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Abstract: A novel composite groove array surface was fabricated using femtosecond laser ablation technology
to enhance the self-replenishment capability. Initially, the driving efficiency of droplets on composite groove
array surface was tested using a high-speed droplet transportation system, characterizing the effect of this sur-
face on lubricant backflow characteristics. Simultaneously, measurement of lubricating film thickness was uti-
lized to explore the lubrication enhancement effect of composite groove array surface on oil film formation under
reciprocating motion. The multi-dimensional gradient wettability, engineered through the composite groove
array surface, demonstrated excellent efficiency in lubricant replenishment within the lubrication track. As the oil
droplet transportation testing results demonstrated, the composite groove array surface, which induced gradient
wettability at the boundary, attained a maximum driving speed of 123.5 mm/s. This innovative design significantly
reduced the barriers associated with lubricant backflow, particularly those induced by cavitation expansion during
high-frequency reciprocating motion. Furthermore, the results exhibited the enhanced film-forming capabilities of
this composite groove array surface, thereby optimizing the overall lubrication performance.

Keywords: self-replenishment; droplet transportation; lubrication enhancement; gradient wettability

1. Introduction

While normal surface modification techniques can improve material surface tribological prop-
erties to some extent, their performance enhancement is often limited by intrinsic physicochemical
characteristics of material [1]. In contrast, surface texturing technology provides an innovative solu-
tion for significantly enhancing tribological performance by precisely engineering surface morpho-
logical characteristics to overcome this technical limitation [2-4]. With the rapid advancement of mi-
cro-machining technologies, surface texturing has emerged as an effective strategy for optimizing the
lubrication performance of friction pairs and enhancing load-bearing capacity [5-7]. Bayer et al. [8]
found that the meniscus shapes in the contact zone can regulate the lubrication grease replenishment
efficiency, and the resulting capillary pressure promotes the transportation of grease into the contact
zone. Sommers et al. [9] achieved directional droplet transportation control by fabricating tailored
surface topographies on copper substrates via laser texturing technology, which induces surface ten-
sion gradient effects. Marian et al. [10] conducted both theoretical and experimental analyses on laser-
partially-textured thrust bearings. The experimental results demonstrated that optimized surface tex-
ture designs could significantly improve the bearing’s lubrication performance, reduce the friction
coefficient, and enhance load-carrying capacity. Vidyasagar et al. [11] laser-etched snake-skin-like
texture patterns on the inner rings of deep-groove ball bearings, with experimental results showing
that such textures can enhance bearing lubrication efficiency and effectively improve the tribological
performance of the bearings. Tala-Ighil et al. [12] demonstrated that a 40% texture area ratio optimizes
bearing performance, achieving lower friction and higher load capacity compared to other ratios. Li
et al. [13] demonstrated through computational simulations and experimental investigations that tex-
tured bearings exhibit superior lubrication and tribological performance. Liu et al. [14] fabricated a
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composite coating comprising micro-textures and DLC/MoS; on titanium alloy substrates. Experi-
mental results demonstrated that this coating exhibits superior tribological properties across varying
temperatures and extended friction cycles.

However, designing textures within the contact zone can lead to disadvantages such as stress
concentration [15]. Therefore, textures are machined on both sides of the lubrication track along with
a lubricant guiding design. Liu et al. [16] developed a functional surface with stepped wettability
gradients by fabricating oil-transportation coatings on both sides of the lubrication track. Experi-
mental results confirmed that this modified surface achieves excellent lubricant replenishment per-
formance. Li et al. [17] improved the dynamic regulation capability of the lubricant pool through
wettability gradient design. Liu et al. [18] achieved enhanced lubrication film effects in bearings by
designing laser ablation micro-grooves that provided directional driving of the lubricant. Zhang et
al. [19] proposed a fishbone-like micro textured surface, which was strategically designed in noncon-
tact areas to achieve simultaneous directional droplet transport and enhanced lubrication perfor-
mance. Hirayama et al. [20] investigated the lubrication performance of surfaces featuring parallel
grooves flanking the lubricating track. Liu et al. [21] proposed a wedge-shaped oleophilic groove
with secondary structures on super-oleophobic surfaces, which achieved dual functionalities of di-
rectional droplet transport and lubricant retention, while significantly enhancing tribological perfor-
mance. Wu et al. [22,23] designed a biomimetic composite surface coating, achieving autonomous
lubricant transport functionality. Experimental results demonstrated the surface significantly re-
duced churning friction and decreased temperature under high-speed operation. Above findings re-
vealed that the engineered surface textures effectively mitigated lubricant leakage in the bearing con-
tact zone, consequently enhancing lubricating film thickness. Furthermore, surface engineering ap-
proaches incorporating coatings, textures, and other methodologies have proven effective in regulat-
ing lubricant flow, representing significant advancements in lubrication technology.

This paper addresses the issue of lubricant being squeezed out of the operating lubricant track
and difficult to return under harsh conditions, proposing a method for lubrication enhancement. By
enhancing the lubricant return flow, the aim is to improve the operational lifespan of the bearing.
Specifically, a composite groove array surface, consisting of surface texture and an oleophobic coating
prepared by femtosecond laser ablation, is employed. The strong driving capability for the lubricant
of this surface enhances the lubricant backflow effect, thereby improving lubrication efficiency. The
driving efficiency of this surface for lubricating oil was firstly investigated using a high-speed droplet
transportation system. The surface was then applied to both sides of the lubrication track to study its
effect on enhancing the film thickness of the lubrication track.

2. Materials and Methods
2.1. Sample Preparation

There is a noticeable surface tension gradient between the AF-coated surface and the ordinary
surface [24]. The composite surface constructed by combining the textured array with the Polytetra-
fluoroethylene (PTFE) coating exhibits an even more pronounced surface tension gradient compared
to the ordinary surface. To verify the difference in surface tension between the PTFE composite sur-
face and the ordinary surface, as well as its impact on droplet driving efficiency, the driving process
of oil droplets at the boundary of the PTFE coating was observed using a high-speed droplet trans-
portation system. The preparation process of the PTFE composite surface is illustrated in Figure 1.
Before the experiment, the steel block surface was cleaned with petroleum ether and alcohol, allowed
to air-dry, then positioned using a fixture. The steel block surface was first laser ablation after posi-
tioning to create a groove array surface. Subsequently, a 0.03 mm thick PTFE film was uniformly
overlaid on the steel surface. Following compression treatment, a second laser ablation enabled se-
lective PTFE deposition within the surface textures, ultimately yielding a Composite Groove Array
(CGA) surface.
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Figure 1. Textured surface process on steel block.
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Table 1. Laser parameters for manufacturing.

Scanning Speed  First Laser Ablation En- Second Laser Ablation
(mm/s) ergy (%) Energy (%)
1064 400 20 15 65-75 68-80

Wavelength (nm) Pulse Width (fs) Frequency (kHz)

Using the processing method shown in Figure 1, three different shapes (Circle-like pattern array;
Stripe-like pattern array; Grid-like pattern array) and varying densities (Dot Pitch; Line Spacing) of
textures were fabricated using laser ablation. After processing, the surface textures and coating
changes on the steel block were tested using a scanning electron microscope, as shown in Figure 2
(a). After the first laser ablation, LIPSS (Laser-Induced Periodic Surface Structures) were observed in
the textures of all shapes. The second ablation, the coating in the surface micropores appeared as
hierarchical micro, indicating that a composite groove array surface, consisting of both textures and
PTFE coating. The hierarchical micro distribution of the PTFE coating is conducive to the formation
of an internal air cushion, allowing the liquid to achieve a Cassie contact state, thereby reducing the
wetting state of the lubricant. As shown in Figure 2 (b), the contact angle of PEG200 on the CGA
surface was 151° in the direction parallel to the texture and 146° in the direction perpendicular to the
texture, while on a normal surface, it was 28°. This demonstrates that the rough air cushion layer
structure of the CGA surface significantly enhances its oleophobic properties.

The first laser
ablation

The first laser
ablation

The first laser
ablation

Normal Surface CGA// CGA L
Contact Angle: 28° Angle :151° Angle: 146°

AF Surface Rough PTFE Flat PTFE
Contact Angle: 86° Contact angle: 149° Contact Angle: 61°

Figure 2. Microscopic morphology of CGA surface and contact angles on different surfaces. (a) Microscopic
morphology characterization of laser ablation textures with different shapes; (b) Contact angles of PEG200 on
different surfaces.
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Under reciprocating motion conditions, a composite groove array surface (linear groove array,
PTFE coating (Polytetrafluoroethylene, Shenzhen Leshangjia Technology Co., Ltd.), AF coating
(Anti-fingerprint AF703, a combination of active silane groups and fluorine-modified organic groups,
Shenzhen Aisike Lubrication Materials Co., Ltd.)) was utilized on both sides of the lubrication track
to prepare groove array surface constructed by multi-dimensional surface tension gradients, enhanc-
ing the self-replenishment capability of the lubrication track. The study explored the constraining
effect on the bearing oil separation pool under reciprocating motion. As shown in Figure 3, a 0.4 mm
x 12.8 mm striped mask was placed over the cleaned glass block track surface, and the AF coating
was uniformly applied to the steel block surface on both sides of the mask (heated at 85 °C for 35
minutes and naturally cooled to solidify), retaining a 0.4 mm width of the AF coating. The PTFE
coating was laser-ablated onto the outer surface of the AF coating, with a width of 1 mm. When a
PEG200 (0.1 pL) droplet was added to the prepared striped track, it was observed that the droplet
was constrained within the track, an effect resulting from the combined action of the AF and PTFE
surfaces. The AF coating surface has a relatively smooth texture (contact angle of 86°), while the PTFE
coating surface features a micro structure with unevenness (contact angle of 146°). These two coatings
form a multi-dimensional surface tension gradient with the ordinary surface, constructed by differ-
ences in surface roughness and surface tension. Driven by this surface tension gradient, the droplet
exhibits a unidirectional transport effect. As shown in Figure 3, under the influence of the air cushion
layer stored by the micro-rough surface, the slip performance of the oil droplet is enhanced, acceler-
ating the movement of the lubricant from both sides of the track towards the center and reducing the
oil churning resistance.

Reciprocating Track

AF Coating

PTFE Coating l ! 7
= ——— ;
+12.8 .

Annular Mask

d » Droplet Deposition Image

Figure 3. Lubrication tracks fabricated by CGA surfaces.

2.2. Measuring Equipment and Conditions

The influence mechanism of composite groove array surfaces on droplet driving efficiency was
systematically investigated using a high-speed droplet transportation system. As shown in Figure
4(a), the experiment was conducted on a single-side composite groove array region of the track to
evaluate the oil droplet driving efficiency. A 7 uL PEG200 droplet was freely dropped from a height
of 5 mm onto the boundary of the composite groove array. The droplet boundary diffusion process
was captured in real-time by an image analysis system, and the surface driving efficiency was quan-
titatively calculated based on the diffusion distance. Figure 4(b) further explores the influence of dif-
ferent texture shape densities on driving efficiency by precisely controlling the dot spacing (0.02-0.10
mm) and line spacing (0.02-0.10 mm) to achieve gradient design of texture morphology. Experimental
results revealed that discrete dot arrays achieved optimal coverage at a dot spacing of 0.06 mm. When
the dot spacing was reduced to 0.02 mm, the dot arrays gradually transitioned into continuous linear
structures. Furthermore, when the line spacing was optimized to 0.02 mm, the linear textures evolved
into quasi-continuous planar structures. This multi-scale morphological transformation significantly
enhanced the surface driving performance.
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Figure 4. High-speed droplet transportation system and parameters of CGA surface. (a) Schematic diagram of
high-speed droplet transportation system; (b) Parameters of CGA surface.
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The reciprocating motion module of a point-contact film thickness measurement tester is used
to measure the oil film thickness and cavitation changes. Its structure and working principle are
shown in Figure 5(a). The glass block sample is fixed in a hexagonal fixture, and the reciprocating
motion of the fixture is achieved through a linkage mechanism. When the reciprocating angle is con-
trolled at 8.8° and the radius of rotation is 68.5 mm, the reciprocating stroke is 12.8 mm. A microscope
and camera are used to magnify and capture the interference images of the contact area. A dichro-
matic interference intensity modulation approach [25] is employed to calculate the film thickness
from the obtained interference images. The laser light source used in the experiment is a red-green
dual-light source, with a red light wavelength of 640 nm and a green light wavelength of 525 nm. The
reciprocating trajectory is shown in Figure 5(b), and images taken at the midpoint of the entire stroke
(6.4 mm) are compared during the experiment. The linear velocity is highest at the midpoint of the
reciprocating stroke, and a higher oil film thickness can be generated when the oil supply is sufficient.
The film thickness measurement results are compared based on the film thickness at this point.

During the reciprocating rotation of the fixture, the steel ball rolls purely along with the glass
block. The steel ball is loaded through a loading unit below it, and 0.1 pL of lubricating oil is evenly
distributed on the motion track using a micro-injector. The system operates at a reciprocating frequency
of 0.02 Hz under a 3 N load for 20 minutes to evenly distribute the lubricant. Once the lubricant pool
on the track is uniformly distributed, the oil film measurement is conducted. The test load is 30 N, the
test temperature is maintained at 22 + 0.5 °C, and the humidity is 85 + 5%. Each group of experiments
is repeated three times, and each point is measured three times with the average value taken.

ol
& ~( Glass dﬁ ‘

‘ 0 «Block D ILoading o J
R ¥ Recipmcatin Red and Green
& @ Rotation Light Sources
Sample Holder

Figure 5. Optical EHL film thickness test rig:(a) Schematic diagram of the reciprocating test module; (b) Physical
diagram of the test module. .
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The lubricants used for the investigation of droplet driving efficiency, film thickness measure-
ment, and bearing friction torque measurement are listed in Table 2. They are Polyethylene glycol
(PEG200 from Wuxi Yatai Union Chemical Co., Ltd.) and Polyester oil (from Shandong Hongxing
Chemical Co., Ltd.), respectively. Among the three lubricants tested, PEG200 exhibited relatively
weaker film-forming capability and was therefore only employed for flow velocity measurements,
whereas both PEG500 and Polyester oil demonstrated superior film-forming performance, making
them suitable for lubricating film thickness experiments.

Table 2. Lubricant properties.

Lubricant Dynamic Viscosity(mPa-s @ 20°C)
PEG200 54.7

PEG500 122.6

Polyester 132.6

3. Results and Discussion
3.1. Effect of CGA Surface on The Driving Efficiency of Oil Droplets

A7 uL droplet of PEG200 is dispensed onto the boundary between a CGA surface and a normal
surface, with the right side of the droplet on the CGA surface (represented by a yellow line) and the
left side on the normal surface (represented by a blue line). The motion of the droplet after impact is
captured using a high-speed camera, revealing several distinct stages as shown in Figure 6: The first
stage (a) is the bouncing process, occurring from 0 s to 0.0104 s. During this stage, the droplet transi-
tions from a circular shape to an oval shape. This deformation is due to the combined effects of gravity
and surface tension. Since the droplet falls from a low height, its kinetic energy is relatively small,
resulting in only elastic deformation without any rebound. The second stage (b) is the dampening
process, occurring from 0.0117s to 0.0156s.

‘Normal
Surface

0.0169s

! 0.0273s 0.0299s 0.03258 0.0351s

0.0481s 0.0507s 0.05465%
| )

d) Wetting process

Figure 6. The process of a droplet falling. (a) Bouncing process; (b) Dampening process; (c) Driving process; (d)
Wetting process.
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Although the droplet does not exhibit significant driven motion, there is a tendency for it to wet
towards the left boundary because the left surface is a normal surface with a smaller contact angle.
This process involves the interaction between the droplet and the surface, particularly the influence
of surface tension gradients. Surface tension gradients can cause the droplet to spread or contract on
the surface, affecting its shape and movement. The third stage (c) is the driving process, occurring
from 0.0169s to 0.0351s. During this stage, the droplet is subjected to a surface tension gradient at the
boundary, causing it to rapidly move from the oleophobic side to the oleophilic side. This movement
is driven by the significant difference in surface tension, which propels the droplet to shift quickly.
The final stage (d) is the wetting process, occurring from 0.0377s to 0.0546s. primarily determined by
the droplet’s spreading behavior on the normal surface. The spreading of the droplet on the normal
surface is essentially a result of interactions between liquid molecules, gas molecules, and solid sur-
face molecules. The attraction between solid and liquid molecules pulls the wetting contact line out-
ward, while the CGA surface constrains the spreading, causing the droplet deposited at the boundary
to migrate unidirectionally from the CGA surface to the normal surface.

3.2. Lubricant-Driven Efficiency Analysis

This study investigates the driving efficiency of lubricants on CGA surfaces. PEG200 was se-
lected as the lubricant, with precise control of lubricant volume (7 uL) and droplet falling height (5
mm) to ensure experimental repeatability. As shown in Figure 7, comparative analysis of lubricant
driving efficiency between PTFE and pristine surfaces reveals that PTFE surfaces demonstrate signif-
icant performance advantages, far exceeding normal surfaces in driving efficiency. Among the four
processes illustrated in Figure 6, the driving phase exhibits the highest velocity. In contrast, droplets
on normal surfaces only undergo a free wetting process, resulting in substantially lower velocities.

=

—@— CGA Surface
—@— Normal Surface

Flow velocity (mm/s)
[ I e )
o o oS & S

0.000 0.006 0.012 0.018 0.024 0.030
Time (/s)

Figure 7. Comparison of driving efficiency on different surfaces, PEG200, 7 pL.

To investigate the influence of different surface texture morphologies on lubricant driving effi-
ciency. The experiments were conducted under the conditions of a fixed droplet falling height of 5
mm and a lubricant volume of 7 puL. The experimental results demonstrate that the grid-like pattern
array exhibits optimal instantaneous driving performance, achieving a peak driving velocity of 103
mm/s as shown in Figure 8(a). In contrast, the stripe-like pattern array demonstrates superior lubri-
cant transportation stability, maintaining an average flow velocity of 78 + 3 mm/s within the 0-0.035s
time higher than the 62 + 5 mm/s observed for the Grid-like pattern array Based on these distinct
kinetic characteristics, The stripe-like pattern array was selected for subsequent lubricating film thick-
ness investigations. This phenomenon is primarily attributed to the unique flocculent distribution
characteristics of the PTFE coating, which facilitates the formation of a stable internal air cushion on
the surface, promoting the liquid to adopt a Cassie contact state, thereby effectively reducing the
wettability of the lubricant. Compared to the dot array, the filling effect of PTFE particles in the pores
of the grid array is more ideal, forming a more continuous and uniform surface structure. This opti-
mized surface morphology not only enhances the stability of the air cushion but also significantly
reduces the contact area between the droplet and the solid surface, thereby decreasing frictional re-
sistance.

Figure 8 (b) systematically investigates the influence mechanism of different dot densities on
droplet driving efficiency. The experiments were conducted under strictly controlled conditions with


https://doi.org/10.20944/preprints202503.2329.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 March 2025

a constant droplet falling height of 5 mm and a PEG200 volume of 7 uL. The results demonstrate a
significant increasing trend in droplet driving velocity as the dot spacing decreases from 0.1 mm to
0.02 mm. This enhancement is primarily attributed to two synergistic mechanisms: firstly, the higher
dot density increases the deposition overlap rate of PTFE coating, forming a more continuous hydro-
phobic surface; secondly, when the dot spacing reduces to 0.02 mm, the discrete dot-like structures
gradually transition into continuous linear patterns, significantly enhancing the directional driving
capability of the surface texture. During this process, the PTFE coating reduces droplet adhesion by
lowering surface energy, while the linear texture guides droplet motion by providing directional ca-
pillary channels. The synergistic effect of these two factors enables the lubricant driving speed to
reach a peak value of 107.69 mm/s.

Figure 8 (c) investigates the influence of different line densities on droplet driving efficiency.
The experiments were conducted under controlled conditions with a droplet falling height of 5 mm
and a PEG200 volume of 7 pL. The results demonstrate a significant increasing trend in droplet driv-
ing velocity as the line spacing decreases from 0.1 mm to 0.02 mm, reaching a peak value of 123.5
mm/s on the CGA surface at 0.02 mm line spacing. With increasing line array density, the filling
efficiency of PTFE particles in the micro-nano structural pores significantly improves, forming a more
continuous and uniform surface coating structure. At a line spacing of 0.1 mm, the surface exhibits
discrete linear features, where droplet motion primarily relies on the capillary action of individual
lines. However, when the line spacing reduces to 0.02 mm, the discrete linear structures gradually
transition into continuous planar patterns, significantly enhancing the continuity of surface gradi-
ents. During this process, the PTFE coating effectively reduces droplet adhesion by lowering surface
energy, while the high-density linear textures guide droplet motion by enhancing capillary action
and providing continuous directional transport channels.
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Figure 8. Influence of parameters of CGA on driving efficiency. (a) Different textures; (b) Dot pitch; (c) Line
spacing.

3.3. Investigation on Lubrication enhancement

The following is a comparison of the film thickness between the normal surface and the CGA
surface. A reciprocating stroke track, as shown in Figure 3, was prepared. On both sides of lubrication
track, AF coating layer with a width of 0.4 mm were applied. Outside the AF coating, a PTFE coating
with a width of 1 mm was prepared, forming a multi-dimensional wettability gradient surface to
achieve better oil collection efficiency. The linear composite groove array surface was machined onto
a glass block, and film thickness tests were conducted, with the film thickness at the midpoint of the
reciprocating stroke taken as the measurement result. Figure 9(a) shows a comparison of the oil film
formation interference images between a normal lubrication track and a lubrication track constructed
with CGA surface. It can be observed from the figure that the limited supply of lubricating oil on the
normal lubrication track has already experienced severe oil starvation. After the cavitation separation
at the outlet of the contact zone, the lubricating oil exists in the form of oil ridges on both sides. In
contrast, on the lubrication track constructed with CGA surface, the limited lubricant is confined to
the central normal surface. After cavitation separation at the outlet of the contact zone, the lubricant
is driven back to the center, forming an oil pool around the contact zone, with a larger oil-starved
distance and significantly reduced oil starvation. Along the entrainment velocity direction (indicated
by the black dashed line in the figure), the film thickness was calculated for the interference patterns
of both surfaces. The results are shown in Figure 9(b). By comparing the film thickness profiles at the
center of the contact zone between the lubrication track constructed on the CGA surface and the orig-
inal track, it can be seen that the o0il pool expands after oil collection on the CGA surface, and the film
thickness in the contact zone increases under the effect of centralized oil supply.

Normal Surface

/E« 600} —— CGA Surface
". = Normal Surface
! =
f £ 400
Q
2
e
7 200
=
“I 0 Il Il Il Il Il
i -200  -100 0 100 200
; . (um)
/'100 pum
(b)
Figure 9. Comparison of film thickness on different surfaces. (a) Interference images; (b) Film profile. PEG500,

10N, 0.1 pL.

Figure 10(a) shows a comparison of the film thickness formed by 0.1 pL of polyester oil on the
CGA and the normal surface under a load of 10 N. In the low-speed stage, the central film thickness
of the CGA increases with speed, while the central film thickness of the normal surface gradually
decreases. The rate of change in the central film thickness shows an upward trend. As can be easily
seen from Figure 10(b), the normal surface begins to experience severe oil starvation at a low speed
of 1 Hz, and the contact area cannot be adequately replenished with lubricant, resulting in a lower
oil film thickness. The oil film thickness on the CGA surface shows a decreasing trend at higher
speeds. At this point, the cavitation at the exit of the contact area expands significantly under rapid
reciprocating conditions, and the CGA cannot promptly drive all the oil reservoir back, increasing
the degree of oil starvation and reducing the film thickness.

Figure 10 (b) presents optical interferograms of oil films for polyester o0il on different surfaces.
The cavitation angle « at the outlet region of the lubricant reservoir is introduced, where a1 represents
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the angle on normal surfaces and o2 denotes the angle on CGA surfaces. As shown in Figure 10 (c),
the reservoir angle a: at the outlet region of CGA surfaces is significantly smaller than a1 on normal
surfaces. Moreover, the lubricant reservoir at the outlet region of the composite groove surface ex-
hibits a converging trend towards the central track. This phenomenon indicates that the lubricant is
constrained by the CGA surfaces on both sides, where additional oil supply from the sides leads to
increased film thickness and suppressed cavitation zone expansion. The multi-dimensional surface
tension gradient, formed by the combined effects of surface tension and roughness variations, effec-
tively regulates lubricant flow and distribution. Under high-speed conditions, this mechanism re-
duces cavitation zone expansion, thereby enhancing lubrication efficiency.
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Figure 10. Comparison of film thickness and oil pool of different surfaces. (a) Central film thickness; (b) Cavita-
tion angle at the outlet zone; (c) Optical interference images. Polyester, 10 N, 0.1 uL.

Figure 11 (a) compares the oil film thickness distribution characteristics of 0.1 pL PEG500 on
CGA surfaces and pristine surfaces under a 10 N load. During the low-speed phase, the central film
thickness of the CGA surface increases with speed, while that of the pristine surface gradually de-
creases, showing significant differences in the rate of central film thickness change. As shown in Fig-
ure 11 (b), at 0.5 Hz, the bilateral structure of the CGA surface effectively promotes lubricant back-
flow, significantly suppressing cavitation. In contrast, the pristine surface exhibits noticeable oil star-
vation at a low speed of 1.5 Hz, with insufficient lubricant replenishment in the contact zone leading
to a marked reduction in film thickness. Notably, under high-speed conditions, the CGA surface
maintains stable film thickness through effective lubricant backflow, benefiting from the synergistic
effects of multi-dimensional wettability gradients. Conversely, the pristine surface, lacking an
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effective backflow mechanism, experiences aggravated oil starvation and continuous film thickness
reduction. To further analyze this phenomenon, the study introduces the cavitation angle a at the
outlet region of the lubricant reservoir as an evaluation metric, where airepresents the angle on pris-
tine surfaces and o denotes the angle on CGA surfaces. As illustrated in Figure 11 (c), the reservoir
angle o at the CGA surface outlet is significantly smaller than al on the pristine surface, with the
composite groove surface outlet showing a distinct centripetal convergence trend. This characteristic
indicates that the lubricant, constrained by the bilateral CGA surfaces, increases film thickness
through lateral replenishment mechanisms, effectively inhibiting cavitation zone expansion. The
multi-dimensional surface tension gradient, constructed based on surface tension and roughness var-
iations, enables precise control of lubricant flow and distribution, significantly reducing cavitation
expansion under high-speed conditions and thereby enhancing lubrication efficiency.
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Figure 11. Comparison of film thickness and oil pool on different surfaces. (a) Central film thickness; (b) Cavi-
tation angle at outlet zone; (c) Optical Interference images. PEG500, 10 N, 0.1 uL. .

4. Conclusions

This paper proposes a CGA surface composed of different oleophobic coatings and surface tex-
tures, which can effectively mitigate the passive loss in lubrication tracks under limited oil supply:
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(1) In the flow velocity tests conducted on composite groove array surfaces made of PTFE coat-

ing and groove array surface, the CGA surface exhibited remarkable lubricant transport capabilities
compared to traditional smooth surfaces, with a maximum driving speed for PEG200 of 123.5 mm/s.

(2) The CGA surfaces on both sides of the contact area enhance the self-replenishment capability

of the lubrication track, effectively suppressing the side leakage of lubricant at the contact area. Under
conditions of limited oil supply, the multi-dimensional wettability gradient demonstrated remarka-
ble lubrication enhancement effects.
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