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Deep-sea gear transmission systems face critical lubrication challenges due to the combined effects
of extreme hydrostatic pressure and cryogenic temperatures. These environmental stressors cause exponential
increases in lubricant viscosity, leading to poor fluidity, high start-up torque, and lubrication starvation. Seawa-
ter intrusion induces lubricant emulsification, additive deactivation, and electrochemical corrosion at meshing
interfaces, collectively increasing the risk of lubrication failure and compromising long-term reliability. This
study investigates lubrication degradation mechanisms in deep-sea environments and proposes targeted mitiga-
tion strategies. Through comprehensive characterization of deep-sea environmental parameters and their effects
on lubricant rheological behaviour, we critically evaluate the applicability and limitations of conventional ther-
mal elasto-hydrodynamic lubrication (TEHL) theory under extreme conditions. Our analysis reveals that estab-
lished TEHL frameworks require substantial modification to accurately capture pressure—viscosity—temperature
coupling effects and seawater contamination kinetics. Meshing interface texturing, as an effective strategy for
friction reduction and wear mitigation, is examined to understand its mechanisms for enhancing lubricant film
formation and tribological performance under starved lubrication conditions. Key findings demonstrate that op-
timized micro-texture architectures can effectively compensate for viscosity-induced fluidity loss and mitigate
against the harmful effects of seawater ingress. Critical knowledge gaps are identified, and future research di-
rections are outlined: (i) multi-physics coupling models integrating thermo-hydrodynamic, chemo-physical, and
mechanical degradation processes; (ii) synergistic texture-coating design approaches; (iii) high-pressure, low-
temperature experimental validation protocols; and (iv) engineering implementation frameworks for deep-sea
gear transmission systems. This review establishes theoretical foundations and provides technical guidelines for
robust lubrication design and long-term operational stability of deep-sea transmission equipment.



The ocean harbours abundant biological, mineral, and en-
ergy resources, representing a strategic frontier for sustain-
able development and a vital space for future human progress
(Brandt et al., 2016). The exploration and utilization of these
distant and deep-sea resources rely on advanced equipment
such as submersibles, seabed drilling systems, underwater
robots, and tidal energy generators (Zhang et al., 2022; Gao
et al., 2024; He et al., 2015). Within these sophisticated sys-
tems, gear transmissions play a pivotal role in power trans-
mission and motion conversion; their performance directly
dictates the operational capability, precision, and reliabil-
ity of the entire equipment (Ruan et al., 2025b; Cao et al.,
2024; Mia et al., 2010). Unlike terrestrial environments, this
equipment typically operates hundreds or thousands of me-
tres underwater, subject to extreme hydrostatic pressure, low
temperatures, and a highly corrosive saline environment (Du
et al., 2024; Shen et al., 2022). This coupled high-pressure
and low-temperature setting poses unprecedented challenges
to materials, structures, and lubrication. As equipment de-
scends into deeper waters, the pressure differential across
the gearbox increases dramatically. If uncontrolled, the im-
mense external pressure can deform the housing structure
and compromise sealing systems, leading to seawater intru-
sion (Zhao et al., 2025). To mitigate the immense pressure
differentials in deep-sea environments, systems typically em-
ploy pressure-balancing devices to maintain pressure equilib-
rium in the gearbox. Figure 1 shows standard pressure com-
pensation units, including the elastic bladder (see Fig. 1a)
and moving piston (see Fig. 1b) types, along with the shut-
tle pin design featuring dual-bladder PBOF technology from
Siemens DigiTRON (see Fig. 1c) (Song et al., 2021; Chen et
al., 2025). Although this strategy protects the housing from
deformation, it exposes the internal components to high am-
bient pressure, altering the lubricant’s physicochemical prop-
erties. Specifically, high pressure significantly increases oil
viscosity and flow resistance, potentially causing additive
instability or changes in solubility. Consequently, this in-
evitably impairs lubricant film formation and load-bearing
capacity, accelerates wear, and reduces the equipment’s op-
erational lifespan.

Under high-pressure conditions, the viscosity of lubricat-
ing oil increases exponentially, leading to a sharp decline
in fluidity that can induce a semi-solid state (Sperka et al.,
2016). This not only significantly increases churning power
loss in the gearbox but also impedes timely backflow and
oil replenishment, resulting in film rupture and exacerbated
tooth surface wear (Cai et al., 2016; Li et al., 2025). The high-
pressure environment places stringent demands on sealing
systems; seal failure can lead to high-pressure seawater in-
trusion, contaminating the lubricant, corroding gear surfaces,
and potentially triggering complex failures such as fretting
corrosion (Gong et al., 2024; Chen et al., 2011). Furthermore,
temperatures in most deep-sea regions remain between 2 and
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Schematic illustration of the mechanism of pressure-
balanced units: (a) resilience-bladder type, (b) movable-piston type,
(c) the shuttle pin design with dual-bladder PBOF technology of
Siemens DigiTRON.

4°C year-round. These low temperatures further increase
viscosity and reduce fluidity (Xiao et al., 2018). Under the
combined effects of high pressure and low temperature, the
dramatic rise in viscosity leads to higher starting torque and
reduced pumping performance, making it challenging to sup-
ply lubricant to the meshing zone promptly and thereby caus-
ing lubrication starvation (Qian et al., 2024). Moreover, high
pressure and low temperature alter critical thermo-physical
parameters, such as density and thermal conductivity, com-
promising the accuracy of film thickness and temperature
field calculations in thermal elasto-hydrodynamic lubrica-
tion (TEHL) analysis. In extreme cases, such as during cold
starts, the drastic viscosity increase may prevent start-up alto-
gether (ToSi¢ et al., 2023; Wu et al., 2025). As the core theory
for studying lubrication in high-load non-conformal contacts,
TEHL comprehensively accounts for hydrodynamic effects,
elastic deformation, and the lubricant’s pressure-viscosity
and temperature-viscosity characteristics, alongside thermal
effects. It accurately describes key parameters in the mesh-
ing zone, such as film pressure, thickness, temperature field,
and friction (Lv et al., 2022; Torres et al., 2023; Zhang and
Zhang, 2021). By establishing numerical models that reflect
the coupled effects of high pressure and low temperature, ap-
plying TEHL theory to deep-sea gear systems enables the
quantitative analysis and prediction of lubrication character-
istics under extreme operating conditions (Jian et al., 2020).
However, relying solely on the passive selection of superior
lubricants and base materials is often insufficient to address
such harsh conditions fully. Interface texturing technology,
an active tribological control strategy, has garnered signifi-
cant attention in recent years (Yuan et al., 2025). This tech-
nique involves creating micro-scale pits or grooves with spe-
cific geometries and spatial arrangements on friction pair sur-
faces to improve lubrication, and suppress friction and wear.



Through mechanisms such as acting as oil reservoirs, gen-
erating secondary hydrodynamic effects, and trapping wear
debris, interface texturing offers a promising solution for ad-
dressing the lubrication challenges faced by deep-sea gears
under high loads and low speeds.

While traditional research on gear lubrication has achieved
substantial success under conventional conditions, it remains
inadequate for addressing extreme marine environments
characterized by high pressure and low temperatures. Ade-
quate lubrication is essential for reducing friction and wear,
lowering energy consumption, and extending equipment ser-
vice life; however, traditional lubrication theories and meth-
ods often prove insufficient in deep-sea, high-pressure, and
low-temperature environments. Consequently, this article re-
views and evaluates the progress of two core research ar-
eas — EHL theory and interface texturing technology — in
the context of marine gear transmission systems. Through
an in-depth analysis of the mechanisms by which extreme
environments affect lubrication performance, future research
prospects are outlined. This study aims to provide theoretical
support for the reliable design and operation of marine trans-
mission systems, offering valuable insights and engineering
guidance for enhancing the performance and reliability of
deep-sea equipment. The integration of advanced machine
learning architectures, including random forest ensembles,
deep neural networks, and multi-modal learning paradigms,
holds substantial potential for enhancing micro-texture per-
formance prediction capabilities. Incorporating these multi-
scale homogenization techniques into predictive models is
expected to improve the fidelity of parameter estimation.
However, it must be acknowledged that data-intensive ap-
proaches inherently demand extensive high-fidelity datasets
and impose significant computational burdens during model
training and validation phases. In this context, physics-based
mathematical modelling retains its advantageous position
as a computationally efficient and economically viable ap-
proach for predicting the tribological performance of gear
pairs.

In contrast to terrestrial operating environments, gear Sys-
tems operate in a significantly more severe service, com-
pounded by high pressure and low temperatures. As opera-
tional depths reach several thousand metres, systems must
adapt to these extreme conditions. The deep sea, commonly
defined as depths exceeding 200m or, more strictly, be-
low 1000 m, constitutes over 95 % of the Earth’s habitable
biosphere, and represents the planet’s most extensive and
least understood ecosystem (Tortorella et al., 2018). Seawa-

ter temperature drops noticeably with depth, stabilizing only
after passing through the thermocline into the abyssal and
hadal zones (Skropeta and Wei, 2014). Beginning at approx-
imately 200 m depth, seasonal and interannual temperature
fluctuations essentially vanish, creating a highly stable cold
environment throughout the global deep ocean where water
temperatures are consistently maintained between 0 and 4 °C
(Amano et al., 2022; Peacock and Ouillon, 2023). Concur-
rently, hydrostatic pressure increases sharply, rising linearly
at a gradient of about 0.1 MPa per 10 m, exceeding 110 MPa
at the extreme depths of the Mariana Trench (Scheffer and
Gieg, 2023; Wang et al., 2020). Furthermore, light intensity
decays exponentially with depth, with 99 % of incident light
dissipated by 150 m, rendering the environment below 250 m
virtually devoid of light (Paul et al., 2011; Sun and Wang,
2017). Chemically, seawater acts as a strong electrolyte, rich
in chloride ions and dissolved oxygen, and constitutes a nat-
urally corrosive environment (Wood, 2017). In this aqueous
setting, metals form microscopic anodic and cathodic regions
where anodic metal dissolution and cathodic oxygen reduc-
tion reactions occur. Notably, the high concentration of chlo-
ride ions is highly aggressive and can break down the pas-
sivation film on metal surfaces, thereby initiating and ac-
celerating localized corrosion (Von der Ohe et al., 2010).
Prolonged exposure to this high-salinity, high-humidity en-
vironment poses severe electrochemical corrosion challenges
for metallic materials. This not only compromises the load-
bearing capacity of materials but also contributes to the pre-
mature failure of gear transmission systems.

At low temperatures, the thermal motion of molecules is
suppressed, allowing intermolecular forces to dominate and
molecular structures to become more ordered. This phe-
nomenon increases flow resistance and elevates viscosity.
As temperature rises, however, intermolecular separation ex-
pands and cohesive forces decline; the resulting enhance-
ment in molecular thermal motion reduces flow resistance,
manifesting macroscopically as a substantial decrease in vis-
cosity (Himanshu et al., 2026; Bair et al., 2018). Mean-
while, increasing pressure compresses lubricant molecules,
reducing the average intermolecular distance and free vol-
ume. These intensified interactions lead to a marked increase
in flow resistance and an exponential increase in viscosity
(Boussaid et al., 2024). Within the framework of EHL the-
ory, lubricant viscosity is commonly defined as a function
of both pressure and temperature. Researchers have devel-
oped various empirical and semi-empirical models to char-
acterize the dependence of lubricant viscosity on tempera-
ture and pressure. These models generally fall into three cat-
egories: viscosity-temperature equations, viscosity-pressure
equations, and coupled viscosity-temperature-pressure equa-
tions, which account for both factors simultaneously. Among



viscosity-temperature models, the Reynolds equation is suit-
able for narrow temperature ranges, whereas the Andrade
equation, despite its simple form, has limited predictive ca-
pability over broad temperature spans (Su et al., 2024; Xu
et al., 2023a; Zhang et al., 2024). The Slotte equation more
accurately describes viscosity changes across wide temper-
ature variations, although its parameters are fluid specific
(Seeton, 2006). The Vogel-Fulcher—Tammann (VTF) equa-
tion, grounded in free volume theory, is particularly effec-
tive for describing viscosity behaviour near the glass tran-
sition (Levit et al., 2019). The Walther equation, recom-
mended as an ASTM standard, serves as the basis for gen-
erating viscosity-temperature charts. Regarding viscosity—
pressure relationships, the Barus equation is simple but ap-
plicable only to low pressures; the Roelands equation of-
fers superior accuracy over a wider pressure range; and the
Cameron equation can be viewed as a modification of the
Barus model suited for high-pressure conditions (Bair, 2022;
Andersson et al., 2021). In practical operating scenarios such
as EHL, temperature and pressure often fluctuate drastically
and simultaneously, necessitating the use of coupled models.
For instance, the Barus—Reynolds combination is straightfor-
ward but inherits the high-pressure inaccuracies of the Barus
model. Since its introduction in 1966, the Roelands equation
has gained widespread recognition for its accuracy and uni-
versality across diverse conditions.

To provide a unified description of viscosity behaviour
from the liquid to the glassy state, researchers have also de-
veloped comprehensive models such as the WLF-Yasutomi
model. By integrating the WLF equation into the Tait equa-
tion of state, this model effectively predicts viscosity vari-
ations across a range of pressures and temperatures within
a single framework. Continuously refined through experi-
mental fitting, it has become one of the most representative
models in current use (Lei et al., 2017; Gupta et al., 2020a;
Ewen et al., 2018). Under high-pressure operating condi-
tions typical of deep-sea environments, hydrostatic pressures
reaching tens of megapascals are sufficient to induce a sig-
nificant increase in the base viscosity of lubricating oil. In
Hertzian contact zones, pressures can surge to the gigapascal
(GPa) range, increasing viscosity by several orders of mag-
nitude. Accurately modelling such drastic variations is crit-
ical for TEHL analysis. The low-temperature environment
of the deep sea can elevate lubricant viscosity by 1 to 2 or-
ders of magnitude compared to ambient conditions. While
increased viscosity theoretically facilitates the formation of
thicker oil films, the adverse effects of severely reduced flu-
idity are more pronounced and often constitute the primary
cause of lubrication failure. The synergistic effect of high
pressure and low temperature drives the lubricating oil into
an extreme high-viscosity state, where its behaviour approx-
imates that of an amorphous solid, exhibiting high internal
friction and shear stress. This state further acts as a signifi-
cant source of churning losses and temperature escalation in
the contact zone. Precise characterization and simulation of

the viscosity—pressure—temperature relationship under these
coupled high-pressure and low-temperature conditions are
crucial prerequisites for reliable lubrication analysis and de-
sign, and the experimental data under such extreme condi-
tions remain extremely scarce.

Beyond viscosity, thermo-physical properties such as den-
sity, thermal conductivity, and specific heat capacity are piv-
otal in TEHL analysis because they directly affect the solu-
tion of the mass conservation and energy equations. These
properties depend significantly on temperature and pressure,
a sensitivity that intensifies under extreme operating condi-
tions. Density, a key parameter, substantially affects the fluid
mass flowing through the contact zone and the oil film thick-
ness. Research indicates that density typically decreases with
rising temperature and increases with rising pressure (Xu et
al., 2023b). Owing to its concise form and ease of applica-
tion, the Dowson—Higginson equation is widely used in en-
gineering calculations:
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59%x 108+ p

p(p,T)=pr —,BDH(T—TR)}, (D

where pr is the reference density, TR is the reference temper-
ature, and Bpy is the density-temperature coefficient.

To further enhance prediction accuracy across a wide
range of pressures and temperatures, the Tait (Hartung, 2022)
equation of state is more precise than the Dowson-Higginson
equation:
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p(p,T)=

where o, is the coefficient of volumetric thermal expansion,
K is the variation of the isothermal bulk modulus at abso-
lute zero temperature, K is the isothermal bulk modulus at
absolute zero temperature, and Bk is the temperature coeffi-
cient of the isothermal bulk modulus.

Thermal conductivity and specific heat capacity define a
lubricant’s heat transfer capability and thermal storage ca-
pacity, respectively. Together, these parameters govern the
temperature distribution in the TEHL contact zone. While
both properties exhibit pressure and temperature depen-
dence, their sensitivity to these variables is generally less
pronounced than that of viscosity and density. Thermal con-
ductivity typically increases slightly with rising pressure and
temperature, whereas specific heat capacity is predominantly
temperature dependent, with pressure effects being negligi-
ble. In low-temperature environments, reduced thermal con-
ductivity impedes the dissipation of shear-induced heat, lead-
ing to localized temperature spikes. This phenomenon may



Parameters related to lubrication media for deep-sea gear transmission system.
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trigger a complex coupled feedback loop characterized by es-
calating temperatures, reduced viscosity, and corresponding
variations in heat generation.

In deep-sea environments, the combination of low tem-
peratures and high pressures affects lubricant rheological be-
haviour, as illustrated in Figs. 2 and 3. Low temperatures sup-
press molecular thermal motion and strengthen intermolec-
ular forces, resulting in a substantial increase in viscosity.
High pressures further amplify this effect by reducing inter-
molecular spacing, potentially inducing non-Newtonian be-
haviour or even solidification. When these factors act syn-
ergistically, the coupled conditions severely impair lubri-
cant fluidity and film-forming capability, potentially causing

equipment start-up failures or exacerbated friction and wear.
Given the stringent operational requirements for marine lu-
brication systems under extreme temperature-pressure con-
ditions, systematic investigation of the thermo-physical evo-
lution of lubricating oils is imperative.

Sealing systems represent a critical weak point in deep-
sea equipment. Subjected to sustained high differential pres-
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Figure 4. Schematic diagram of oil-water two-phase state.

sures, they face a significant risk of failure. If seawater in-
filtrates the gearbox, it drastically reduces the lubricant’s ap-
parent viscosity, impairing film formation and shifting from
hydrodynamic to mixed or boundary lubrication, thereby ac-
celerating wear on friction pairs (Zhou et al., 2024). As illus-
trated in Fig. 4, the phase behaviour of oil-water mixtures is
complex. At water concentrations below the saturation limit,
water dissolves into the oil, creating a homogeneous solution
with a viscosity lower than that of the pure base oil (Harika
etal., 2011).

Beyond this limit, an unstable two-phase system devel-
ops, characterized by water dispersed as fine droplets. While
the initial addition of water slightly increases viscosity due
to heightened interfacial tension (Ouyang et al., 2023), ex-
ceeding a critical concentration triggers an emulsion inver-
sion from water-in-oil (W/O) to oil-in-water (O/W). This re-
sults in a precipitous decline in viscosity and a consequent
loss of the lubricating film’s load-bearing capacity. More-
over, electrolytes and chloride ions inherent in seawater can
disrupt the oil-water interfacial tension and compromise the
metal’s passive film. The synergistic effect of mechanical
wear and electrochemical corrosion significantly accelerates
material degradation, fostering a vicious cycle of corrosion-
promoting wear and wear-promoting corrosion (Tian et al.,
2022; Wang et al., 2012; Liu et al., 2024). Moreover, seawa-
ter can induce hydrolysis or chemical reactions with extreme
pressure and anti-wear additives, thereby neutralizing the ef-
ficacy and inhibiting protective film formation under bound-
ary lubrication regimes (Ijaz Malik et al., 2023). Seawater
also disrupts the suspension stability of additives and accel-
erates the hydrolytic degradation of ester-based environmen-
tally friendly lubricants. The resulting production of acidic
species and sludge intensifies the corrosion of metal compo-
nents (Litwin et al., 2024; Hossain et al., 2018). The deteri-
oration not only diminishes lubrication performance but also
risks clogging filters and oil passages, potentially leading to
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oil starvation and threatening the integrity of the lubrication
system.

The fitting results of the Roelands model demonstrate high
consistency with experimental data in terms of pressure and
temperature trends. The constructed response interface effec-
tively captures the overall distribution of the experimental
data points, intuitively illustrating the variation in viscosity
under different operating conditions (Fig. 5). Error analysis
indicates that the residual sum of squares is 0.3926, with an
average relative error of 2.29 % and a maximum relative error
of 8.78 %. The low average error reflects the overall reliabil-
ity of the model fitting, while the relatively high maximum
error suggests some deviations under specific conditions.

Figure 6 further illustrates the distribution of relative er-
rors across the pressure-temperature parameter space: most
data points exhibit small errors, with significant deviations
observed only in a few cases. This distribution pattern

https://doi.org/10.5194/ms-17-525-2026



Dynamic viscosity of lubricating oil under different tem-
peratures and pressures.

Temperature 5MPa 15MPa 20MPa 25MPa 30MPa
0° 52584  6.6763 74744 8.1742 8.7312
5° 42642 55105  6.2095 6.8115  7.3204
10° 3.2655 4.2734 48230 5.3308  5.7945

aligns with the aforementioned statistical results. The vari-
ation of lubricant viscosity with temperature and pressure
constitutes a fundamental issue in lubrication engineering.
The viscosity—temperature relationship characterizes the de-
crease in viscosity as temperature increases. In this study,
the Roelands viscosity—pressure—temperature correlation is
fitted using MATLAB to obtain the dynamic viscosity of the
lubricant under various temperature and pressure conditions,
as presented in Table 2.

The Stribeck curve delineates three distinct lubrication
regimes for mechanical contacts: full-film, mixed, and
boundary lubrication. Full-film lubrication principally com-
prises hydrodynamic lubrication and EHL. In the context
of heavily loaded gear pairs, the operating regime typically
spans the spectrum from EHL to mixed lubrication. Figure 7
schematically delineates the characteristic features of these
regimes and their transition dynamics. Under hydrodynamic
and elasto-hydrodynamic conditions, contacting surfaces are
entirely separated by a lubricant film of adequate thickness.
Friction primarily arises from the internal shearing of lu-
bricant molecules. In this state, the coefficient of friction is
markedly low, wear is negligible, and the system operates un-
der ideal lubrication conditions. Boundary lubrication stands
in stark contrast; here, the lubricant film is extremely thin or
non-existent, and the load is borne almost entirely by direct
asperity contact. Consequently, this regime is characterized
by high friction coefficients and severe wear. Mixed lubrica-
tion represents the intermediate state, where the load is dis-
tributed between the fluid film and asperity contacts, result-
ing in complex tribological behaviour.

Under the high-pressure, low-temperature conditions
unique to deep-sea environments, lubricant viscosity in-
creases exponentially, influencing the lubrication regime.
Within the full-film regime, increased viscosity promotes the
formation of a thicker lubricant film, thereby bolstering sur-
face protection. In the mixed regime, higher viscosity mit-
igates direct asperity contact, reducing wear. In the bound-
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ary regime, protection relies primarily on surface-adsorbed
chemical films. Nevertheless, the extreme viscosity elevation
in such severe environments complicates the lubricant’s rhe-
ological behaviour, posing a potential threat to the transmis-
sion system’s operational reliability. High hydrostatic pres-
sure in the deep sea can induce the glass transition of lu-
bricants, leading to a sharp increase in the molecular relax-
ation time and a shift in dynamic behaviour from liquid like
to solid like, thereby forming a macroscopic friction plateau
(Gonon et al., 2025; Bair, 2019). At low temperatures, lubri-
cants exhibit diverse phase behaviours: mineral oils may ex-
hibit shear-thinning and yield stress driven by paraffin crys-
tallization, whereas synthetic oils may undergo a glass tran-
sition, leading to a nonlinear increase in viscosity (Conrad
et al., 2021). These transitions significantly compromise the
spreading capability of the oil film, expediting the shift from
EHL to mixed or even boundary lubrication regimes (Cui et
al., 2023; Li et al., 2022). Models of rough surface contact
further confirm that increased surface roughness or reduced
load shortens the window for the onset of mixed lubrication;
notably, wear frequently initiates at the point of minimum
film thickness along the contact zone periphery (Chong et al.,
2019). In light of the limitations of conventional lubricants in
marine settings, solid lubricants suitable for extreme temper-
atures have emerged as a critical solution. This category en-
compasses layered materials, soft metals, MAX phases, and
stable fluorides and oxides. Self-lubricating composites man-
ufactured via powder metallurgy or thermal spraying tech-
niques provide adequate lubrication across a broad tempera-
ture range (Kumar et al., 2022). Environmentally friendly gel
lubricants retain advantageous rheological properties at low
temperatures, showing promise for use in polar and deep-sea
applications (Gorbacheva et al., 2021).



The theory of TEHL for gears comprehensively accounts for
the coupling effects of elastic deformation, thermal phenom-
ena, and hydrodynamic lubrication during meshing. This ap-
proach enables a more realistic prediction of oil film thick-
ness, pressure distribution, and temperature within the con-
tact zone, thereby facilitating the assessment of performance
indicators such as friction, wear, and fatigue (Maier et al.,
2017). Building upon isothermal EHL theory, TEHL intro-
duces the energy equation to account for frictional heating.
The formulation centres on solving a system of highly non-
linear partial differential equations that characterize the phys-
ical state of the lubricated contact.

A comprehensive TEHL numerical model generally com-
prises the Reynolds equation, the film thickness equation,
the load balance equation, the energy equation, and rheol-
ogy equations governing the viscosity—pressure—temperature
relationship. Numerical techniques are utilized to determine
the pressure, thickness, and temperature distributions of the
lubricant film. Figure 8 presents a schematic diagram of the
pressure distribution and the variation in film thickness. The
lubrication regime of gear meshing falls within the EHL do-
main, requiring the concurrent consideration of elastic de-
formation in the contacting bodies and variations in lubri-
cant viscosity. During actual operation, gear surfaces en-
dure extreme contact pressures, combined rolling and sliding
motions, and transient thermal effects, creating a complex
TEHL scenario. TEHL theory comprehensively accounts for
the coupling among thermal effects, elastic deformation,
and hydrodynamics, providing a realistic representation of
the lubrication state. Under high-pressure and high-speed
transmission, transient temperature elevations in the contact
zone further intensify this complexity. The mechanism by
which unbalanced radial forces in high-pressure internal gear
pumps induce gear deformation is elucidated, thereby shift-
ing the dominant frequency of pressure pulsation and inte-
grating dynamic loads with a mixed EHL model (Liu et al.,
2019). The evolutionary patterns of gear lubrication param-
eters under high loads and speeds is clarified (Xiao et al.,
2018). Nevertheless, extreme operating conditions present
severe challenges to lubrication stability. Results demon-
strate that upon reaching critical load and speed values, the
friction coefficient increases sharply when oil temperature
exceeds the flash point, precipitating lubrication failure and
severe wear (Duan et al., 2023). Thermally induced temper-
ature rise reduces lubricant viscosity and increases oil film
compressive deformation, yielding tangential stiffness sig-
nificantly exceeding isothermal predictions, as demonstrated
by the established stiffness model (Yin et al., 2021). This
phenomenon is particularly pronounced in the tooth root re-
gion, where loads are concentrated. A finite-element cou-
pling model is developed to investigate mixed lubrication in
planetary gear systems under low-speed, heavy-load condi-
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variation in the lubricating film.

tions, accounting for local temperature rises from asperity
contact, film rupture, and thermal deformation (Wang et al.,
2026a).

In contrast, low-temperature environments significantly
impact lubricant properties and system behaviour. Existing
literature demonstrates that temperature reduction drastically
increases lubricant viscosity while inducing significant rheo-
logical transformations (Su et al., 2023). This results not only
in oil film thickening and abnormal fluctuations in the trac-
tion coefficient but also in exacerbated rolling-element slip-
page. To accurately capture rheological behaviour under low-
temperature, high-viscosity conditions, a modified Herschel—-
Bulkley model is proposed, which exhibits superior accuracy
in fitting experimental data and calculating engineering trac-
tion coefficients compared to traditional H-B and T-J mod-
els. Moreover, a mechanical-thermal coupled model reveals
that increased grease viscosity at low temperatures in high-
speed train bearings leads to film thickening and aggravated
slippage, identifying these factors as intrinsic causes of early
failures in cold-region rail bearings (Liu et al., 2022). Lastly,
employing a viscous-hyperelastic mixed lubrication model,
the proposed model demonstrated that in deep-sea environ-
ments defined by high pressure, low temperatures, and cor-
rosion, the model offers significantly better prediction accu-
racy for water film stiffness than traditional linear models,
offering critical theoretical support for the design of water-
lubricated gear transmissions (Wang et al., 2025a).

Under ultra-high hydrostatic pressure, conventional
viscosity—pressure relationships often fail to character-
ize lubricant behaviour accurately. As pressure approaches
the glass transition point, the constitutive behaviour devi-
ates significantly from standard models (Ziegltrum et al.,
2018; Sivayogan et al., 2020). Furthermore, high pressure
compresses the lubricant substantially, increasing its density.
This change directly impacts the accuracy of mass conserva-



tion and oil film thickness predictions in TEHL calculations
(Mounayer and Habchi, 2023). The deep-sea environment
creates a unique cold-exterior, hot-interior scenario. While
the system is externally cooled by low-temperature seawater,
the internal high-speed shearing of gear surfaces generates
substantial frictional heat. This severe temperature gradient
complicates heat conduction and convection, imposing
stricter requirements for calculating oil film temperature
fields and flash temperatures (Yin et al., 2020). Although
strong external cooling helps to suppress temperature rise
and maintain higher oil film viscosity, it complicates thermal
management. Consequently, TEHL modelling requires
modified boundary conditions to reflect forced convection
with seawater, and the impact of thermal management
measures, such as insulation layers or active cooling, on the
system’s thermal balance must be accounted for (MacLaren
and Kadiric, 2024; Li et al., 2022). Extremely low ambient
temperatures cause a sharp increase in lubricant viscosity
and reduced fluidity (Castafio and Veldzquez, 2021). Al-
though high viscosity theoretically promotes thicker oil film
formation, the lubricant may fail to replenish the contact
zone in time under low-speed conditions where hydrody-
namic effects are weak. This can force gears into a mixed or
boundary lubrication regime, significantly increasing the risk
of wear (Kolivand et al., 2021). During operation, shear heat
in the meshing zone gradually raises the oil temperature,
reducing viscosity and potentially shifting the lubrication
state towards full-film EHL (Zhao et al., 2024). However,
the deep-sea, low-temperature environment acts as a con-
tinuous cold sink, absorbing system heat and maintaining a
thermal equilibrium temperature far below normal operating
conditions, thereby further affecting lubricant performance
and oil film formation. The combination of high hydrostatic
pressure and Hertzian contact pressure leads to extremely
high lubricant viscosity in the contact zone. This excessive
viscosity increases viscous shear forces, leading to a higher
friction coefficient and a significant temperature rise. The
resulting temperature rise reduces viscosity, thereby limiting
the sustained growth of oil film thickness (Fang et al., 2025).
Since gear meshing is inherently a transient process with
continuously changing contact geometry, load, and speed,
extreme physical property variations in the deep sea can
cause severe fluctuations in lubrication state within a single
meshing cycle, making prediction and control more difficult
(Wang et al., 2019; Shi et al., 2021).

The viscosity resulting from high pressure increases the
computational difficulty of solving the TEHL governing
equations, often leading to convergence and stability issues
in numerical simulations. In these conditions, lubricants may
exhibit solid-like shear behaviour, leading to a drastic in-
crease in friction and challenging the validity of the tradi-
tional Reynolds equation, which is predicated on fluid as-
sumptions (Amine et al., 2023). Although recent research has
focused on material property models for extreme environ-
ments, a model that accurately describes lubricant rheology
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face texturing under different operating conditions.

under the simultaneous influence of low temperature, ultra-
high pressure, and high shear rates is still lacking (Saxena
et al., 2025). Moreover, the interplay between time-varying
frictional heat and rough surfaces with multi-scale fractal
characteristics adds further complexity to the analysis of
TEHL behaviour (Ruan et al., 2025b).

Meshing interface texturing entails the precise design and
fabrication of micro- and nanoscale surface features, such
as pits or grooves with specific geometries and spatial dis-
tributions, on friction pairs. This approach actively tailors
the tribological properties of the interface (Zhou et al., 2024,
Xu et al., 2023b). By modifying surface morphology, tex-
turing regulates lubricant flow and optimizes contact stress
distribution, thereby enhancing macroscopic tribological per-
formance. Specific benefits include reduced friction coeffi-
cients, improved load-bearing capacity, minimized wear, and
effective containment of wear debris (Braumann et al., 2025).
Driven by advancements in precision manufacturing, particu-
larly laser processing, the technique has been widely adopted
in mechanical seals and bearings. Moreover, it holds consid-
erable promise for mitigating lubrication challenges in heav-
ily loaded, high-speed gear systems (Arumugaprabu et al.,
2018; Watanabe et al., 2025).

The tribological benefits of interface texturing, specifically
friction reduction and wear resistance, stem from the syn-
ergy of multiple mechanisms: hydrodynamic pressure en-
hancement, secondary lubrication, debris entrapment, and
surface strengthening. Figure 9a depicts the mechanisms of
debris entrapment and cavitation generation on textured sur-
faces. In hydrodynamic or mixed lubrication regimes, micro-
textures establish microscopic wedge-shaped gaps that dis-
rupt the parallel flow of the lubricant film, inducing a conver-



gent zone downstream of the structures (Chen et al., 2021).
Based on the Reynolds equation, this convergent zone gen-
erates additional hydrodynamic pressure, increasing the oil
film thickness and separating the contact surfaces. By con-
verting solid—solid contact to fluid shear, this mechanism
significantly mitigates friction and wear (Guo et al., 2022;
Gropper et al., 2016) (Fig. 9b). During boundary lubrica-
tion or transient phases, such as start-stop operations, in-
terface textures act as micro-reservoirs (Wang et al., 2024;
Yin et al., 2023). Stored lubricant is released to compensate
for insufficiencies in the main oil film, creating a secondary
lubricating film that delays or avoids dry contact. This ca-
pability markedly improves the reliability of gears operat-
ing under severe conditions, such as low speed and heavy
load (Vishnoi et al., 2021; Shen et al., 2021) (Fig. 9c). Addi-
tionally, interface textures serve to trap and isolate wear de-
bris, thereby preventing three-body abrasion at the interface
(Mao et al., 2020; Maldonado-Cortés et al., 2021) (Fig. 9d).
Moreover, high-energy beam machining techniques, such as
laser texturing, induce rapid thermal cycling that modifies
the microstructure surrounding the textures. This results in
fine-grain strengthening and increased dislocation density,
forming hardened zones with elevated micro-hardness that
further bolster the material’s resistance to plastic deforma-
tion and wear (Moradi et al., 2019). These interface textur-
ing mechanisms prove particularly effective in marine envi-
ronments. Under high-pressure conditions, the textures’ ca-
pacity to store oil compensates for lubricant displacement,
thereby maintaining the integrity of the lubricating film. In
humid or water-rich environments, the geometric structure
helps to collect and divert water, thereby alleviating lubricant
emulsification. Additionally, during cold starts, the lubricant
reservoir in the textures rapidly activates, forming a film that
markedly reduces wear during the critical start-up period.

Gear surface texturing is regarded as a pivotal approach for
enhancing the tribological performance of gears. Its research
scope has progressively evolved from early investigations of
simple geometric configurations to the deep integration of
biomimetic designs and multi-parameter collaborative op-
timization. Preliminary explorations primarily focused on
analysing the mechanisms by which basic geometric fea-
tures, such as circles and grooves, influence gear perfor-
mance. Comparative studies have demonstrated that circular
pits are effective in reducing the friction coefficient (Wang et
al., 2023). Meanwhile, parameter optimization studies have
confirmed that rationally designed groove textures can signif-
icantly decrease the surface damage rate and improve anti-
adhesion capability (Chang et al., 2023), as illustrated in
Fig. 10a. Inspired by surface morphologies found in nature,
biomimetic texturing has emerged as a significant research

direction. A striped surface inspired by intertidal bivalves is
developed, which improved the contact fatigue resistance of
gears by more than 20 % (Lei et al., 2024; Zhang et al., 2025).
Figure 10b displays the curved groove texture designed by
drawing inspiration from the Pecten maximus (great scallop);
this design exhibited superior performance in reducing the
friction coefficient, wear depth, and operating temperature.
A biomimetic hexagonal texture with bidirectional grooves is
designed (Wang et al., 2025a), which significantly enhanced
thermal management and prolonged gear service life through
improved convective heat transfer and lubricant distribution
(Fig. 10c). To further improve performance, the research fo-
cus has shifted towards the precise optimization of key tex-
ture parameters and their coupling effects in multi-physics
fields. Through the modelling and analysis of rhombic micro-
textures, it has been demonstrated that these textures are ca-
pable of reducing the friction coefficient by up to 22.96 %,
while concurrently revealing the coupling influence of tex-
ture parameters on lubrication and vibration performance
(Wang et al., 2026b). Systematic comparative analysis of var-
ious biomimetic micro-textures identifies the crescent config-
uration as optimal, attributable to its superior hydrodynamic
lubrication performance and enhanced debris entrapment ca-
pability, thereby achieving significant reductions in friction
and wear. Furthermore, the adaptability of such textures to
diverse operating conditions represents a critical research pri-
ority (Zhao et al., 2019). It is noted that micro-cylindrical pits
exhibit exceptional suitability for vibration suppression and
debris entrapment under fully lubricated conditions (Gupta et
al., 2018, 2020b, 2022). Vertical ellipsoid pits offer superior
cooling and vibration suppression in lubrication-starved sce-
narios, as illustrated in Fig. 10d. A manufacturing technique
integrating power grinding with flexible topology modifica-
tion is proposed, which enables the prediction and active con-
trol of gear interface textures, thereby effectively reducing vi-
bration and noise (Tang et al., 2025). Parametric studies elu-
cidated the nonlinear interplay between surface texture char-
acteristics and dual functional responses, and between debris
capture capability and meshing stiffness, offering theoretical
insights for robust texture design across variable operating
regimes (Zhang et al., 2025; Chen et al., 2023).

The fabrication of high-performance textures relies on
manufacturing technologies characterized by high preci-
sion, high efficiency, and low damage. Current mainstream
processes are categorized into subtractive, additive, and
material-transfer types, with subtractive manufacturing being
the most widely used. Among subtractive techniques, laser
processing, particularly femtosecond laser processing, has
emerged as the preferred method due to its high precision and
flexibility. By adjusting parameters such as laser power and
scanning speed, texture morphology can be precisely con-
trolled and surface hardness enhanced. Challenges regarding
the heat-affected zone and slag must be addressed (Sharma
et al., 2021; Salguero et al., 2019). Chemical etching uses
etchants to remove material directionally; it is suitable for
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mass production and preserves the mechanical properties of
the substrate, yet it is limited by corrosiveness and processing
speed (Xu et al., 2018, 2019; Braileanu et al., 2025). Micro-
grinding enables superior surface quality and the fabrication
of complex micro-grooves, whereas abrasive flow machin-
ing offers excellent uniformity on complex tooth surfaces but
presents challenges in shape control (Zhou et al., 2024; Fu
et al., 2020). Abrasive water jet machining removes mate-
rial via high-speed abrasive impingement, offering potential
for high efficiency and environmental friendliness (Jagadish
and Ray, 2019; Natarajan et al., 2020; Shi et al., 2017). Elec-
trical discharge machining, while suitable for hard conduc-
tive materials, is associated with issues such as recast lay-
ers and low efficiency. Regarding additive techniques, 3D
printing (additive manufacturing) can fabricate complex 3D
structures but currently faces limitations related to material
grain structure and cracking (Hong et al., 2017; Naat et al.,
2024; Li et al., 2018). Material-transfer techniques (such as
micro-texture rolling) leverage plastic deformation to trans-
fer patterns, offering high efficiency and consistency. How-
ever, challenges exist when processing high hardness or com-
plex textures. A process combining laser pre-treatment with
abrasive flow machining is adopted, which significantly en-
hanced the quality and wear resistance of the tooth surfaces.
Currently, process selection requires careful consideration of
material characteristics and costs (Wos et al., 2020; Petare
et al., 2020). Looking ahead, driven by the development of
hybrid processes (e.g. laser-electrochemical combinations,
the integration of abrasive water jet with milling) and digi-
tal control technologies, the manufacturing of gear interface
textures is poised to evolve towards greater efficiency and
precision.

4.3 Meshing-interface-enriched lubrication considering
micro-texture effects

To accurately predict and design the lubrication performance
of textured gears, theoretical research has evolved from sim-
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ple isothermal models to complex multi-physics simulations.
Early studies were primarily based on isothermal assump-
tions, focusing on analysing the influence of texture param-
eters on lubrication. Experimental results confirm that the
oil film thickness increases proportionally with the micro-
dimple area ratio (Li et al., 2018). The respective contri-
butions of groove patterns and laser surface textures to hy-
drodynamic effect enhancement are experimentally validated
(Zhao et al., 2021). Transient EHL theory is utilized to elu-
cidate the synergistic influences of composite curvature ra-
dius, entrainment velocity, and external load on the lubrica-
tion performance (Petare et al., 2019; Pei et al., 2019). Tex-
ture orientation is further examined to decode its anisotropic
coupling effects on lubricant entrainment and pressure build-
up. These insights lay the groundwork for physics-informed
optimization of geometric texture parameters, facilitating
the robust design of micro-textured interfaces towards supe-
rior load-bearing capacity and friction reduction (Morales-
Espejel et al., 2018). Advancing lubrication research has
increasingly focused on complex interfacial behaviour and
thermodynamic coupling effects. Parametric dependencies of
texture-induced cavitation, characterized by rotational speed,
load, and geometric configuration, reveal the evolution mech-
anisms of interfacial cavitation in micro-textured lubrication
regimes (Wang et al., 2020). A comprehensive model ac-
counting for the coupling between surface roughness and
micro-textures has been established. The results demonstrate
that optimizing the aspect ratio can reduce tooth surface
stress by approximately 50 %, thereby significantly extend-
ing fatigue life. Given the pronounced thermal effects un-
der high-speed, heavy-load conditions, current research has
shifted towards TEHL and dynamic-coupling models (Xiao
et al., 2025). A 3D thermoelastic-dynamic contact model is
proposed (Liu et al., 2018). Mixed lubrication analysis and
interface friction-dynamics coupling models were employed
to elucidate the intricate effects of surface textures on con-
tact stiffness, damping characteristics, and system vibrations.
The findings demonstrate that the interplay between surface
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roughness and texture geometry is directly correlated with
the dynamic stability and thermal behaviour of gear systems
(Cheng et al., 2023; Ruan et al., 2022).

In light of the complexity inherent in the continuous dy-
namic process of gear meshing, research trends are shift-
ing from single-point analysis towards multi-scale coupling
and system-level simulation. On the one hand, micro-texture
macro-meshing multi-scale coupling analysis has emerged as
a prominent research area. This approach embeds local lubri-
cation boundaries that account for texture effects into macro-
scopic dynamic models, thereby enabling precise mapping
between microstructural features and macroscopic motion.
On the other hand, research focuses on system-level evalua-
tion, comprehensively considering the influence of textured
gear pairs on the transmission’s overall efficiency, vibration,
noise, and temperature rise. These frontier directions not only
deepen the understanding of the underlying mechanisms of
textures but also provide critical support for the global op-
timization of high-performance gear transmission systems;
however, their implementation also imposes higher demands
on computational capabilities and numerical algorithms.

In recent years, numerous scholars have conducted experi-
mental investigations into the tribological performance of in-
terface textures in marine environments. These studies typi-
cally employ experimental setups that simulate marine con-
ditions, such as seawater-lubricated bearing test rigs and
high-pressure chamber friction testers, to validate the effi-
cacy of interface textures. A study focusing on marine pro-
peller hub bearings demonstrated that surface texturing tech-
nology can significantly enhance tribological performance,
reducing the friction coefficient by 20 %—30 % and the wear
volume by 40 %-50 %. This improvement is particularly pro-
nounced under starved lubrication conditions, as the textures
provide a continuous lubricant supply, thereby reducing the
likelihood of direct metal-to-metal contact. Another inves-
tigation into the tribological properties of textured titanium
alloys under dry friction and perfluoropolyether oil lubrica-
tion found that appropriately designed interface textures can
significantly improve the wear resistance of titanium alloys,
especially in harsh environments. This is of great significance
for titanium alloy gears, which are widely utilized in marine
equipment. Furthermore, research has explored the tribologi-
cal performance of a combined system involving surface tex-
turing and ionic liquid lubrication in marine settings. The re-
sults indicated that the two exhibit a synergistic effect, ca-
pable of further enhancing the wear and corrosion resistance
of gears. This provides novel insights for the development of
specialized gear lubrication systems tailored to marine envi-
ronments.

Although surface texturing technology has demonstrated
promising results in laboratory studies, its practical applica-
tion in marine gear transmission systems faces several chal-
lenges, including high fabrication costs, long-term durability,
and the impact on gear strength. These issues require further
investigation and resolution to facilitate the engineering ap-
plication of this technology. While current research on gear
surface texturing specifically for marine environments is lim-
ited, analysis of the underlying mechanisms suggests that in-
terface textures hold immense potential for addressing ma-
rine environmental challenges. The oil storage capacity of
textures can supply essential lubrication to the meshing zone
during the start-up phase, characterized by low temperatures,
high viscosity, and poor lubricant fluidity, thereby preventing
dry friction. Furthermore, when lubricant viscosity decreases
due to seawater contamination, the secondary hydrodynamic
effect generated by textures can partially compensate for the
loss of load-carrying capacity, helping to maintain the neces-
sary oil film thickness. While interface textures themselves
do not possess intrinsic corrosion resistance, they provide
a physical carrier for integrating anti-corrosion and friction-
reduction technologies. Conversely, a purely textured surface
may even accelerate localized corrosion due to the increased
surface area and the formation of occluded cells. Therefore,
it is essential to consider surface texturing and anti-corrosion
coating technologies in synergy.

Addressing the anti-scuffing load-bearing failure of mesh-
ing pairs in high-speed, heavy-duty gear transmissions, this
study incorporates the IEL effect of micro-textures to anal-
yse the temperature field and friction characteristics, with ex-
perimental validation of the proposed theoretical model. The
experimental specimens feature circular MET interfaces fab-
ricated by mask-guided microbial jet machining (MGMIM),
as shown in Fig. 11. The experimental platform setup and
multi-condition testing scheme are illustrated in Fig. 12.
The processing efficiency can be quantitatively evaluated
through the material etching rate (MER), which is defined
as the volume of material removed per unit of time. When
characterizing the micro-element contact morphology of the
textured interface of the experimental specimen, a 3D video
microscope (KH-8700, Hirox) and a scanning electron mi-
croscope (SU5000, HITACHI) are employed to obtain the
microscopic morphology of the textured interface and the
relevant data of micro-element contact quality achieved by
different processing methods. In the roughness testing of the
textured interface, based on the sampling method of micro-
texture element forms, three representative functional micro-
texture configurations on the processed textured interface are
carefully selected as the measurement areas. By numerically
calculating the average surface roughness value (Sa) of the
micro-fabricated textured interface of the micro-biological
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chemical etching and combining the standard deviation of
the three data sets to accurately characterize the error range,
reliable data support is provided for subsequent analysis and
research.

Phosphor bronze tin alloy (with total copper and tin con-
tent > 95 %) as the experimental material is employed. Dur-
ing the sample preparation stage, the alloy rod was first ma-
chined into cylindrical specimens with a diameter of 25 mm
and height of 10 mm. The Brinell hardness of this mate-

rial is approximately 90 HB. As shown in Fig. 13a—e, the
samples were fabricated through precision machining. In the
laser processing procedure, to effectively achieve selective
removal of the mask while minimizing laser ablation damage
to the substrate, laser parameters with wavelengths closely
matching the absorption peak of the mask are specifically se-
lected for processing.

Through numerical simulation, the pressure and tempera-
ture distribution characteristics in local contact areas are in-
vestigated, revealing the influence mechanisms of key pa-
rameters, including interface mean contact pressure, slid-
ing velocity, lubricant bulk temperature, MET radius, and
depth, on the coupled pressure-temperature fields at the in-
terface. Grounded in the preceding analysis, five core gov-
erning factors are considered to investigate the underlying
mechanism through which interface lubrication characteris-
tics affect meshing load-bearing capacity.

This study presents a systematic review of how the distinctive
and harsh marine environment, characterized by extreme hy-
drostatic pressure and cryogenic temperatures, influences the
lubrication performance of gear transmission systems. Cen-
tred on EHL theory and surface micro-texturing technology,
it synthesizes recent research advances, identifies critical sci-
entific gaps, and outlines key technical challenges in deep-
sea tribological applications.

The marine environment, characterized by high pressure
and low temperature, poses multiple challenges for gear
lubrication by significantly altering the viscosity-pressure,
viscosity-temperature, density, and thermo-physical proper-
ties of lubricants. The ultra-high viscosity resulting from the
coupling of high pressure and low temperature is a core issue,
leading to problems such as poor fluidity, difficult start-up,
high churning losses, and lubricant starvation. Furthermore,
the risks of emulsification, corrosion, and additive failure as-
sociated with seawater intrusion further exacerbate the like-
lihood of lubrication failure.

EHL theory has effectively guided the design of gear
lubrication systems. However, the drastic temperature and
pressure changes in extreme deep-sea environments render
the viscosity-pressure characteristics, rheological behaviour,
and thermal effects of lubricants non-negligible, prompting
the evolution of gear EHL theory towards TEHL. Although
current TEHL research has established transient numerical
model coupling thermal effects, non-Newtonian rheology,
and realistic surface topography, simulation studies specifi-
cally targeting deep-sea high-pressure and low-temperature
environments remain limited. The primary bottlenecks are
the lack of lubricant property data under extreme operat-
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ing conditions and numerical convergence challenges arising
from multi-field coupling.

Interface texture technology effectively enhances the stor-
age, flow, and load-carrying capacity of lubricants by fabri-
cating microstructures on the gear surface, thereby reducing
gear friction and wear. Optimal interface texture design can
significantly improve the tribological performance of gears
under mixed and boundary lubrication conditions, making it
theoretically suitable for addressing challenges such as low-
temperature start-up and low-speed, heavy-load operations in
deep-sea gears. However, to fully harness the potential of in-
terface textures, it is necessary to optimize their parameters
for specific operating conditions and address long-term reli-
ability issues in deep-sea environments.

5.2 Future research perspectives

Despite significant progress in research on deep-sea gear
transmission lubrication, existing theories and technologies
still face numerous bottlenecks under the combined chal-
lenges of extremely high pressure, low temperature, and se-
vere corrosion, necessitating further in-depth exploration.
High pressure and low temperature significantly alter the
physical properties of lubricants. At the same time, seawa-
ter corrosion fundamentally undermines both lubricant per-
formance and tooth surface integrity, posing a risk of fail-
ure to traditional TEHL theory. Currently, detailed mechanis-
tic studies on how seawater corrosion affects the TEHL oil
film thickness, pressure distribution, and temperature fields
are scarce. Furthermore, there is a lack of systematic under-
standing of the evolutionary patterns of gear material wear
and lubricant ageing under multi-field coupling. Theoreti-
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cal research on synergistic design, optimization methods,
and case studies of gear interface textures and anti-corrosion
coatings is limited, with applications in high-pressure, low-
temperature marine environments still in their infancy. Ad-
ditionally, laboratory simulations struggle to fully replicate
actual deep-sea operating conditions, meaning the long-term
durability of integrated texture-coating surfaces and their im-
pact on system dynamic characteristics require further verifi-
cation. To date, no comprehensive literature exists that inte-
grates TEHL, interface textures, anti-corrosion coatings, and
specialty lubricants to provide a complete technical frame-
work for addressing these issues.

The sealing system has been identified as a critical bot-
tleneck constraining equipment reliability. Once seal failure
occurs, seawater ingress will trigger a cascade of degradation
mechanisms. Therefore, the sealing system should be priori-
tized as the primary focus for reliability design and condition
monitoring; preventing seawater intrusion is the fundamental
means to interrupt this vicious cycle. In operational practice,
oil emulsification degree and additive condition should serve
as indirect indicators for assessing seal health status, rather
than solely focusing on external leakage as a superficial phe-
nomenon.

As marine equipment evolves towards greater depths and
extended mission endurance, future research should focus
on developing multi-physics coupling simulation models to
achieve precise prediction and optimization of the corrosion-
coating-texture-lubrication system. It is essential to establish
high-fidelity experimental testing platforms, combined with
in situ long-term monitoring and real-time condition sensing
technologies, to provide reliable data support for new ma-
terials and designs. Concurrently, by integrating multidisci-
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plinary technologies from materials science, fluid mechan-
ics, and data science, the engineering application of lubri-
cants and integrated texture-coating manufacturing processes
should be promoted, ultimately achieving high reliability and
long service life for gear transmission systems in marine en-
vironments.
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