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Abstract

Friction contact regulation has been widely acknowledged, yet research on micro-textured meshing
interfaces appears to have reached an impasse. Conventional wisdom holds that the similarity of
micro-element configurations is the key factor con-tributing to textured interface issues. The
traditional perception is transcended, and a novel method for presetting the optimal parameters of
gradientized micro-textured interface elements is proposed. The study has analyzed the Interface
Enriched Lubrication (IEL) performance and meshing Anti-Scuffing Load-Bearing Capacity
(ASLBC) of periodic symmetrical and continuously gradient micro-elements. By actively regulating
IEL behavior through geometric constraint effects, dynamic micro-cavity lubrication storage units
are formed, thereby extending the retention time of medium film layers. The textured edges induce
micro-vortices, delaying scuffing failures induced by load-bearing. Validation analyses demonstrate
that optimal micro-element configurations can distribute contact stress to achieve stress
homogenization, with the maxi-mum contact stress reduced by 21%. The localized hydrodynamic
effect of micro-textured elements increases interfacial meshing stiffness by 5.32% while decreasing
friction torque by 27.3%. This investigation reveals a synergistic mechanism between IEL
performance and meshing ASLBC under heavy loads conditions. The findings confirm that
gradient-based micro-textured element configuration presetting offers an effective solution to
reconcile the inherent trade-off between lubrication and load-bearing performance in heavy loads
applications.

Keywords: meshing teeth surface; micro-textured element; interface enriched lubrication;
anti-scuffing load-bearing capacity; synergistic regulation mechanism

1. Introduction

Gears, with their diverse transmission forms, excellent load-bearing capacity, and high output
efficiency, hold a pivotal position in various mechanical transmission systems. The significance of
their reliability and high-precision performance is self-evident, which has been thoroughly verified
by numerous studies [1-3]. However, as modern industrial demands for gear operating conditions
become increasingly stringent, the issues of gear interface lubrication and meshing load-bearing have
gradually come to the fore, becoming key research topics that attract widespread attention[4-6].
Particularly for gear transmission systems operating under Thermo-Elastic Hydrodynamic
Lubrication (TEHL) mode in extreme environments such as deep-sea, polar, and ultra-low
temperature applications, unprecedented challenges are encountered. In the rolling/sliding line
contact transmission process, potential fault risks cannot be overlooked [7-9]. Among them, anti-
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scuffing load-bearing fatigue is one of the most common failure modes of the meshing interface, and
its failure characteristics are mainly manifested in local spalling and micropitting and other surface
damage forms [10-12]. This failure mechanism will significantly impact on the reliability and service
life of transmission systems. When the thickness of the interlayer film between the sliding contact
interfaces is sufficient, it can effectively prevent the occurrence of scratches, abrasions, and frictional
wear to a certain extent. However, the micro-pitting of the meshing interface, as a typical
characteristic of early fatigue failure, is still difficult to eliminate completely. This kind of damage
often undergoes a progressive development process, evolving from initial pitting to severe spalling,
and ultimately may lead to catastrophic tooth breakage failure [13-15]. Even under the TEHL mode,
this failure mechanism cannot be completely avoided. The fundamental reason is that the main
interlayer film can only exert a limited regulatory effect on the cyclic contact stress amplitude of the
meshing interface, but cannot fundamentally eliminate the stress concentration effect. Even if the
lubrication time is extended, it is still difficult to completely prevent the initiation and development
of such damage. Insufficient lubrication of the gear pair will lead to a significant increase in interfacial
friction force/torque, thereby adversely affecting its dynamic contact load-bearing performance [16].
The key scientific issues regarding the synergistic mechanism of interface microelement lubrication
regulation and texture load-bearing remain to be resolved[17], and the proposed correlation models
have not yet reached a unified consensus. Surface roughness plays a crucial role in most tribological
pairs, and gears are no exception, whether lubricated or not. This is especially true for the initiation
and evolution process of micro-pitting in the meshing interface under the TEHL mode. Although a
non-rough meshing interfaces can effectively reduce micro-pitting failures and even avoid contact-
induced fatigue as well as adverse effects at the micro-scale, it may shorten the service life of gears,
as confirmed by relevant studies [18]. The design of textured micro-elements configurations and the
synergistic mechanism between interface lubrication regulation and meshing load-bearing are closely
linked to the service performance and operational reliability of gears. These intertwined factors
exhibit intricate and complex mapping relationships, as illustrated in Figure 1, which undoubtedly
poses significant challenges to constructing a unified theoretical model that comprehensively
considers the micro-elements Interface Enriched Lubrication (IEL) characteristics and meshing Anti-
Scuffing Load-Bearing Capacity (ASLBC).

Balancing friction reduction and load-bearing capacity is s a crucial task in gear systems, the
issue of micro-element-asperity contact of textured interfaces is particularly prominent [19]. This
problem can be further refined into two research directions. First, how to mitigate the failure of micro-
element-asperity contact through interface morphology modulation, thereby significantly enhancing
the meshing load-bearing durability of the textured interface. Second, how to develop a multi-scale
adaptive mechanism for suppressing micro-asperity damage, enabling autonomous restoration of
the roughness characteristics of the textured interface. This dual-path research framework not only
focuses on proactive prevention of micro-element-asperity contact fatigue failure, but also
incorporates dynamic regulation of textured interface damage evolution, offering novel insights for
surpassing the performance limits of conventional lubrication and load-bearing approaches. The
synergistic mechanism through which lubrication performance governs load-bearing capacity
involves multiple complex factors intrinsically linked to gear meshing interfaces. Key influencing
parameters include contact stress distribution, frictional thermal effects, and gear surface topography
characteristics, which collectively determine both lubrication failure modes and fatigue life
performance in gear systems [20-22]. Previous studies on the tribological characteristics of meshing
interfaces have predominantly been conducted within the framework of ElastoHydrodynamic
Lubrication (EHL) theory. Some investigations have incorporated Thermo-Elastic Hydrodynamic
Lubrication (TEHL) modified models [23], particularly when addressing extreme operating
conditions involving elevated or cryogenic temperatures. The characteristic features of micro-
textured topography significantly affect localized contact stress concentration phenomena and
transient flash temperature distribution at the meshing interface by altering the proportion of real
contact zone. While conventional mechanical design theory typically considers reducing interface
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roughness as a standard approach to improving tribological performance, recent advances in
biomimetic tribology have demonstrated that functionally designed micro-textured interface
elements can achieve superior engineered contact characteristics [24-26]. Currently, research on the
influence of the mechanism of surface roughness effects has established a relatively comprehensive
theoretical system for gear pairs with rolling-sliding composite motion under line contact conditions
[27].

As aresearch hotspot in the fields of tribological micro-element configuration design and surface
finishing of contact interfaces, textured micro-element optimization plays a crucial role in improving
tribological performance. Well-designed interface microtextures can effectively reduce the friction
coefficient, optimize lubrication conditions, and enhance load-carrying capacity [28]. Conversely,
under sliding line contact friction conditions, meshing interfaces lacking effective textured micro-
elements are prone to localized stress concentration and thermal shock phenomena, leading to
complex thermo-scuffing lubrication failure issues such as scratches, adhesive wear, and oxidative
corrosion [29-31]. The introduction of micro-textures can facilitate the formation and transfer of
secondary lubrication films between meshing interfaces, significantly enhancing the lubricant
enriched effect and prolonging service life, thereby achieving precise regulation of the interfacial
lubrication state and stable improvement of load-bearing performance between meshing teeth [32—
34]. Currently, research on the influence of mechanisms of micro-textures on meshing interfaces
remains relatively limited. The latest studies have shown that applying micro-textures with specific
parameters (configuration scale: diameter 200-600 pum, depth 50-150 pm) to the lateral side of meshing
interfaces can effectively promote the formation of TEHL films and enable efficient capture of wear
particles. Experiments confirm that such micro-texture designs can reduce the vibration amplitude
of gear transmission systems by up to 51.6%, significantly improving operational stability [35-37].
Vertically arranged elliptical micro-element configurations demonstrate notable advantages,
increasing tooth contact resistance by up to 4 times [38—40]. These findings fully demonstrate that
regulating the lubrication characteristics of meshing interfaces through micro-texture technology
holds significant engineering value for enhancing the load-bearing capacity of gear systems.

The e lubrication characteristic evolution laws of micro-textured gear contact interfaces and the
meshing load-bearing failure mechanisms under the heavy load TEHL operating conditions remain
insufficiently studied in deep-sea applications. This knowledge gap severely restricts the multi-scale
optimization design of texture micro-element configurations and the synergistic enhancement of IEL
characteristics in regulating meshing ASLBC. This study focuses on the special operating conditions
of deep-sea spatial gear transmission systems, where micro-element textures with diameters of 30-
150pum are pre-designed on the lateral meshing interface. Based on the finite element analysis
method, the dynamic lubrication characteristics and meshing load-bearing performance under TEHL
mode are analyzed. The designed micro-element textures significantly optimizes the uniform
distribution of contact pressure of the textured interface, effectively alleviates stress concentration in
the tooth root region, improves the stability of Time-Varying Meshing Stiffness (TVMS), and
suppressed fluctuations in the lubricant film layer by stabilizing the interfacial friction coefficient,
thereby markedly enhancing anti-scuffing load capacity. The functional design mechanism of micro-
element textures on the meshing interface is explored, providing a novel technical approach to
address key challenges such as lubrication characteristic regulation and synergistic ASLBC in deep-
sea spatial gear transmission systems under heavy-loads.

2. Theoretical Analysis of System Characteristics

2.1. Dynamic Modeling of Deep-Sea Spatial Gear Transmission Systems

Based on the meshing state of the deep-sea space line contact interface [41], the normal contact
pressure at the lateral meshing interface of the driven gear remains positive, and the relative
displacement along the meshing line exceeds the tooth flank clearance. The meshing interface contact
pair is simplified as a rigid support state, a physical model of the meshing interface torsional vibration
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system is established, which considers key parameters such as the interface contact friction coefficient
and linear meshing damping. However, the existing physical model does not yet involve the
influence of multiscale micro-texture characterization on meshing characteristics. To address this, the
current study focuses on the influence of the mechanism of the micro-textured meshing interface
characteristics and proposes a novel physical model that can reflect the meshing response of the
micro-textured interface, as shown in Figure 1, to explore the correlation mechanism between the
micro-textured interface characteristics and the gear meshing behavior.

Figure 1. Physical model of modified spur gears incorporating the linear influence factor n, of textured interfaces

on Time-Varying Meshing Stiffness (TVMS) and the modified nominal friction coefficient m, .

In a gear transmission system (see Figure 2), T; and Ty denote the torques of the driving gear
and the driven gear, respectively. 8; and &p represent the rotation angles of the pinion gear and the
large gear, respectively. Ry and Rp correspond to the base circle radii of the pinion gear and large gear,
respectively. D represents the backlash between the gear pair, and Cy is the linear meshing damping
of the gear pair. my, denotes the time-varying friction coefficient of the gear, and k¢, is the Time-

Varying Meshing Stiffness (TVMS) of the gear pair. e represents the dynamic transmission error of

the gear pair. Assume that the gear pair is in perfect meshing, i.e., it is presumed that no gear meshing
error exists. The dynamic transmission error e satisfies the following relationship:

€t) = Ea®y Cos(wyt), where E, is the error fluctuation coefficient and @, is the meshing frequency.
Here, n;, represents the linear influence factor of the textured meshing interface on the TVMS(K, ).

According to D’ Alembert’s Principle, the dynamic equation of the gear pair can be expressed as:
{TP =K (9p —0, —€)+C(@p — @y —€) + 1505 (1)
T, =K, (@ —, —€)+C(@p — 9, —€) - 1,9
The equation system considers nonlinear factors such as time-varying meshing stiffness k),

dynamic friction coefficient my,, backlash D , and dynamic transmission error €y, providing a

complete description of the dynamic behavior of the gear pair under ideal meshing conditions. When
the pinion and gear rotate at low speeds, the derivative terms can be neglected.

2.2. Meshing Pairs Contact Deformation Mechanism and Modeling Analysis

In traditional Hertzian contact analysis, the bending deformation of gear teeth is usually
disregarded. However, this simplification can introduce computational errors associated with the
method into the simulation and analysis processes, which may in turn compromise the accuracy and
reliability of the results [42]. During the transition phase of gear meshing contact, the dynamic
characteristics of the meshing position exhibit pronounced nonlinear behavior. When shifting from
Double Tooth Meshing Zone (DTMZ) to single Tooth Meshing Zone (STMZ), the contact points
primarily concentrate near the tooth tip region of the pinion, as illustrated in Figure 2a. In this
scenario, gear tooth 1 demonstrates substantial contact deformation along the d,, direction, while gear
tooth 2 maintains minimal deformation with higher stiffness characteristics along the d,, direction.

This stiffness disparity results in a hysteresis effect of the actual double-to-single tooth transition

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1439.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 July 2025 d0i:10.20944/preprints202507.1439.v1

5 of 20

position compared to theoretical analytical predictions. Conversely, during the transition from STMZ
to DTMZ, the meshing contact mainly occurs in the end region of the larger gear. Gear tooth 4
undergoes significant contact deformation along the d,, direction, whereas gear tooth 3 exhibits
minimal deformation and higher stiffness along the d,, direction. This asymmetric stiffness

distribution causes the actual single-to-double tooth transition position to advance ahead of the
theoretical position. These observed positional deviations in meshing transitions reveal the critical
influence of non-uniform stiffness distribution on the dynamic characteristics of gear meshing. The
findings provide essential theoretical insights for optimizing the dynamic performance of gear
transmission systems. In the transmission process, the non-uniform contact deformation during the
transition between the STMZ and the DTMZ can lead to a significant polygonal effect under
instantaneous meshing-in/meshing-out conditions. This effect not only exacerbates gear pair
vibrations but may also cause adhesive failure due to inadequate lubrication and disengagement of
the meshing interface in the driven gear (large gear) resulting from elastoplastic deformation. The
present study proposes the preset of dimple-shaped micro-element texture configuration on the
meshing interface near the pitch line of the driving gear (pinion), as illustrated in Figures 2c and 2d.
By establishing the equilibrium differential equations of elastic mechanics and incorporating identical
force analysis, the results demonstrate that the preset textured micro-units can effectively enhance
local contact stress of the meshing interface while maintaining constant total meshing stress. This
micro-texture configuration not only improves stress distribution characteristics and enhances the
gear pair lubrication performance of the dynamic contact interface, but also effectively increases the
meshing anti-scuffing load-bearing capacity, providing a novel technical approach to addressing key
failure issues in gear transmission systems.

(a) (b)

Driving gear

Gear
tooth 2

/—> Gear
T tooth 2

By

DTMZ |[STMZ DTMZ

Interface meshing zone

DTMZ—Double Tooth Meshing Zone
STMZ—Single Tooth Meshing Zone

Figure 2. Contact deformation during the alternating transient process of gear meshing: (a) contact deformation
in the d,, direction tends to occur when transitioning from Single Tooth Meshing Zone (STMZ) to Double Tooth

Meshing Zone (DTMZ), (b) contact deformation in the d,, direction tends to occur when transitioning from STMZ

to DTMZ, (c) alternating transient process of the meshing pair, (d) meshing limit boundaries of the gear pair.

The driving gear (pinion) is preset with dimple-shaped micro-element texture configuration on
the meshing interface to investigate the evolution characteristics of interfacial contact properties
during dynamic meshing. The meshing zone transitions from the DTMZ to the STMZ, Gear Tooth 2
exhibits increasing contact stress and deformation along the d,, direction at the meshing interface,
while gear tooth 1 demonstrates reduced contact stress and deformation along the d,; direction,

despite positional changes, the contact stiffness in this zone significantly increases. During the
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transient deformation process of gear pairs, the meshing interface evolves from line contact to surface
contact. This transformation in contact form can lead to a more complex distribution of contact stress,
thereby increasing the risk of meshing failure. The introduction of micro-element texture features
effectively improves contact deformation behavior at the meshing interface. When switching from
DTMZ to STMZ, textured gears demonstrate enhanced contact stiffness and reduced polygon effects,
thereby significantly improving the transmission service life. Similarly, when transitioning from
STMZ to DTMZ, the contact stiffness of textured gear pairs also increases. This finding holds
substantial theoretical significance and engineering value for mitigating the adverse effects of
line/surface contact during meshing processes, ultimately providing innovative technical insights for
the design and manufacturing of high-performance gears.

2.3. Contact Characteristics Analysis of Micro-Textured Meshing Interfaces

According to classical contact mechanics theory, the contact characteristics analysis of at
meshing interfaces can be simplified as an opposing contact problem between a pair of parallel
cylindrical axes, as illustrated in Figure 3a. The modeling process incorporates the following
assumptions: The contact surfaces are smooth and continuous without macroscopic defects; the
contact deformation is much smaller than the contact zone dimensions, satisfying the small
deformation condition; the stress and deformation fields under normal and tangential loads are
mutually independent, conforming to the principle of linear superposition; and the cylindrical
materials are isotropic linear elastic bodies that can be equivalently modeled as an elastic half-space.
Figure 3b presents an enlarged view of the contact zone within the meshing region, demonstrating
the geometric morphology and stress distribution characteristics of the contact zone. The location of
point B on the meshing surface, which is at a certain distance from point O, can be simplified as a
concentrated load perpendicular to the gear profile surface acting on the unit width d along the tooth
width direction. Based on the assumptions of the traditional gear contact model, which assumes
consistent geometric features along the tooth width direction, the distribution pattern of the meshing
pair end face stress is analyzed to reveal the mechanical behavior characteristics of the gear contact
interface. This study focuses on the contact characteristics of micro-textured interfaces. When the
micro-textured interface engages with dimple-shaped micro-element textures, the contact line
morphology undergoes significant dynamic evolution, as illustrated in Figure 3c. When the preset of
a dimple-shaped micro-element texture configuration exists on the meshing interface, these textured
micro-elements features can cause localized separation in the flank regions that should otherwise
maintain contact. Traditional contact stress analytical methods typically neglect variations in the
contact line length along the tooth width direction. However, research [43] has shown that the contact
line length on the flanks of micro-textured meshing interfaces is significantly shorter compared to
non-textured gears. Therefore, this paper considers the influence of micro-texture arrangement
patterns on the contact line within the meshing zone and establishes an analytical model for contact
stress on micro-textured meshing interfaces. Under the combined action of normal and tangential
loads, the contact stress components in this model can be formulated. The textured interface normal
contact stress within the meshing zone is expressed as:

_ 2F b —x? 2)
© " 7h?(B-nL)
where, F, denotes the normal contact stress of the meshing interface, n is the total number of dimple-

shaped micro-element textures distributed along the tooth width direction, b is the width of the
contact line, B represents the length of the contact line on the interface during the transient meshing
process (the contact width of the meshing zone), and L signifies the chord length dimension of the
dimple-shaped micro-element textures.
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Figure 3. Simplified contact morphology of meshing interface: (a) Gear pair is modeled as cylindrical contact

between two elastic half-spaces, (b) enlarged view of cylindrical contact region.

When x =0, the maximum normal contact force of the interface within the meshing domain is

2F, { FE
P(O)_zrb(B—nL)_ 7R'(B—nL) 3)

During the interface meshing transient process, R’ represents the time-varying equivalent

determined

contact radius (dynamically changing), E' denotes the equivalent elastic modulus of the material. The

2uF A\lb? —x°

7b(nL—B)

interfacial tangential contact force in the meshing zone is formulated as

b2 /Fn—R'
where, 7E'(B-nL) .

When x =0, the maximum normal contact force of the interface within the meshing domain is

FE’
=+uP, == /— 5
Q(O) HF o) H ZR(B—nL) ( )

Integrating the loaded zone, and stress components under the action of the normal force (F,)

“4)

Qu ==

expressed

is derived:

P _g)? 2 2
(U(x))p=gjb LS)Z ds:&{ZZ_xi[Xzz +zz+1ﬂ
7 [(x=s)?+2° ] b X+ X,

=2_z3 b P d =& KXZZ-’-ZZ_ H 6
(O.(Z))P T j—b [(X—S)2+ZZ:|2 S b X1 2 2 ( )

2 P (x— 22
(Coy)e :Zij'b LS)Z ds = R { " =X }
° [(x—s)2+zz] b

T

By integrating the loaded zone, the stress components under the action of the tangential force (
Q) ) is obtained:
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(U(x))Q_ﬂ_Jlb [(X_S)2+Zz:|2 ds = b |:2X Xz(z 5 ZJi|

(U(z))QZZ%J.b L dSZ%X1|:[u+1J:| (7)

° [(x—s)2+22}2 X+ %,

_ 27% (b Q(s)(X—S) _ Qo z* _Xlz
(F(xz))Q_TJ._b m dS—FX2 m

The parameters X, and X, in the above equation is calculated through the following expressions:

\/\/[(bz -x2+ zz)+4zzx2} +(b* - x* +12%)
X =

2

\/\/[(bz -x2+ 22)+422x2] —(b* = x* +12%)
X, =
? 2

Substituting the above equation allows for the determination of the stress components at point

(8)

A on the meshing interface under the coupled action of normal and tangential contact forces:

2 2 2 2
a(x):& 2z2—X, %+1 +% 2X— X, 2—%
b X+ X, b X+ X,
P X, +17° Q 7 —x?
el ¥

b
2 2 2 2
l"m):&x2 —X12 _ZZ 2 27— —X22 +22+1
b X+ X, b X+ X,

Considering the deformed meshing interface, the principal shear stress I, is expressed as:

|:4r2(xz) + (O-x -0, )2 ]

Ly = > (10)

The contact zone width, normal contact stress, and tangential contact stress exhibit a negative

linear correlation with the square root of the actual contact line length, while the tangential and
normal components of contact stress are negatively linearly related to the actual contact line length
itself. This correlation leads to a significant increase in shear stress at the deformation meshing
interface when the actual contact line length decreases. As gear pair meshing motion enters the
textured interface micro-element zone, the contact geometric conditions of the meshing interface
change, and the stress at the textured meshing interface will rise sharply. This phenomenon
demonstrates that micro-texturing meshing interface has a significant impact on the contact stress of
gear pairs, especially when contact line length variations occur, resulting in more pronounced stress
fluctuations. These findings provide crucial theoretical insights for understanding the effects of
textured interfaces on the contact mechanical behavior of gear pairs.

3. Finite Element Modeling Methodology and Validation for Micro-Textured
Gears

3.1. Finite Element Modeling Methodology for Micro-Textured Meshing Interface

This study focuses on the refined modeling and analysis of micro-textured gear pairs. By
integrating multi-scale characterization and modeling techniques of interface morphology, a three-
dimensional finite element model of gear pairs with micro-textured features is developed, and a
refined finite element modeling method for micro-textured gears is proposed. Utilizing mesh
sensitivity analysis, the optimal mesh density for the meshing interface is determined, and the
accuracy and validity of the model are rigorously verified based on contact mechanics theory. The
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results demonstrate that the established finite element model can accurately reflect the influence of
micro-texture multi-scale characteristics on the contact stress distribution and frictional properties of
the meshing interface. This achievement not only provides a reliable numerical analysis tool for
optimizing the lubrication performance of micro-textured interfaces but also lays a solid theoretical
foundation for enhancing meshing load-bearing capacity, exhibiting significant academic value and
practical application prospects. Two distinct preset configurations schemes for the meshing interface
microelements are proposed, as illustrated in Figure 4. During the meshing transient process, the
maximum contact stress concentration on the interface is distributed in the tooth flank region adjacent
to the pitch line, while sliding friction mainly occurs near the pitch line. This line contact characteristic
constitutes the critical mechanical weak link of the gear meshing interface. If lubrication is
insufficient, the meshing interface will accelerate wear and eventually lead to load-bearing capacity
failure. Therefore, it is essential to prevent the loss of contact strength on the meshing interface caused
by microtextures distributed along the pitch line. The specific configurations of node-line symmetric
distribution and continuous distribution are illustrated in Figure 4a. The spacing of texturing micro-
elements in the pitch line zone is set to three times the diameter of the microtextures to avoid
excessive loss of load-bearing zone in the stress concentration zone. The symmetrically distributed
texturing micro-elements maintain a diameter-equidistant distribution along the pitch line. This
differential spacing design aims to optimize the stress distribution, ensuring that the introduction of
microtextures in the meshing process effectively protects the contact strength of the high-stress zones
without compromising the mechanical performance of the meshing interface. To accurately
characterize the contact properties of the meshing interfaces, the meshing interface roughness is
considered to affect the numerical analysis process. Based on the local characteristics of mesh
division, the critical contact zone of gear teeth is selected as a representative analysis target for
simulating the transient meshing contact process of gear pairs, with its geometric model shown in
Figure 4b. The tooth number configuration is preset to prevent interference between the driving gear
and the driven gear after meshing completion. The driving gear is designed with three complete
teeth, while the driven gear features four complete teeth. On the cross-section of the meshing pair, a
symmetrical and continuous textures micro-element configuration is designed, as illustrated in the
enlarged two-dimensional view in Figure 4c.

Figure 4. Two types of textured microelement configurations for meshing interfaces: (a) Meshing interface with
continuous and symmetric microelement configurations, (b) Simplified model of triple-tooth meshing and

geometric characteristics of gear pair, (c) Two-dimensional cross-sectional analysis diagram.

Table 1. Geometric parameters of gear pair in finite element analysis model.

Geometric Parameter Definitions Driving Pinion Driven Bull Gear
Module m (mm) 3.0 3.0
Teeth number z 48 60
Tooth width b (mm) 70 70
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Young’s modulus E (GPa) 9.6x10* 9.6x10*
Poisson’s ratio v 0.36 0.36
Micro-scale textured el t di ion of meshing interf
icro-scale textured element dimension of meshing interface 30-200 Non-texturization
(um)
Pressure angle o (°) 20 20

A dynamic model of a gear pair with rigid support is established using Romax software. The
geometric parameters of the gear pair are listed in Table 1. Both the driving pinion and the driven
bull gear adopt standard involute tooth profiles without considering any tooth profile modification
factors. As illustrated in Figure 5, the dynamic meshing simulation system of the gear pair consists
of three core modules: the geometric modeling unit based on the finite element method, the meshing
simulation boundary condition control unit, and the finite element analysis process management
unit.

(©) Micro-scale parameters of textured meshing
interface

[Determine the Motion of a Gear Pairj
|

[Analytical method for time—] [Finite element method for time—j

l\-“l‘eshi‘n piped

varying meshing stillness varying meshing stillhess

Comparalive analysis ol meshing stilfness in gear
interfaces with varied textured micro-element scales
Speeily the conditions l

Meshing kinematics and micro-scale stress characteristics of|
textured interfaces: A comprehensive overview

Time(s) Speod(rad/s)  Moment(N-m)

i 0.00 0.00 0.00 l
i 0.05 0.40 50
Textured micro-element distrib nni 0.10 0.60 100 Exploring the impact of textured micro-elements on interfacial
morphology i 0.60 0.80 200 lubrication enrichment and meshing load-bearing capacity

Figure 5. Dynamic meshing simulation analysis of micro-textured interfaces: (a) gear pair meshing model with
refined mesh division of micro-texture elements, (b) multi-physical field coupling boundary condition control

unit settings, (c) multi-scale numerical simulation calculation process.

In terms of meshing strategy, the multi-scale contact zone discretization approach is employed
to refine the tetrahedral mesh in the meshing interface textured micro-element zone and its adjacent
zone. This method ensures computational accuracy while optimizing node configuration for
efficiency. According to the kinematic characteristics of the gear transmission system, two critical
rotational pairs are defined in the model: the speed excitation joint used to drive the rotation of the
driving pinion and the torque loading joint representing the contact load of the driven bull gear. In
the solver parameter settings, both rotational speed and torque loads are applied to the pinion. An
adaptive step-size control strategy is adopted, with the initial step size set to 60, while the minimum
and maximum allowable step sizes are constrained to 50 and 100, respectively. This combination of
parameters effectively balances computational efficiency and numerical accuracy, significantly
enhancing the convergence performance of the solution process.

3.2. Optimized Experimental Details for Model Verification

The arrangement of micro-textured elements with symmetrical and continuously distributed
characteristics is proposed. The contact experiments of the textured interfaces are conducted under
standard laboratory environmental conditions (temperature 23+1°C, relative humidity 50+5%) to
verify the accuracy and reliability of the numerical simulation results of the micro-textured meshing
interfaces.

Biological Microfabrication (or Bio-removal Processing) is an advanced manufacturing approach
that employs microorganisms as biological tools to achieve precision material processing through
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controlled bio-etching. Driven by metabolic demands for nutrient assimilation and energy acquisition
essential for proliferation, microbes mediate material transformation by synthesizing bioactive
compounds, thereby enabling targeted enrichment, selective leaching, or localized etching of solid
substrates. In this specialized study, the micro-scale interfacial textured elements are fabricated based
on the biochemical etching removal mechanism induced by Thiobacillus microbio-processing, with
the specific methodology and procedure detailed in Figure 6. This approach ultimately constructs an
interlocking interface featuring dimple-shaped micro-textured elements with precisely controlled
dimensional characteristics and uniformly distributed density.

(50Mm,100pum)

A | — : i
Q i 200um

(150pum, 200pm)

A ;

Exposure process for photocurable Textured interface shielding principle and
films with microtextured interface implementation method
Fe* Pipelines Inflator Valve Electric machine

. A ; i, \ 2
‘ ‘.‘/ mmal rem‘qv.al process reaction™~—""
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A
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Figure 6. Fabrication of micro-textured interfaces by biological microfabrication removal method.
4. Analysis of Simulation Results

4.1. Hypothesis of Dynamic Alternating Distribution of Contact Lines on Micro-Textured Gear Meshing
Interfaces

The lubrication and load-bearing of heavy-duty gears has long been a prominent frontier
research topic in mechanical engineering. The interface contact line of involute gear pair is the
cornerstone of meshing dynamics. The maintenance of constant transmission characteristics along
the meshing direction is the theoretical basis for stable load-bearing, a principle that has gained
widespread recognition within the industry. Based on the analysis of the interface contact line within
the meshing domain, this study boldly proposes an innovative hypothesis that the meshing contact
line is not fixed but has a time-varying characteristic of dynamic alternating distribution.

This study boldly proposes an innovative hypothesis through meticulous analysis of interfacial
contact lines within the meshing domain: the meshing contact line demonstrates dynamic alternating
distribution characteristics rather than remaining static. A uniformly arranged system of textured
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meshing interface micro-elements is constructed to achieve continuous symmetrical expansion of the
meshing line towards both sides of the interface, as shown in Figure 7a. The geometric shape of the
expansion deformation line follows the mathematical definition of the textured gear involute
meshing contour, and the diameter of the dimple-shaped micro-texture corresponds to the total
expansion deformation length.

Driven bull gear Driven bull gear

(b) ©

Figure 7. Hypothesis of dynamic alternating distribution of textured meshing interfaces contact lines: (a) Contact
lines of textured interfaces micro-elements units and extension to both sides of textured micro-elements zones,
(b) Single contact line mode of traditional non-textured meshing interface, (c) Dual contact line characteristics of

textured meshing interface.

To construct a uniform arrangement regularized system of textured meshing interface
microelements, continuous symmetrical expansion of the meshing line towards both sides of the
interface is realized. The initial geometric configuration of the involute at the textured interface
microelement directly determines the distribution form of the meshing contact line. Traditional non-
textured meshing interfaces are characterized by single-line contact, as shown in Figure 7b, whereas
textured meshing interfaces display dual-line contact characteristics, as illustrated in Figure 7c. This
characteristic originates from the synergistic control mechanism between the interface microelement
texture and the meshing position. During the contact process of the gear pair, neither the meshing
stress distribution of the textured interface nor the contact state of the microelement scale
configuration shows any abrupt change. The TVMS of micro-textured gear pairs is significantly
enhanced compared to traditional non-textured gear pairs and demonstrates greater stability. This
study proposes a novel concept of symmetrically extended contact lines, where the meshing interface
maintains a constant state along the tooth width direction, with the contact lines being two-
dimensional straight lines. Compared with the initial meshing line, this meshing line has symmetrical
extended directions that offset each other, which greatly increases the total length of the meshing line
while keeping the total contact load unchanged. The purpose is to ensure the stability of meshing
load-bearing when the dynamic contact of the microtextured interface is homogeneously distributed.
The microtextured meshing interface is applied, this approach remarkably mitigates interfacial
contact stress concentration and substantially increases the proportion of functional micro-textured
zones in the meshing interface, and thus achieve the synergistic optimization and improvement of
interface enriched lubrication and meshing load bearing performance.

4.2. Transient Contact Stress/Strain Analysis of Interface Meshing Zones

This chapter focuses on the contact stress and strain characteristics of micro-textured interfaces
during meshing transient processes, as illustrated in Figure 8. A comprehensive study is proposed to
explore three fundamental micro-texturing topologies: a non-textured control interface,
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unidirectionally continuous micro-element distributions, and bilaterally symmetrical micro-textured
architectures. The findings demonstrate that the contact stress and strain characteristics vary
significantly among the three types of interfaces. Notably, the micro-textured interfaces display a
more uniform stress distribution and a lower strain amplitude. The numerical simulations indicate
that the maximum stress peak in the textured meshing interface appears in the bottom zone of preset
microelements, where it is characterized by a locally minimal contact zone and a tendency for stress
extremum diffusion. The mechanism behind this phenomenon can be attributed to the local stress
peak concentration caused by the right-angle configuration microelement effect formed between the
cylindrical wall of circular dimple-shaped textures and its bottom planes. However, it is important
to note that, from the perspective of the meshing transient process, the influence of such localized
stress concentration is extremely limited and is considered negligible.

Stress-nephogram

Stress-nephogram Cross section A Stress-nephogram

<

5 i .« .
Driving pinion

Driving pinion

Meshing flank stress distribution Meshing flank strain distribution

Strain-nephogram Strain-nephogram

Stress-nephogram

Cross section

Cross section

Continuous-texturization
«

. o0 TS
Driving pinion

Meshing flank strain distribution

Figure 8. Stress and strain evolution in non-texturization reference gear surfaces compared with textured

meshing interfaces (with continuous and symmetrical distribution of micro-elements).

The numerical simulation results reveal a critical phenomenon: micro-textured interface
elements play a pivotal role in stress transmission within meshing pairs. Contrary to conventional
understanding that stress peaks predominantly occur near the meshing interface, the findings
demonstrate that maximum stress concentrations are localized at the base of individual micro-
textured elements. Through precise pre-design of micro-texture geometry and dimensional
parameters, this stress concentration phenomenon can be effectively mitigated. Such optimization
not only prevents lubrication failure at the interface but also significantly reduces dynamic stresses
during meshing operations. Consequently, both the load-bearing reliability and service life of
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meshing pairs are substantially enhanced. This optimized stress and strain behavior enhances the
stability of interface lubrication, which in turn ensures the long-term durability and load-bearing
capacity of the meshing mechanism during extended operation.

The stress distribution patterns of non-textured and micro-textured meshing interfaces are
illustrated in Figure 9. The non-textured interface demonstrates relatively stable strain and stress
variations with minimal fluctuations. However, notable stress concentration and increased strain
amplitude are observed in the gear tooth root zone and its adjacent areas. The introduction of micro-
textured elements effectively mitigates stress concentration issues in these critical zones during gear
meshing. During the transient meshing process of the gear pair, the distribution of contact stress is
of crucial importance. The continuous micro-textured meshing interface exhibits a greater stress
increment compared to the symmetrical micro-textured interface, with stress peak concentration
areas displaying a typical band-like elliptical distribution pattern. This discrepancy stems from the
fundamental difference in dynamic stress dissipation mechanisms between the two types of micro-
textured interfaces. The continuous micro-textured interface fails to achieve effective dynamic stress
dissipation during meshing process, whereas the symmetrical micro-textured interface, through a
unique element configuration design, can effectively release the high-amplitude dynamic stresses
generated by slip motion discontinuity near the pitch line contact area, thereby preventing excessive
stress concentration.
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Figure 9. Assumed equivalent stress variation of meshing interface: dimple-shaped micro-elements with
diameter (d=0 for Non-texturization, d=30-150um) under low-speed (0.8 rad/s) and heavy-load (0.2 kN-m)

conditions.

Analysis reveals that the stress variation amplitude on micro-textured meshing interfaces is
significantly higher than that on non-textured ones. This is primarily due to the contact stress transfer
mechanism resulting from the gears pairs meshing characteristics. The scale and configuration of the
micro-texturing elements create localized stress extremum points, which complicate the stress
distribution patterns, while simultaneously presenting novel opportunities for stress distribution
optimization. By reasonably designing the scale and configuration of the micro-texturing elements,
the stress distribution can be adjusted to actively modulate stress distribution characteristics, this
optimization approach offers a promising pathway to enhance the load-bearing capacity of gear pair
meshing interfaces.

During the transient process of increased contact stress in a gear pair, the initial meshing stress
of the micro-textured interface is similar to that of the non-textured interface. Figure 10 illustrates the
temporal evolution of dimensionless contact stress during the meshing process of textured interfaces
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under low-speed (0.8 rad/s) and heavy-load (0.2 kN'm) conditions. When the meshing gear teeth
rotate to a position of 6°, the contact stress of the micro-textured meshing interface demonstrates a
sharp upward trend. This phenomenon can be attributed to the significant local stress concentration
effect induced by the micro-textures on the interface. The micro-textured interface is capable of
effectively transferring and redistributing to the contact stress, thereby markedly enhancing the stress
concentration level in the rolling-sliding line contact pair. As an efficient technical approach, interface
micro-texturing can regulate contact stress distribution to elevate the stress concentration degree of
meshing pairs, consequently suppressing both the initiation and propagation of interface failure.
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Figure 10. Temporal evolution of dimensionless contact stress during meshing process of textured interfaces
under low-speed (0.8 rad/s) and heavy-load (0.2 kN-m) conditions: (a) contact friction coefficient pu = 0.10, (b) pn
=0.20, (c) p=0.30.

The meshing interface with micro-textured patterns can generate significant contact stress peaks
during transient processes. The non-textured meshing interface exhibits a band-like elliptical
characteristic of contact stress peaks, with a larger contact area of the meshing zone subjected to high-
pressure regions, which is the primary cause of gear tooth fractures. Comparatively, the micro-
textured meshing interface achieves a more homogeneous distribution of contact stress, with peak
stress values that are notably lower than that of the non-textured interface.

4.3. Synergistic Regulation of Meshing Stiffness and Load-Bearing Characteristics for Transient Contact
Process of Micro-Textured Interfaces

The dynamic regulation mechanism of meshing stiffness during micro-texture transient contact
represents a core scientific issue affecting interface load-bearing performance. By predesigning multi-
scale microelement configuration characteristics, real-time adjustment of meshing stiffness can be
achieved, thereby regulating interface load-bearing capacity. This study provides crucial theoretical
foundations for achieving homogenized load distribution through optimized interface microelement
configuration. When the friction coefficient increases, the friction characteristics of the textured
meshing interface tend to decrease. The trend of friction characteristics in micro-textured meshing
interfaces is consistent with that of non-textured interfaces, indicating that the presence of micro-
textured features does not alter the fundamental frictional behavior of the meshing interface.
Considering the multi-scale textured micro-element configuration features of contact interface, the
TVMS variation curve is shown in Figure 11. The diameters of textured micro-elements are set to 50
pm, 100 pm, and 150 pm, respectively. As the diameter of textured micro-elements gradually
increases, the TVMS variation curve demonstrates a smoother trend. When the diameter of textured
micro-elements is 100 um, the TVMS variation of contact interface is the most stable. This
phenomenon indicates a remarkable enhancement in the load-bearing capacity of micro-textured
interfaces, which fundamentally stems from the polygonal scale effects contributed by the micro-
element configuration which enables the contact stress between the gear pairs to be more
homogeneously distributed. The peak stress concentration phenomenon during single-to-double
tooth transition phases is effectively mitigated, thereby suppressing potential failure risks caused by
elastic deformation at the meshing interface.
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Figure 11. Textured interfaces TVMS with different dimple-shaped micro-element diameters under low-speed
(0.8 rad/s) and heavy-load (0.2 kN'm) conditions: (a) 50 pm, (b) 100 pm, (c) 150 pm.

Considering the transition process from double-tooth to single-tooth meshing and the influence
of the contact pairs friction coefficient, the TVMS tends to increase with the rotation angle of the
driving pinion. However, during the transition from single-tooth to double-tooth meshing, the TVMS
exhibits a downward trend. Such time-varying c behavior is absent in non-textured meshing
interfaces. This phenomenon can be attributed to the combined effect of a high friction coefficient and
the meshing-out conditions. The introduction of micro-textures significantly enhances the friction
effect between the contact pairs, thereby improving the meshing load-bearing capacity and
effectively suppressing the wear behavior. Furthermore, in both single and double tooth meshing
regions, the enhancement effect of textured meshing interfaces on TVMS demonstrates distinct
regularity, providing a theoretical foundation for optimizing gear transmission performance through
interface texturing design.

5. Discussion

The lubrication performance between meshing pairs in confined deep-sea gear environments is
often unsatisfactory, leading to stress concentration peaks and subsequent issues such as scratches,
adhesion, and adhesive failure during alternating contact processes. Priority should be given to
texturing the meshing interface and presetting the micro-scale configuration, as shown in Figure 12a.
The nominal friction coefficient of the textured interface contact is higher than that of the untextured
one, and it increases gradually with the continuous increase of the texture micro-element diameter.
This phenomenon is mainly due to the fact that the texture micro-element scale characteristics lead
to an increase in the shear stress of meshing interface. The critical role of texture micro-elements in
achieving homogeneous stress distribution and stable load-bearing capacity across the meshing
interface has been well established. This has been discussed in previous studies [43—45] on the
influence of texture micro-element scale morphology on friction coefficient.
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The micro-textures parameters have a significant impact on the friction characteristics of
meshing interface. When the diameter of micro-texture element is d=30pum, the nominal friction
coefficient of meshing interface reaches the minimum increase. Analysis of the variation in friction
coefficient for micro-textured meshing interfaces as shown in Figure 12b. When the friction coefficient
is set within the 0.20-0.30 range and the diameter of micro-texture element is d=120pum, the amplitude
of the time-varying contact friction coefficient exceeds that of non-textured interface. However, under
other parameter combinations, microtexturing can effectively reduce the fluctuation amplitude of
friction coefficient. When the friction coefficient is set at 0.10 and the diameter of micro-texture
element is d=30um, the meshing contact stability demonstrates a remarkable 53% improvement
compared to the non-textured interface. This crucial finding strongly indicates that the coordination
capability of micro-textured friction contact interfaces can be effectively applied to gear pair meshing
interfaces. Numerical simulation results further indicate that the improvement effect of micro-
textures becomes more pronounced under low friction coefficient conditions. The underlying
mechanism lies in the fact that under low friction coefficients, wear-induced deformation failure
caused by relative sliding at the meshing interface leads to reduced contact stress. In this scenario,
the texture elements effectively enhance the contact stress of the meshing interface while regulating
transient deformation during the meshing process. This dual effect mitigates interface deformation
to some extent, thereby improving both interface contact stability and meshing load-bearing
performance.

6. Conclusions

The demand for high reliability, long-term stability, high power density, and stress peak
capacity in deep-sea spatial equipment is increasingly critical. The issues of lubrication failure and
meshing load-bearing failure of gear pair interfaces have become key bottlenecks restricting the
performance enhancement of rear transmission systems. As is well recognized, micro-textured
interface fabricated through micro-machining technology can effectively regulate the meshing
conditions of gear pair contact friction system. This study introduces micro-texturing into heavy-duty
gear pairs and finds that the multi-scale configuration of textured micro-elements has an independent
effect on the lubrication characteristics and load-bearing performance of meshing interfaces. This
influence mechanism does not rely on gear surface strengthening measures but rather achieves
precise regulation of interfacial lubrication properties and meshing load-bearing capacity through its
unique pre-designed structural characteristics, thereby opening new avenues for addressing the anti-
scuffing load-bearing challenges of heavy-duty gears in advanced deep-sea equipment. The
following conclusions are drawn:

(1) Under heavy loads (high-stress) and low-speed conditions, the time-varying meshing
stiffness of gear pair treated with microtexturing is significantly enhanced by 5.32%, and the
fluctuation amplitude is also greatly reduced (compared with the ungeared gear pair, the minimum
difference reaches 5.2%). This optimization significantly improves the meshing load-bearing stability
of gear pair, thus providing robust reliability assurance for gear transmission system.

(2) The introduction of micro-textures on the meshing interface of the driving pinion effectively
optimizes stress distribution characteristics between contact pairs (by redistributing peak stresses
within the yield strength limit). The extreme value of the meshing stress of the textured micro-
element interface is significantly reduced by 21%. Although localized stress concentration persists at
the base of individual textured micro-element, these high-stress areas have the following
characteristics: 1) extremely limited spatial scale, 2) isolation from primary meshing contact areas,
and 3) negligible impact on overall stress distribution optimization. The micro-texturing technology
application not only significantly improves interfacial stress field distribution, but more importantly,
effectively mitigates lubrication failure risks, thereby substantially extending the service life of gear
pairs under heavy-load conditions.

(3) The regulatory effect of micro-texture elements on the meshing characteristics of gear pairs
is undeniably significant. A clear negative correlation exists between the contact friction coefficient
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and the Time-Varying Meshing Stiffness (TVMS) of gears. By modulating the friction coefficient at
the contact interface, the meshing stability can be notably enhanced, with the potential for an increase
of up to 51.8%. This adjustment also effectively diminishes the relative sliding contact friction during
the transient meshing process, particularly at the critical initial stage of meshing-in. Experimental
results corroborate these findings, showing that implementing micro-textured interface elements at
the meshing-in initial stage can reduce maximum friction torque by 27.3%. These comprehensive
findings substantiate that micro-texture elements serve as an effective technical solution for
optimizing gear transmission performance by precisely regulating gear pair meshing characteristics.

The introduction of micro-textures can significantly enhance the gears meshing Anti-Scuffing
Load-Bearing Capacity (ASLBC) under the condition of Interface Enriched Lubrication (IEL). This
finding provides an important theoretical basis for the optimal design of textured micro-element
configurations and the improvement of meshing dynamic performance. However, current research
on the influence of micro-textures on gears meshing ASLBC under IEL conditions still exhibits
notable deficiencies. The application reliability under extreme working conditions has not yet been
fully verified, which means that the promotion and application of this technology in the heavy
industry field still face many technical problems that need to be solved urgently. It should be noted
that the preset micro-textured element configuration scheme adopted in this study still has
limitations in specialized applications such as deep-sea gear transmissions. Compared with the in-
depth discussion of the thermal elastic effect and the thermo-mechanical coupling effect in previous
studies, the consideration of these critical influencing factors in this work still needs to be further
improved.
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