–15].
Furthermore, PDA significantly mitigates friction and wear behaviors across various ma-
terials when applied as a surface coating under water lubrication conditions [16]. Our
relevant research also shows that PDA effectively integrates the functions of bionic ad-
hesion and hydration lubrication within distilled water environments. Considering that
ocean-going vessels encounter harsher operating conditions, demand higher reliability,
and rely heavily on water-lubricated bearings, it becomes imperative to investigate the
lubricating properties of PDA under seawater conditions.

In conclusion, the use of PDA offers an effective solution to the aforementioned chal-
lenges and demonstrates the potential of PDA as a green lubricant for seawater-lubricated
bearings [16–22]. Additionally, UHMWPE and copper alloy are particularly well-suited for
the manufacture of various water-lubricated bearings. In this study, PDA nanoparticles
with unique small size effects and efficient transfer capabilities were synthesized in seawa-
ter and alkaline aqueous solutions, respectively. The tribological performance of the friction
pairs and the lubricating properties of PDA nanoparticles were experimentally tested
and analyzed in seawater environments. The obtained results present a novel approach
to achieving targeted lubrication films derived from PDA nanoparticles under seawater
conditions, benefiting the operational performance of undersea engineering devices, such
as water-lubricated bearings.

2. Methodology
2.1. Raw Materials

Ethanol (analytical reagent), artificial seawater, and distilled water were sourced
from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). The tri-
ethanolamine was procured from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
The dopamine hydrochloride (Alfa-A11136) was supplied by Thermo Fisher Scientific Co.,
Ltd. (Waltham, MA, USA). The dialysis membrane was obtained from Sinopharm Chemical
Reagent Co., Ltd.

2.2. Preparation of PDA Nanoparticles and Composites

Dopamine hydrochloride (200 mg) was dissolved in a mixed solvent consisting of
deionized water (250 mL) and ethanol (50 mL), and the pH was adjusted to 8.5 using
triethanolamine. PDA nanoparticles were synthesized through the self-polymerization of
dopamine monomers within a dialysis membrane, under stirring conditions of 100 r/min
for 24 h at room temperature. To remove the triethanolamine from the mixed solvent, the
PDA nanoparticle suspensions were poured and sealed into dialysis membranes, followed
by immersion in distilled water with continuous stirring for 24 h. The prepared PDA
nanoparticle suspensions were purified for three times, and dry PDA nanoparticles were
obtained by vacuum freeze-drying method. Distilled water and seawater suspensions
were prepared by dispersing dry PDA nanoparticles into distilled water and seawater,
respectively. Five seawater suspensions with varying PDA concentrations (0.1 mg/mL,
0.25 mg/mL, 0.5 mg/mL, 0.75 mg/mL, and 1 mg/mL) were prepared and named PDA-
1, PDA-2, PDA-3, PDA-4, and PDA-5, respectively. The preparation process of PDA
nanoparticles is shown in Figure 1.

2.3. Characterization of PDA Nanoparticles and Worn Surfaces

The particle sizes and surface topographies of PDA nanoparticles were examined
using the scanning electron microscope (VEGA3, Tescan China, Ltd., Shanghai, China). The
chemical structures of PDA nanoparticles were analyzed through infrared absorption spec-
troscopy (Nicolet 6700, Thermo Electron Scientific Instruments, Ltd., Waltham, MA, USA).
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Figure 1. Preparation process of PDA nanoparticles.

2.4. Friction and Wear Testing

In consideration of the actual manufacturing conditions of ship tail shaft bushings and
water-lubricated bearings, QSn4–3 copper and UHMWPE were selected as the materials for
the two friction pairs used in the rubbing tests. As illustrated in Figure 2a, the QSn4–3 copper
balls were machined to a diameter of 6 ± 0.05 mm, while the UHMWPE disks were
machined to a diameter of 20 ± 0.05 mm and a thickness of 6 ± 0.05 mm. Friction and wear
tests were performed using a ball-on-disk wear tester (MFT-5000, Rtec Instruments Co.,
Ltd., San Jose, CA, USA) to evaluate the lubricating properties of PDA nanoparticles in
seawater, with the wear rates of the UHMWPE disks calculated using Equation (1). To better
simulate the actual working conditions, loads of 0.5, 1, and 3 N, along with a relatively
low sliding velocity of 100 mm/s, were applied to assess the lubrication performance of
both water and PDA solutions. All the friction and wear tests were repeated three more
times to ensure the accuracy of testing data. The schematic diagram of the rubbing tests is
presented in Figure 2.
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Figure 2. Schematic illustration of the test apparatus. (a) Schematic diagram of the friction tester
(b) Schematic diagram of the copper ball and disk.

2.5. Worn Surfaces

The characteristics and roughness of worn surfaces were thoroughly examined using
SEM and 3D laser confocal microscope (VK-X2000, Keyence Ltd., Osaka, Japan). The
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presence of PDA films adhered to the worn surfaces was confirmed using an energy
dispersive spectrometer (EDS) integrated into the SEM instrument. The wear rates were
calculated from Equation (1).

Wear rate =
Volume loss

Load × Sliding distance

(
mm3N−1m−1

)
(1)

3. Results
3.1. Analysis and Characterization of PDA Microspheres

To elucidate the adhesion and lubrication mechanisms of PDA nanoparticles, we
employed scanning electron microscopy (SEM) and Fourier transform infrared (FTIR)
spectroscopy to analyze their morphology, size, and chemical structure, as shown in
Figure 3. Figure 3 demonstrates the morphology and size of PDA nanoparticles, which
appear spherical, partially aggregated, and irregularly dispersed. The diameters of 100 PDA
nanoparticles were randomly measured in the SEM images, yielding an average diameter
of 280.36 ± 50 nm. The formation of nanoparticles indicates that dopamine undergoes
self-polymerization.

Machines 2024, 12, x FOR PEER REVIEW 5 of 12 
 

 

occurrence of self-polymerization. The self-polymerization process of dopamine hydro-
chloride is shown in Figure 5. Dopamine undergoes oxidation of its phenolic hydroxyl 
group (-OH) in the presence of air or oxidizing agents, leading to the formation of qui-
none. Quinone can react with other dopamine molecules or its own quinone form, result-
ing in the formation of longer polymer chains. 

 
Figure 3. SEM images of microsized PDA particles. 

 
Figure 4. Infrared spectrum of PDA. 

 
Figure 5. Self-polymerization process of dopamine hydrochloride. 

3.2. Effect of Stirring Rate on Particle Size of PDA Microspheres 
To further explore the self-polymerization and lubrication mechanism of PDA with 

a view to controlling the diameter of PDA nanoparticles polymerized under seawater en-
vironment by stirring rate, we prepared PDA nanoparticles at stirring rates of 100 r/min, 
200 r/min, 300 r/min, 400 r/min, 500 r/min, and 600 r/min. Their particle size distributions 
are shown in Figure 6. As the stirring rate increased, the diameter of PDA nanoparticles, 
particularly those accounting for a significant proportion, exhibited an upward trend, and 
the distribution range of particle sizes also expanded accordingly. 

Figure 3. SEM images of microsized PDA particles.

The positions of the absorption peaks in the IR spectra of PDA nanoparticles are pre-
sented in Figure 4. The chemical structure of the PDA nanoparticles can be elucidated from
the absorption peak values. The spectrum exhibits a peak at 1590 cm−1, corresponding
to the bending vibration of the N-H bond on the aromatic ring. The peak at 1470 cm−1

corresponds to the bending vibration of the carbon atoms on the benzene ring. The peak
at 1292 cm−1 corresponds to the stretching vibration of the carbon atoms on the benzene
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the occurrence of self-polymerization. The self-polymerization process of dopamine hy-
drochloride is shown in Figure 5. Dopamine undergoes oxidation of its phenolic hydroxyl
group (-OH) in the presence of air or oxidizing agents, leading to the formation of quinone.
Quinone can react with other dopamine molecules or its own quinone form, resulting in
the formation of longer polymer chains.
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Figure 5. Self-polymerization process of dopamine hydrochloride.

3.2. Effect of Stirring Rate on Particle Size of PDA Microspheres

To further explore the self-polymerization and lubrication mechanism of PDA with
a view to controlling the diameter of PDA nanoparticles polymerized under seawater
environment by stirring rate, we prepared PDA nanoparticles at stirring rates of 100 r/min,
200 r/min, 300 r/min, 400 r/min, 500 r/min, and 600 r/min. Their particle size distributions
are shown in Figure 6. As the stirring rate increased, the diameter of PDA nanoparticles,
particularly those accounting for a significant proportion, exhibited an upward trend, and
the distribution range of particle sizes also expanded accordingly.
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3.3. Analysis of Friction Coefficients

To better understand the lubricating mechanism of PDA nanoparticles in a seawater
environment, the friction coefficients of UHMWPE and copper friction pairs under different
PDA seawater suspensions lubrication were tested and analyzed. The effects of testing
conditions on the friction properties of the friction pairs were also evaluated. As illustrated
in Figure 7a–c, all friction coefficients show a similar increasing trend at the primary stage
of the rubbing process and then approached to a flat. This occurs because the running-in
process of the rough friction pair surfaces leads to an increase in friction coefficients. It
can also be observed that the friction pairs exhibit the highest friction coefficients when
seawater is used as the lubricant under identical testing conditions. This illustrates that
PDA nanoparticles added to seawater have satisfactory lubricating performance, effec-
tively reducing friction and wear during rubbing processes. It is also noteworthy that the
lubricating performance of PDA seawater suspensions improves with increasing PDA con-
centration when the concentration is below 0.25 mg/mL. However, the lubricating ability
of PDA seawater suspension drops with the continuous increase of PDA concentration
when PDA concentration is more than 0.25 mg/mL. This indicates that both too high and
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too low a PDA concentration have an adverse effect on its lubricating ability. The optimum
PDA concentration is 0.25 mg/mL under the testing conditions.
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Figure 8a illustrates the trend of average friction coefficients under three different
normal loads. As depicted in Figure 8a, the average friction coefficient exhibits a decreasing
trend with increasing normal load. This observation is consistent with our previous research
on the tribological behavior of UHMWPE and copper friction pairs. Additionally, it can be
observed that the friction pairs have a lower friction coefficient when using PDA seawater
suspension as lubricant. This demonstrates that PDA nanoparticles dispersed in seawater
provide excellent lubricating performance.

Machines 2024, 12, x FOR PEER REVIEW 7 of 12 
 

 

wear rate of UHMWPE disks under low load of 0.5 N has a larger drop than that of 
UHMWPE disks under relatively high loads of 1 and 3 N. This demonstrates that the lu-
bricating capacity of PDA nanoparticles has more efficiency under the low load of 0.5 N. 
It could be attributed to the adhesive force of PDA nanoparticles being insufficient to with-
stand the shear stress during the rubbing process when the normal load exceeds 1 N. Con-
sequently, this destabilizes the PDA lubrication and results in relatively high wear rates. 

 
Figure 7. Friction coefficients of polymer disks under various loads: (a) 0.5 N, (b) 1 N, (c) 3 N. 

 
Figure 8. Average friction coefficient (a), wear rates (b) of UHMWPE polymer disks at various ap-
plied loads. 

3.4. Analysis of Worn Surfaces 
To further analyze the lubrication behavior of PDA nanoparticles, three-dimensional 

surface topography was employed to examine the wear patterns of the UHMWPE disks 
after friction testing under a 3 N load, as illustrated in Figure 8. The experimental results 
indicated that the surface abrasion depths of the UHMWPE disks in the PDA-enhanced 
seawater suspension were consistently smaller than those in the seawater-only environ-
ment. Notably, the UHMWPE disk exhibited the shallowest abrasion depth and width at 
a PDA concentration of 0.25 mg/mL. As the PDA content increased, the width and depth 
of the abrasion marks on the UHMWPE disks exhibited an upward trend. At a PDA con-
centration of 1 mg/mL, significant micro-pit defects were observed on the wear surface of 
the UHMWPE disk, consistent with the results and trends presented in Figure 9. 

Overall, the experimental results demonstrated that the depth and width of the abra-
sion marks of UHMWPE disks, which reached their minimum values when the PDA con-
tent was 0.25 mg/mL, grew with increasing PDA content. When PDA content was in-
creased to 1 mg/mL, micro-pit defects were evident on the wear surface of the UHMWPE 
disk, a phenomenon that coincides with the results and trends shown in Figure 9. 

Figure 8. Average friction coefficient (a), wear rates (b) of UHMWPE polymer disks at various
applied loads.

To accurately analyze the friction and wear behaviors, the wear rates were calculated
based on the testing results. As shown in Figure 8b, the UHMWPE disk lubricated with PDA
suspension exhibits a lower wear rate than the UHMWPE disk lubricated with seawater
under the same testing conditions. This demonstrates that PDA nanoparticles added to
seawater can effectively reduce the wear behaviors of friction pairs during the rubbing
process. It also can be seen that the PDA suspensions with concentrations of 0.1 and
0.25 mg/mL have better lubricating capacity under the three loads. In addition, the wear
rate of UHMWPE disks under low load of 0.5 N has a larger drop than that of UHMWPE
disks under relatively high loads of 1 and 3 N. This demonstrates that the lubricating
capacity of PDA nanoparticles has more efficiency under the low load of 0.5 N. It could be
attributed to the adhesive force of PDA nanoparticles being insufficient to withstand the
shear stress during the rubbing process when the normal load exceeds 1 N. Consequently,
this destabilizes the PDA lubrication and results in relatively high wear rates.

3.4. Analysis of Worn Surfaces

To further analyze the lubrication behavior of PDA nanoparticles, three-dimensional
surface topography was employed to examine the wear patterns of the UHMWPE disks
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after friction testing under a 3 N load, as illustrated in Figure 8. The experimental results
indicated that the surface abrasion depths of the UHMWPE disks in the PDA-enhanced
seawater suspension were consistently smaller than those in the seawater-only environment.
Notably, the UHMWPE disk exhibited the shallowest abrasion depth and width at a
PDA concentration of 0.25 mg/mL. As the PDA content increased, the width and depth
of the abrasion marks on the UHMWPE disks exhibited an upward trend. At a PDA
concentration of 1 mg/mL, significant micro-pit defects were observed on the wear surface
of the UHMWPE disk, consistent with the results and trends presented in Figure 9.
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Overall, the experimental results demonstrated that the depth and width of the abra-
sion marks of UHMWPE disks, which reached their minimum values when the PDA
content was 0.25 mg/mL, grew with increasing PDA content. When PDA content was
increased to 1 mg/mL, micro-pit defects were evident on the wear surface of the UHMWPE
disk, a phenomenon that coincides with the results and trends shown in Figure 9.

4. Discussion

The above experimental results demonstrate that the lubricating ability of seawater
suspension with added PDA is significantly superior to that of seawater alone. In order to
analyze the friction coefficient and surface wear characteristics more accurately, we further
investigated the lubrication mechanism of PDA in a seawater environment. We conducted
a detailed microstructural analysis of the wear surface.

Figure 9 illustrates the surface microstructure and elemental distribution of copper
wear surfaces after friction under seawater conditions and seawater suspension with added
PDA. As shown in Figure 10a, the friction surface of the copper material under seawater
conditions exhibits pronounced plow grooves, along with numerous abrasive chips and
spalling pits, indicating that abrasive wear is the predominant wear mechanism. There
is no visible nitrogen on the surface, as seen in Figure 10b. The copper wear surface after
friction in the seawater suspension with PDA added appears as a large black smoother
area, as depicted in Figure 10c. Additionally, the furrows are relatively shallow and darker
in color, appearing black. Figure 10d reveals that the black area is covered with nitrogen, a
characteristic element of PDA, indicating that during friction, PDA ruptures and deforms
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due to shear forces, eventually adhering to the copper surface and forming an adhesive
layer with lubrication and wear-reducing properties. This film not only reduces direct
contact and friction but also adsorbs and fills tiny pits in the surface, thus further reducing
the coefficient of friction and wear. In other areas, nitrogen was detected, albeit at lower
density, suggesting that the PDA component adhered to the surface to some extent. Even
in areas of low N-element density, the presence of PDA components can still provide some
protection, reducing friction and wear. These small amounts of attached PDA components
may improve the overall tribological properties by forming a thin film on the surface that
fills small pits and cracks.
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Figure 10. The SEM and nitrogen EDS images of copper friction pairs after rubbing tests (3 N).
(a) Surface morphology of the Cu ball after friction in a seawater environment. (b) N element
distribution on the surface of the Cu ball after friction in a seawater environment. (c) Surface
morphology of the Cu ball after friction in a PDA & seawater suspension environment. (d) N element
distribution on the surface of the Cu ball after friction in a PDA & seawater suspension environment.

Figure 11 demonstrates the surface micro-morphology of the UHMWPE disk lubri-
cated with seawater PDA suspension. The UHMWPE disk lubricated with seawater PDA
suspension exhibits a smoother friction surface with relatively shallower abrasion marks
compared to the water-lubricated UHMWPE disk. This suggests that the seawater PDA
suspension offers superior lubrication and protection for the UHMWPE disk. The absence
of nitrogen on the friction surface of the UHMWPE disk indicates that the adhesion ability
of PDA nanoparticles on the UHMWPE disk is very limited.
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Analyzing the comprehensive experimental results, we conclude that the tribological
performance of the Cu–UHMWPE friction pair can be significantly enhanced by strate-
gically incorporating PDA nanoparticles into dewatered seawater. To further elaborate
on the effective reduction of frictional wear in PDA seawater suspensions, the lubrication
mechanism of PDA materials is discussed.

It is universally acknowledged that direct contact with rough friction surfaces leads to
localized plastic deformation and damage, which are key factors affecting the tribological
properties of polymer materials [14]. According to Figure 10a,b, in a seawater environment,
the water film has limited carrying capacity, and during the friction process, a large shear
force will be generated, causing the liquid to be expelled from the contact area. This
results in direct contact between the friction surfaces, leading to the formation of deeper
ploughing grooves with abrasive particles. These rough grooves and crests with abrasive
grains produce significant shear damage and deformation during friction, leading to higher
frictional resistance and wear, as evidenced by higher friction coefficients and wear loss
rates in the test results.

According to Figure 10a,b, the PDA seawater suspension demonstrates superior
friction and wear performance compared to the seawater environment under identical test
conditions. The furrows on the friction surfaces are shallower, with a relatively reduced
number of abrasive grains and flaking pits. The most noteworthy observation is that
under the frictional wear of the PDA seawater suspension, the surface of the copper ball
develops a large, smooth region, and Figure 10d reveals that this smooth region contains
a substantial amount of the characteristic PDA element: nitrogen. From this, it can be
inferred that during the friction process, PDA generates an adhesion layer with lubricating
and protective properties on the surface of the copper ball, and this adhesion layer plays a
crucial role in the friction process.

Comprehensive experimental and test results reveal the lubrication mechanism of
PDA seawater suspension, as illustrated in Figure 12. During the friction process, PDA
nanoparticles are crushed or extruded into a thin film under the combined action of normal
load and shear, adhering to the surface of the copper ball and forming a PDA adhesion layer.
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Figure 12. Analysis of the lubrication mechanism of PDA nanoparticles.

According to the current study, the catechol group on the PDA molecular chain ex-
hibits excellent metal coordination with copper [23,24]. Consequently, PDA nanoparticles
can quickly adhere to the surface of Cu balls, transferring directionally to the wear re-
gion during the friction process. Additionally, free PDA nanoparticles in seawater can
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continuously adhere to bare friction surfaces damaged by shear forces during friction [25].
This property endows the PDA lubrication film with excellent directional transfer and
self-healing capabilities. Likewise, it has been proved that the hydroxyl groups on the PDA
molecular chain are charged in liquid environments and can form hydrogen bonds with
polar water molecules [26], as shown in Figure 11. These water molecules are attracted to
the surface of the PDA membrane and gradually penetrate into the membrane through
its microporous structure [25]. Consequently, the microporous structure of the PDA film
becomes saturated with free water molecules, providing excellent hydration lubrication
during friction.

Based on the above analysis, the PDA adhesion layer on the surface of the copper
balls exerts two pivotal influences on enhancing the tribological performance of the mating
pair. First, the PDA nanoparticles, crushed and extruded during the friction process, fill
the exfoliation pits and abrasion marks on the copper ball’s surface, thereby reducing the
depth of abrasion marks, forming an adhesion layer, and minimizing plastic deformation
and fracture behaviors induced by the interaction of micropeaks with shear forces on the
two friction surfaces, all of which simultaneously enhance stability. This process reduces
frictional resistance and wear rate, thereby improving the tribological performance of the
friction pair. On the other hand, the hydrogen bonding of PDA nanoparticles with an
alkaline environment due to electronegativity difference can improve the stability and
lubricity of the lubrication film to a certain extent, as shown in Figure 12 [24,25]. Therefore,
the PDA film adhered to the surface of the copper balls can significantly reduce the friction
factor-to-wear ratio in the experimental tests.

5. Conclusions

In this paper, PDA nanoparticles that improve the lubrication performance of aqueous
film were prepared, and the tribological behavior between copper spheres and UHMWPE
disks in a seawater environment was systematically tested and analyzed. Additionally,
through comprehensive analysis of the experimental results, the lubrication mechanism of
PDA nanoparticles in a seawater environment was proposed. The main conclusions of this
paper are as follows:

(1) PDA nanoparticles effectively enhance the lubricating ability of seawater under almost
all experimental conditions, with the optimal concentration of PDA nanoparticles
being 0.25 mg/mL;

(2) Compared to the seawater environment, PDA nanoparticle seawater suspensions
exhibit superior lubricating abilities, characterized by a lower friction coefficient,
reduced wear rate, and smoother surface wear;

(3) Compared to UHMWPE disks, PDA nanoparticles exhibit stronger adhesion on the
worn surface of copper balls. A large adhesive layer is observed, and the adhesion
strength between PDA and copper balls is sufficient to withstand frictional shear forces.
Conversely, the adhesion strength between PDA and UHMWPE disks is relatively
weaker, making it challenging to withstand strong shear forces during friction;

(4) The synergistic effect of the biomimetic adhesion and hydration lubrication of PDA
nanoparticles is the primary mechanism for enhancing tribological performance,
ensuring long-lasting, stable, and targeted water lubrication throughout the fric-
tion process.
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