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In this work, a bio-inspired surface texture was developed to regulate lubricant migration and interfacial
lubrication. Reciprocating friction tests in horizontal and vertical orientations were conducted to examine how
thermal gradients and gravity influence the lubrication behavior of textured surfaces. Results demonstrated that
surface texturing can effectively reduce friction and control lubricant loss under different directional forces. In
simulated point-to-plane contact of the rotating pair tests under low-speed, light-load rotation, the textures

enhanced resistance to centrifugal effects and improved lubrication stability. These findings confirm the po-
tential of biomimetic surface designs for improving point-to-plane lubrication in complex operating conditions,
with promising applications in aerospace bearings and precision motion systems.

1. Introduction

With the development of modern industrial technologies, particu-
larly in aerospace and precision instrumentation, the reliability of
lubrication systems has become increasingly critical. Insufficient lubri-
cant supply leads to direct contact at friction interfaces, resulting in an
elevated coefficient of friction (COF), accelerated wear, and potential
mechanical failure. Major contributing factors include mechanical vi-
bration [1], centrifugal and electromagnetic forces [2], and thermoca-
pillary effects [3,4]. Among these, thermally induced lubricant
migration is particularly significant, as it critically limits the service life
and reliability of mechanical systems. Thermal capillary migration re-
fers to the spontaneous transport of lubricants from high- to
low-temperature regions at frictional interfaces, driven by surface ten-
sion gradients induced by temperature differentials [5,6]. Regarding
thermal capillary migration, investigations have focused on temperature
gradients and surface tension effects. Dai et al. [7,8] analyzed droplet
dynamics and micro-dimple textures for lubricant control. Griitzmacher
et al. [9,10] further demonstrated the guiding effect of micro-groove
arrays on lubricant migration under thermal gradients. Collectively,
these studies provide a theoretical foundation for controlling solid-
-liquid interfacial behavior in thermally complex environments.

In recent years, biomimetic surface technologies have demonstrated
considerable potential for addressing lubrication-related challenges.
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Among various structural designs, wedge-shaped geometries [11] have
attracted particular interest due to their ability to induce spontaneous
liquid transport via Laplace pressure gradients arising from curvature
variations [12-17]. To address this technical challenge, researchers
have drawn significant inspiration from nature, where biological or-
ganisms exhibit sophisticated strategies for liquid manipulation [18].
Many natural structures possess the ability to guide and regulate liquid
transport in a highly controlled manner [19-23]. For instance, cactus
spines and spider silk utilize surface microstructures to induce Laplace
pressure gradients and surface energy gradients, thereby enabling effi-
cient water harvesting [18,24,25]. The surface of rice leaves features a
unique sinusoidal groove structure that effectively guides the directional
movement of droplets [26,27]. Similarly, Nepenthes utilizes a sponta-
neous droplet transport mechanism to continuously deliver water to the
periphery of its pitcher, maintaining surface wettability essential for
effective prey capture [28]. These intricate natural designs have inspired
the development of functional artificial surfaces for tribological appli-
cations. Zhang et al. [29] designed a fishbone-like texture that reduced
friction by 63.3 %. Dai et al. [30] constructed wedge-grooved surfaces
for directional lubricant transport. Guo et al. [31] proposed comb-like
textures to enhance film thickness and reduce bearing friction. Vidya-
sagar et al. [32] reported performance improvements in deep groove
ball bearings by integrating bionic textures on the inner race. Pattnayak
et al. [33] demonstrated that combining bionic textures with
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micro-pockets enhanced the oil film stability in journal bearings. Gouda
et al. [34-37] studied the fatigue life, vibration response, and tribody-
namic behavior of ball bearings with micro-grooved inner or outer races
under both dry and lubricated conditions.

The existing literature has provided valuable insights into the bio-
inspired functional surfaces. However, when considering the thermal
capillary migration in real applications, several critical challenges
remain unresolved. Few studies have considered the influence of grav-
ity, and a systematic understanding of thermal capillary migration under
coupled conditions of temperature gradients and complex motion states,
such as vertical and rotational movements, is still lacking. Furthermore,
the long-term stability and reliability of existing surface textures require
further enhancement. Addressing these issues is essential for the
development of next-generation space lubrication technologies.

Hence, this study focuses on point-to-plane friction pairs and pro-
poses a V-shaped array texture inspired by the structure of Metasequoia
leaves. By adjusting the inclination angle of the texture elements, mul-
tiple texture configurations were achieved. The structure generates
multiple localized Laplace pressure gradients that drive liquid transport
toward the center through converging pathways, presenting a distinct
contrast to conventional single-wedge designs [38] and offering a novel
strategy for active lubricant regulation. The lubrication regulation
mechanisms of surface textures under multi-field coupling of tempera-
ture gradient and gravity were systematically investigated in both hor-
izontal and vertical directions. Moreover, the influence of texture
inclination parameters on lubricant transport performance was
analyzed. Furthermore, low-speed and light-load rotational conditions
of point-to-plane contact of the rotating pair were simulated to explore
the effects of texture arrangement direction on lubrication performance.
The findings provide important insights for improving the lubrication
efficiency and durability of mechanical friction pairs.

2. Experiment
2.1. Materials
In this work, lubrication and migration experiments were carried out

based on the point-to-plane contact pair. The upper specimen consisted
of a silicon nitride SigN4-ball (10 mm diameter, surface roughness

1000r/min
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(Ra):20-50 nm, NSK, China), which exhibits enhanced friction and wear
compatibility with metallic counterparts under reciprocating wear
conditions [39]. The lower specimen was an aluminum plate (1090,
Al>99.95 %, 70 mm x 20 mm x 3 mm, surface roughness
(Ra):20-150 nm, Hefei Wenghe Metal Materials Co., Ltd., China), due to
its excellent thermal conductivity and machinability [40]. Poly-
alphaolefin (PAO4, kinematic viscosity (40 °C):19.42 mm?/s, density
(20 °C):817.9 kg/m3) synthetic base oil (Shenzhen Huashengyuan
Petrochemical Technology Co., Ltd., China) served as the lubricant.
PAO4 was chosen for its optimal rheological properties, featuring a low
kinematic viscosity and excellent flow characteristics at both ambient
and elevated temperatures [31]. Compared to conventional mineral oils,
this synthetic hydrocarbon exhibits superior oxidation stability and
viscosity-temperature performance, making it particularly suitable for
high-performance rolling bearings in precision equipment.

2.2. Design of bio-inspired functional surfaces (BMLB)

The functional surfaces were inspired by the metasequoia leaf-blade
(Bionic metasequoia leaf blade, BMLB) pattern, as shown in Fig. 1(a).
The central main groove resembles the midrib structure connected to the
petiole, with lanceolate, leaf-like units distributed along both sides,
forming a radially arranged V-shaped array.

The fabrication process is illustrated in Fig. 1(b). First, the polished
and cleaned aluminum sample was subjected to electrochemical treat-
ment for 7 min at a current density of 0.7 A/cm?, followed by cleaning
and drying to obtain an irregular stepped micro-rough morphology.
Subsequently, the electrochemically treated aluminum sample was
boiled in deionized water for 40 min to further roughen the surface. The
boiled sample was then immersed in a 0.02 mol/L solution of
1 H,1 H,2 H,2H-Perfluorodecyltrichlorosilane (PFDTS) in anhydrous
ethanol for 3 h. After chemical treatment, the sample was dried in a
vacuum oven at 176 K with a vacuum level of —0.1 kPa for 15 min to
achieve a low-surface-energy surface (Rough surface). Finally, the
texture patterning was performed using a laser marking system (JPT
Seal-355-5, China). Ensuring that the texture possesses reliable and
stable surface functionality while preventing lubricant accumulation
that could diminish lubrication efficiency. The laser parameters were set
at 3.5 W power, 40 kHz frequency, and 1500 mm/s scanning speed,

1H,1H,2H,2H-
Perfluorodecyltrichlorosilane

Fig. 1. BMLB texture source and fabrication process (a) Diagram of the BMLB texture configuration (b) Texture fabrication process.
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producing textures with a depth of 8-10 pm [29-31] as shown in Fig. 1
(a).

Based on the angle o relative to the vertical direction, three types of
textures were designed: Bionic metasequoia leaf blade 0° texture (BMLB-
0°), Bionic metasequoia leaf blade 5° texture (BMLB-5°), and Bionic
metasequoia leaf blade 30° texture (BMLB-30°). Detailed parameters are
summarized in Table 1.

The laser-scanned surface without patterning is called Laser surface.
This process resulted in an oil-philic texture interior and super-
oleophobic exterior, with various oils exhibiting contact angles greater
than 130° on the exterior and less than 10° on the interior of the tex-
tures, as shown in Fig. 2.

2.3. Experiment apparatus

The tests were conducted using a self-constructed surface tribology
mechanics testing platform, as shown in Fig. 3(a). The surface tribology
mechanics testing platform was capable of generating both horizontal
and vertical temperature gradients to investigate the effects of thermally
induced directional variations on oil lubrication performance. The
thermal gradients were established using MCH high-temperature
ceramic heaters (0-200 °C, 24 V, 40 W, China) and a water-circulating
chiller (0.5 °C-25 °C) to establish controlled temperature differentials
across the solid specimen surface. Temperature regulation was imple-
mented through K-type precision thermocouples (-40-260 °C) coupled
with a REX-C100 universal digital temperature controller (YTG-850W,
China). Frictional force measurements were conducted via a quadrilat-
eral cantilever beam system incorporating laser displacement sensors
and double-layer spring plates, a normal load ranging from 0 to 100 mN
could be applied and enabling millinewton-level precision during
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contact interactions.

2.4. Experimental process

To evaluate the creep-lubrication regulation performance of textured
surfaces on lubricant behavior, a series of experiments were conducted
under both horizontal (without gravity) and vertical (with gravity)
orientations, as detailed below.

2.4.1. Horizontal friction test

As shown in Fig. 3(b), the upper SigNy-ball sample was fixed at the
end of a cantilever beam, while the lower aluminum plate sample was
mounted on a load displacement platform. The platform moved recip-
rocally at a speed of 50 um/s over a distance of 10 mm, with a preload of
50 mN applied as the normal load to ensure effective contact between
the upper and lower samples. The reciprocating friction test is conducted
sequentially on aluminum and electrolyzed surfaces under dry condi-
tions, with 3 uL of PAO4 oil lubrication, after the introduction of a
temperature gradient with PAO4 lubrication, and with the addition of
three types of textures. The temperature conditions were set with the hot
end at 115 °C and the cold end at 5 °C, with a distance of 40 mm,
resulting in a stable temperature gradient of 2.75 °C/mm. Each recip-
rocating motion constituted one cycle, and a total of 5 continuous cycles
were performed.

2.4.2. Vertical friction test

As shown in Fig. 3(c), to further investigate the effect of gravity, the
lower aluminum plate sample was placed vertically, and the upper
SigNy4-ball sample was rotated 90° to make contact with it. The preload
was increased to 100 mN to reduce the amplitude of fluctuations in the

Table 1
Texture design parameters.
Name BMLB-0° BMLB-5° BMLB-30°
Inclination angle a=0° a=5° a=30°
Unit
E
|
1
1
'a
|
L /':\
|
1
1
T
b
3D morphology

Array structure

Area Density 54.84 %
Groove length L= 30 mm
Groove width W=1.5mm
Texture width b=1.5mm
Centerline length a=7 mm

53.67 %

50.19 %
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Fig. 3. (a) Self-constructed surface tribology mechanics testing platform (b) Horizontal test (c) Vertical test.

Test condition parameters.

Parameters

Horizontal direction

Vertical direction

Orientation

Experimental conditions

Gravity, G
Thermal gradient, AT
Moving velocity, V

Load 50 mN

Temperature setting 2.75 °C/mm (hot 115 °C , cold 5 °C)
Velocity 50 pm/s

Displacement 10 mm

Lubrication condition PAO4 (3 pL)

100 mN
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cantilever spring beam. The dry friction tests on aluminum and elec-
trolyzed surfaces were omitted in this configuration. All other conditions
were consistent with those of the horizontal direction test. Detailed
experimental parameters are provided in Table 2.

3. Results and discussion
3.1. Horizontal reciprocating friction test

The experimental results are shown in Fig. 4(a). As can be seen, the
rough surface (with superhydrophobic treatment, without texture) ex-
hibits the highest surface roughness and COF, consistent with expecta-
tions for hydrophobic/oil-repellent surfaces produced by the electrolytic
method. And laser surface (without texture) lowers the COF, indicating
that wettability control improves frictional behavior. The addition of
PAO4 lubricant significantly reduces the COF, but after the 4th cycle, the
lubricant in the contact area gradually depletes, leading to lubricant
depletion and rising COF, especially under a temperature gradient,
which accelerates lubricant migration and failure. Surface texturing
further reduces COF and improves lubrication durability. During the five
reciprocating friction cycles, the textured surface does not exhibit sig-
nificant increases in COF, demonstrating that surface textures can
effectively maintain the stability of the lubricating oil film. As shown in
Fig. 4(b), the BMLB-5° textured aluminum surface achieves the lowest

(a)
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0.6
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02

W Wl

~—— Rough surface
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average COF and minimal fluctuations, confirming the tribological
benefits of biomimetic texture design. It is evident that, compared to
without-textured surface, the BMLB surface achieves a reduction in
average COF by more than 31 %.

To further understand the underlying reasons for the observed phe-
nomena, the oil transport capability of textures with different inclina-
tion angles is analyzed. As shown in Fig. 5(d), the lubricant within the
texture is primarily influenced by the capillary driving force Fcqp and the
frictional resistance Fy. The expression for these forces can be written as:

F= Fcap —F¢ (1)
Where F.qp represents the capillary driving force, which is mainly
induced by the nanoroughness, and Fyrepresents the frictional resistance
that the lubricant experiences during motion. In the textured channels,
the capillary crawling speed can be expressed by the Washburn modified
equation as:

dh _ rerycosd rZ;pg
dt  4ph 8u

(2)

Where rgs represents the equivalent radius, which is determined by the
geometric dimensions of the texture (for parallelogram-shaped grooves,
Tefr is generally taken as L/2, where L is the groove width; two triangular
sections can be combined into a parallelogram, so in this case, we take
reff =L/4). y is the surface tension of the liquid, @ is the contact average
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Fig. 4. Horizontal friction test results (a) Without-textured and with-textured COF (b) Average COF.
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Fig. 5. Lubricant spreading behavior on different textures and force (a) BMLB-0° (b) BMLB-5° (c) BMLB-30° (d) Lubricant force analysis (e) Lubricant

spreading distance.

angle formed between the texture and the liquid (Since the contact an-
gles on both sides may differ, we take 6=(61+ 62)/2), u is the dynamic
viscosity of the liquid, p is the density of the liquid, g is the gravitational
acceleration, and h is the liquid infiltration distance. When equilibrium
is reached internally, the capillary force equals the opposing resistance,
and the above equation simplifies to:

Feap = 27regycosd 3)

The frictional resistance Fycan be divided into two components: fluid
viscous friction and texture friction, expressed as:

Fr=1A+ peff-Fncosg (C))]

Here, 7 represents the shear stress, A is the contact area, and yifis the
effective COF[41-43], which is related to the COF when there is no
texture and the efficiency factor. Substituting Eqs. (3) and (4) into Eq.
(1) gives the force acting on the lubricant within the texture as:

F = 27arycosd — T-A — peff~pVgcosg 5)

By observing the lubricant motion under a thermal gradient, as
shown in Fig. 5(a)-(c), and analyzing the contact angles within different
textures during the first second of movement in Fig. 5(d). It can be seen
that, under horizontal placement, the lubricant in the BMLB-5° texture
exhibits the smallest contact average angle 6, resulting in the maximum
driving force. The Fyincreases with decreasing f; however, the variation
in the f angle is relatively small, so the frictional force can be approxi-
mated as constant. The lubricant is transported the most toward the
center within this texture. Additionally, the surface tension difference
Ay generated by the temperature gradient causes the lubricant to flow
from the high-temperature region to the low-temperature region. The
expression for this can be written as[3]:

d
Ay = |EIAT 6)

Here, |§—;Irepresents the surface tension coefficient (which is related
to the type of lubricant), and AT is the temperature difference. The

distance L that the lubricant crawls can be expressed as:
LV'3.AT ¢ )

The spreading distance of lubricating oil along the temperature
gradient is directly proportional to the liquid volume, indicating that the
textured surface possesses a certain oil transport capability. A stronger
transport capacity corresponds to a larger central lubricant volume and
a longer spreading distance under the influence of the temperature
gradient. As shown in Fig. 5(e), the oil creep distance within the same
time interval is the longest under the BMLB-5° texture, which is
consistent with the aforementioned conclusion.

3.2. Reciprocating friction test in the vertical direction

As shown in Fig. 6(a), the experimental results demonstrate that the
application of PAO4 lubricating oil significantly reduces the COF, indi-
cating effective lubrication performance. However, during vertical
reciprocating friction, the influence of gravity facilitates lubricant loss,
resulting in a gradual increase in both the COF and its fluctuation
amplitude after the second cycle. When a temperature gradient opposite
to the direction of gravity is applied, the increasing trend of the COF is
partially suppressed, suggesting that the thermal gradient can mitigate
lubricant loss to a certain extent. Nevertheless, its effect remains limited
and cannot fully counteract gravity-induced oil depletion.

Upon the introduction of surface textures, the COF is further
reduced, and a more stable lubrication state is maintained throughout
the friction process. Textured surfaces not only exhibit superior friction-
reducing capabilities but also effectively delay lubricant loss, thereby
enhancing lubrication durability. As shown in Fig. 6(b), a comparison of
the average COF under various conditions reveals that the aluminum
substrate with BMLB-0° texture performs best, exhibiting the lowest
average COF and minimal fluctuation in the friction curve. It can reduce
average COF to 34 %. This indicates that the BMLB-0° texture design
achieves optimal friction reduction and lubrication stability under ver-
tical reciprocating conditions. Therefore, the BMLB surface oriented in
the vertical direction achieves a reduction in the average COF by more
than 15 %.
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Fig. 6. Vertical friction test results (a) Without-textured and with-textured COF (b) Average COF.

Unlike the horizontal placement, vertical orientation of the sample
significantly influences the motion of the lubricant due to gravity. The
gravity effect leads to variations in the lubricant morphology across
different textured surfaces, resulting in a pressure differential on both
sides of the flow direction, thereby inducing lubricant migration and
loss. The behavior of droplets on arbitrarily curved surfaces can be
described using the Young-Laplace equation [44], which accounts for
the Laplace pressure difference and gravity [45].

1 1
AP =g (E] + Ez) ®
r r
Ry=— Ry=—— 9
! sin6,’ 2 sin0, ©®
dp AP .
qx =~ L +pesina (10)

Here, yg; represents the surface tension of the liquid, R denotes the
principal radius of curvature, 6 is the contact angle, « is the inclination
angle of the specimen, and p is the density of the lubricant. By incor-
porating the geometric parameters of the surface texture along with the
physical properties of the lubricant. The velocity distribution along the
direction of lubricant loss can be obtained by integrating the above
equation.

1

AP .
v(y) = 5o(~ T+ pasine)y(d—y) an

Taking the average value of the integral, a predictive model for the
lubricant loss rate can be established.

1 11, AP -
Vavg = 3 /Oj v(y)dy = -5 (= + pgsina)- (12)
After simplification, the expression is as follows.

APd? 1 pgl2sina

Vioss = 7( 2AP

12pL ) as

Where AP denotes the pressure difference, d is the characteristic
dimension at the texture tip, L represents the texture depth, and y is its
viscosity. Based on these parameters, the lubricant loss volume V can be
expressed as follows.

Viess = Aloss'h 14

Here, Ajyss represents the area over which the lubricant spreads or is

lost on the surface, and h is the average thickness of the lubricant film,
which is assumed to remain constant. Under the condition of a boundary
length L, the lubricant loss area within a time period t can be expressed
as:

t
Aloss(t) = / LVloss (t,)dtl (15)
0

These results indicate that the lubricant loss area per unit time is
proportional to the loss velocity. Therefore, under the same time inter-
val, a higher lubricant loss rate corresponds to a larger spreading or
depletion area, ultimately leading to a greater volume loss. As shown in
Fig. 7(a)-(c), the downward lubricant loss area per second is visualized,
and the quantitative analysis in Fig. 7(d) confirms that the BMLB-
0° texture exhibits the smallest lubricant loss area and volume, whereas
the BMLB-30° texture shows the largest loss in both area and volume.
These findings demonstrate that fabricating the BMLB-0° texture on the
sample surface effectively suppresses lubricant migration and loss,
thereby enhancing friction reduction performance and achieving a
lower COF. These results are consistent with the previously discussed
tribological tests.

3.3. Application of surface textures

To evaluate the engineering applicability of the BMLB texture, a
point-to-plane friction pair was adopted as the experimental configu-
ration to simulate the operating conditions of bearings under low-speed
and light-load conditions. A circumferential sliding friction and wear
test was carried out on a ball-on-disk tribometer, as shown in Fig. 8(a).
The upper specimen was a SisNa4 ball with a diameter of 8 mm, and the
lower specimen was an aluminum disk with a diameter of 40 mm and a
thickness of 5 mm. A total of 5 pL of PAO4 was used as the lubricant. The
frictional radius was set to 10 mm, the rotational speed of the disk was
50 rpm, the test duration was 15 min, and the applied normal load was
1N.

Based on previous research findings that texture orientation and
geometric configuration influence lubricant migration [30,31], three
texture types were further optimized and arranged into a continuous
annular pattern. Textures were fabricated on laser-machined circular
tracks with diameters of d+ = 18.8 mm and dz = 21.5 mm, correspond-
ing to centripetal (inner-ring side, Fig. 8(c)) and centrifugal (outer-ring
side, Fig. 8(d)) orientations, respectively. The textured patterns were
processed on aluminum circular specimens under identical laser pa-
rameters to assess the tribological performance of different texture
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morphology of outer-ring-side.

arrangements under simulated conditions. The wear track width was
observed using an ultra-depth-of-field optical microscope (VHX-600,
China), and COF was calculated to quantify wear and evaluate the oil
transport and friction-reducing performance of the BMLB texture.

By comparing the wear track widths in Fig. 9(d) and Fig. 10 (a) and
the frictional behavior curves in Fig. 8(b) and Fig. 9(a) (b), it is observed
that the aluminum surface and the laser surface with only a machined
annular ring (without texture) exhibite the widest wear track widths and

highest COF under dry sliding conditions. The introduction of PAO4
lubrication significantly reduces both the wear scar width and COF.
However, when centripetal textures are applied to the inner ring, the oil
transport direction aligns with centrifugal force, accelerating lubricant
loss. Consequently, the wear scar is slightly wider than that of the
untextured surface, and the COF increases over time. In contrast, cen-
trifugal textures on the outer ring promote oil retention by opposing the
direction of centrifugal force, resulting in narrower wear scars and more
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stable COF curves. The BMLB-0° texture exhibits the narrowest wear
scar and minimal COF fluctuation. As shown in Fig. 9(c), the centrifugal
texture consistently maintains a lower and more stable COF compared to
both centripetal textures and untextured surfaces under lubrication.

Further confirmation is provided by the SEM images of wear tracks in
Fig. 10(b), which clearly show that the outer-ring-side texture effec-
tively mitigates surface wear. The surface textured with the BMLB-
0° configuration exhibited the least wear, demonstrating its superior
anti-wear performance under lubricated conditions. These findings
confirm that centrifugal texture alignment enhances oil retention and
lubrication performance, whereas centripetal alignment exacerbates oil
depletion and friction. They can reduce the average COF by more than
3 %. The wear track width can be reduced by up to 19 %. Among all
configurations, the BMLB-0° centrifugal texture demonstrates the best
overall tribological performance. It can reduce the average COF to 15 %
compared to the aluminum surface. The wear track width is significantly
reduced, with a maximum reduction of up to 48 %. These findings
provide important theoretical support and optimization guidance for the
surface texture design of rotating mechanical components such as
bearings.

It should be noticed that although the tribological tests were con-
ducted under light loading conditions, this investigation provides a
proof-of-concept of a new means of migration-lubrication control under
external thermal gradients for tribological pairs. As long as the texture
remains structurally intact, it continues to exhibit friction-reducing ef-
fects even under increased loads. However, under excessive pressure
conditions, issues such as edge collapse or localized fatigue wear may
still occur.

4. Conclusions

Inspired by the morphological characteristics of metasequoia leaves,
this study developes a novel BMLB texture. Horizontal and vertical
reciprocating friction tests are conducted to systematically investigate
the lubrication regulation mechanisms of surface textures under the
combined effects of gravity and thermal gradients. This study offers
theoretical support and practical guidance for surface texture design in
friction pairs under complex conditions, highlighting its promising
application in lubrication enhancement of critical components such as
aerospace bearings and precision linear guides. The main conclusions
that can be drawn from this study are as follows:

1. Under horizontal reciprocating conditions (without gravity), the
BMLB textures can reduce the average COF by over 31 %, of which
the BMLB-5° has the best performance, and the reduction of average
COF is 44 %.

2. Under vertical reciprocating conditions (with gravity), the BMLB
textures exhibit over 15 % reduction in average COF, and signifi-
cantly suppress frictional fluctuations and upward trends. Among all
inclination angles, the BMLB-0° texture demonstrates best, achieving
a 34 % reduction in average COF.

3. For the point-to-plane contact of the rotating pair, inducing the
BMLB-0° texture can reduce the average COF by more than 15 %,
and the wear track width is reduced by 48 %. Moreover, the fric-
tional fluctuations can also be minimized.
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