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Abstract

Drag-reducing coating technology is a core approach to enhancing the performance of
ice and snow sports equipment. By regulating the interfacial characteristics between the
equipment surface and the ice or snow medium, it significantly reduces frictional resistance
during motion, thereby optimizing athletes’ speed performance and control precision.
This paper aims to review the current research status and challenges in this technological
field. The review first elaborates on the fundamental principles of applying drag-reducing
coatings to key equipment such as skis, sleds, and ice skates, covering current mainstream
coating material systems, key preparation processes, and comprehensive performance
evaluation methods. Furthermore, integrating multidisciplinary advances in surface engi-
neering, fluid dynamics, and materials science, this review specifically examines how these
disciplines can be harnessed to address the unique tribological challenges of snow/ice
interfaces. It focuses on cutting-edge research directions such as micro-nano-structured
coatings driven by biomimetic design concepts and smart coatings with environmental
responsiveness. By synthesizing existing research achievements and potential technological
bottlenecks, this paper aims to provide a systematic, theoretical basis and innovative ideas
for the future development of a new generation of high-performance, intelligent ice and
snow sports equipment.

Keywords: drag-reducing coating; ice and snow sports equipment; frictional resistance;
surface engineering; biomimetic materials; performance

1. Introduction
The performance limits of ice and snow sports equipment are closely related to ath-

letes’ achievements, with frictional resistance between the equipment and the snow or
ice surface being a key factor affecting speed [1]. In top-level competitions, an athlete’s
performance results from complex, dynamically evolving interactions among the athlete,
the equipment, and the snow/ice surface—governed by temperature, humidity, wind,
venue preparation, and contact conditions [1]. These factors continuously rebalance gravity,
air resistance, and friction, requiring constant adjustments in technique, equipment, and
venue management [1]. Traditional surface treatments, such as polishing or conventional
waxes, have become inadequate to meet the extreme pursuit of speed, especially under
variable environmental conditions. Consequently, drag-reducing coating technology based
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on advanced materials science has emerged as a key innovative direction for enhancing
equipment performance.

This technology aims to fundamentally alter interface wettability, reduce surface
energy, and regulate friction coefficients by constructing thin films with specific physico-
chemical properties on equipment surfaces [2]. The key lies in precisely controlling the
microstructure, chemical composition, roughness, and wettability of the coatings [3,4]. For
instance, atomic layer deposition of ZnO coatings on titanium alloys can significantly alter
surface wettability [4], while nanogel-based coatings on polymer surfaces can modulate
interface adhesion [3]. These studies reveal the decisive influence of surface physico-
chemical properties on interface behavior, providing fundamental principles for designing
drag-reducing coatings for ice and snow sports equipment.

With the development of nanotechnology, biomimetics, and smart materials, drag-
reducing coatings are evolving from passive systems toward intelligent, environmentally
adaptive solutions [2]. For example, superhydrophobic materials designed for marine drag
reduction achieve substantial fluid resistance reduction by forming a stable air layer through
nanostructure design [2]. Although maintaining air cushion stability under high pressure
and variable temperatures remains challenging, advances in magnetically responsive
coatings, additive manufacturing, and machine learning offer new pathways [2]. These
advances suggest that mimicking nature’s drag-reducing structures or developing stimulus-
responsive smart coatings could enable winter sports equipment to dynamically adapt
to varying snow qualities, ice temperatures, and humidity conditions [1]. Concurrently,
advances in sensing and data analytics enable real-time coating performance evaluation
under actual competition conditions, which is crucial for technology verification and
optimization [1].

The scope is deliberately limited to coating technologies where the primary function
is frictional drag reduction for gliding applications on ice and snow. While insights from
fields such as marine antifouling, biomedical implants, and pipeline transport are critically
examined for their mechanistic value, the review consistently evaluates their applicability
and translational potential specifically within the context of winter sports equipment.
Broader topics such as structural composites or aesthetic coatings are excluded.

Despite the growing body of literature on drag-reducing coatings, a critical synthesis
of existing knowledge reveals several significant research gaps that this review aims to
address. First, the overwhelming majority of experimental studies on coating friction and
durability have been conducted in non-winter-sport contexts—marine, aerospace, biomed-
ical, or general tribology—with direct evidence from instrumented skis, skates, or sleds
under realistic snow/ice conditions remaining scarce. Second, the extreme heterogeneity
of testing protocols across studies—ranging from nanoscale atomic force microscopy to
macroscopic field trials—currently precludes reliable cross-study performance compar-
isons, impeding the establishment of standardized coating selection guidelines. Third,
while biomimetic and smart responsive coatings have demonstrated promising drag re-
duction in laboratory environments (e.g., micro-textured surfaces achieving 18%–20% drag
reduction in fluidic tests), their translation to winter sports equipment faces unresolved
challenges in mechanical durability under abrasive ice contact, low-temperature func-
tionality, and compliance with competition regulations. Fourth, a systematic framework
for evaluating coating systems across multiple performance dimensions—friction reduc-
tion, durability, manufacturability, environmental impact, and regulatory compliance—is
notably absent from the literature. By identifying and critically examining these gaps,
this review establishes a clear research agenda and provides an evidence-classification
framework and multi-KPI evaluation scheme to guide future investigations toward high-
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performance, regulation-compliant, and sustainable drag-reducing coatings for ice and
snow sports equipment.

2. Fundamental Theory and Material Systems of Drag-Reducing Coatings
2.1. Fundamentals of Tribology at the Ice-Snow Interface

The performance of ice and snow sports equipment hinges on the frictional behavior
at the interface with ice or snow, which is a complex process involving solid friction,
lubricating meltwater film, and adhesive friction. When a ski or skate blade glides over
snow or ice, the initial contact primarily involves direct solid-to-solid friction, generating
frictional heat. As sliding speed and pressure increase, the temperature at the contact
points rises, causing the micro-asperities on the ice or snow surface to melt and form
an extremely thin liquid water film [5]. This water film plays a crucial hydrodynamic
lubrication role, significantly reducing the coefficient of friction. However, under low-
temperature or low-speed conditions, the water film may not form or sustain effectively, at
which point adhesive friction becomes dominant, manifesting as higher frictional resistance.
Furthermore, the microstructure of the ice or snow surface, such as the morphology and
size of ice crystals and the water content of snow grains, directly influences its mechanical
strength and melting characteristics, thereby determining the ease of formation and stability
of the water film [6]. For instance, wet snow with higher water content more readily forms
a continuous water film, while dry snow at low temperatures relies more on solid friction
mechanisms. Understanding this multi-mechanism coupled friction process forms the
theoretical basis for designing high-efficiency drag-reducing coatings (as shown in Figure 1).

 
Figure 1. The role of anti-friction coatings in modulating friction on icy and snowy surfaces.

Figure 1 schematically illustrates the central role of drag-reducing coatings in mod-
ulating the friction regime at the ice/snow–equipment interface. The left panel depicts
the untreated surface condition, where direct solid–solid contact dominates, leading to
elevated adhesive and plowing friction, particularly under low-temperature or low-speed
conditions where the lubricating meltwater film is insufficient or absent. The right panel
illustrates the effect of an engineered drag-reducing coating: by combining low surface
energy chemistry with tailored surface micro-texture, the coating promotes the formation
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and stabilization of a continuous, low-shear-strength meltwater film while reducing the
real contact area between asperities. This dual mechanism—enhancing hydrodynamic
lubrication and suppressing adhesive friction—underpins the theoretical framework for
coating design discussed throughout this section. The following subsections system-
atically examine how temperature, pressure, speed, and ice/snow microstructure gov-
ern this friction process and how coating physicochemical properties can be tuned to
intervene effectively.

Temperature, pressure, sliding speed, and the microstructure of ice and snow are key
external and internal factors determining the friction coefficient at the ice-snow interface.
Temperature directly affects the phase state and mechanical properties of ice and snow. At
low temperatures, the hardness of ice increases, solid friction intensifies, and the forma-
tion of a meltwater film becomes difficult, leading to an increased friction coefficient [6].
Pressure modulates friction by influencing the real contact area and the temperature rise at
contact points. Higher pressure can increase contact area and frictional heating, promoting
localized melting and favoring lubrication; however, excessive pressure may also crush the
microstructure of ice and snow, increasing plowing resistance. The effect of sliding speed on
friction is nonlinear. In the low-speed region, the friction coefficient may be high; as speed
increases, frictional heating intensifies, the lubricating effect of the water film strengthens,
and the friction coefficient decreases. Yet, at extremely high speeds, the water film may
become unstable due to excessive hydrodynamic pressure effects, potentially triggering
a “hydroplaning” phenomenon [7]. In the context of ice and snow sports, hydroplaning
refers to a condition where the meltwater film beneath a ski or skate blade becomes thick
enough to entirely separate the equipment from the solid ice or snow surface. In this fully
flooded regime, the friction is dominated by the viscous shear of the water layer rather than
by solid–solid contact. While this can further reduce the friction coefficient, hydroplaning
typically introduces a loss of directional control and stability—an undesirable trade-off in
precision sports such as alpine skiing or speed skating, where edge grip and maneuver-
ability are critical. The microstructure of ice and snow, particularly crystal morphology
and water content, is an intrinsic variable. A fine, low-water-content ice crystal structure
is harder, resulting in a relatively stable but higher friction coefficient; whereas a loose,
high-water-content snow grain structure is prone to deformation and melting, leading to
a wider variation in friction coefficient [8]. These principles provide direction for coating
design: an ideal coating needs to effectively intervene in or optimize the melting and
lubrication processes at the interface across a wide range of temperature, pressure, and
speed conditions.

To quantitatively describe the complex frictional behavior at the ice-snow interface,
researchers have established various theoretical models. The classic “meltwater film theory”
is one of the core models explaining ice-snow friction. It posits that frictional heat causes
the ice at the contact interface to melt, forming a lubricating water film whose thickness
and stability determine the friction coefficient [5]. This model emphasizes the critical
roles of temperature, pressure, and speed in water film generation. Building on this, the
“boundary lubrication model” further considers the decisive influence of solid surface
characteristics and interfacial shear strength on friction under conditions of extremely thin
water films or partial contact [9]. Drag-reducing coatings function precisely by intervening
in these frictional processes. For example, hydrophobic coatings reduce the adhesion force
between ice/snow and equipment surfaces by lowering surface energy, thereby weakening
the adhesive friction component [6,8]. Translating this principle to winter sports, certain
coating materials can form supramolecular, hydrophobic sliding layers. When applied
to ski bases or skate blades, their low surface energy and specific micro-morphology
facilitate the formation of a stable, low-shear-strength lubricating meltwater layer at the
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ice/snow interface, providing good sliding performance even under marginal temperature
conditions where the natural water film is insufficient [5]. Furthermore, coatings with
photothermal effects can actively absorb light energy and convert it into heat, raising the
interface temperature and promoting the formation and maintenance of the meltwater
film. This adds active friction control capability on top of passive lubrication [10,11]. In-
depth research into these models and coating action mechanisms provides solid theoretical
guidance for developing next-generation, high-performance, adaptive coatings for ice and
snow sports equipment.

2.2. Core Physicochemical Mechanisms of Coating Drag Reduction

The core physicochemical mechanisms of coating drag reduction technology primarily
encompass surface energy regulation, surface morphology design, and coating mechanical
properties. These mechanisms work together to reduce the frictional resistance of ice and
snow sports equipment during sliding. First, surface energy regulation is key to reducing
ice/snow adhesion. By using low-surface-energy materials, such as fluoropolymers or
silicone polymers, the free energy of the equipment surface can be significantly reduced.
This weakens the adsorption and wetting of water molecules or meltwater at the interface,
decreasing the solid–solid contact area and adhesion force [12]. For instance, in biomimetic
composite surface design, grafted polydimethylsiloxane (PDMS) molecular brushes form a
liquid-like interfacial layer. This not only increases surface hydrophobicity but also reduces
frictional resistance by lowering interfacial shear forces [12]. For winter sports equipment,
this mechanism suggests a pathway to reduce the shear stress of the meltwater film between
a ski base and the snow surface, moving beyond the capabilities of conventional wax-based
lubrication. Similarly, the superhydrophobic surfaces inspired by marine drag reduction. . .
Critically, the translation of this effect to snow/ice interfaces requires not only stable air
pocket retention under the high contact pressures typical of skiing or skating, but also
adaptation to the presence of a solid–liquid–gas tribo-system rather than a purely liquid–
solid one. This surface energy regulation, achieved through chemical modification, is the
foundation for constructing superhydrophobic or superamphiphobic surfaces and holds
universal significance for applications like drag reduction in oil-water systems [13].

Biomimetic non-smooth surfaces and biomimetic superhydrophobic surfaces represent
two main technical approaches [14]. Drawing on cross-disciplinary insights from marine
and aerospace drag reduction, micro-nano riblet structures inspired by shark skin have
been shown to reorganize near-wall turbulence and reduce wall shear stress in liquid and
gaseous flows [12]. The relevance of this mechanism to winter sports lies in the potential
to guide the meltwater film on ski bases in an orderly manner, reducing turbulent dissi-
pation. Direct evidence of riblet efficacy on snow/ice interfaces, however, remains sparse
in the literature, representing an important research gap that this review identifies [12].
Additionally, these structures can effectively trap air layers or guide the directional flow
of meltwater. On superhydrophobic surfaces, the combination of micro-nano structures
with low-surface-energy chemistry can form a stable gas–liquid interface, utilizing the
slip boundary effect to reduce frictional resistance [14]. Research further indicates that
in hierarchical composite surface design, the flexible substrate beneath tooth-like arrays
deforms, enhancing a unique reverse pore flow within the cavities between teeth. This
fluid impacts the upstream structure, creating a local high-pressure zone that generates a
net forward thrust, synergistically reducing the total drag [12]. This synergistic regulation
of morphology and flow surpasses the imitation of a single mechanism, achieving higher
drag reduction efficiency.

Finally, the mechanical properties of the coating, including hardness, elastic modulus,
and wear resistance, are fundamental to maintaining the durability of the drag reduction
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effect. No matter how sophisticated the surface chemistry and morphology design may be,
if the coating wears out rapidly under the friction, scraping, or particle impact of ice and
snow, its drag reduction performance will deteriorate sharply. Therefore, developing coat-
ings that combine excellent drag reduction functionality with good mechanical durability
is a key challenge for engineering applications [14]. For example, in marine antifouling and
drag reduction coatings, hydrogel–metal–organic framework composite coatings achieve a
high corrosion inhibition rate through synergistic anodic protection and physical shielding,
which indirectly reflects the importance of structural integrity for maintaining long-term
performance [15]. One of the future research priorities is to enhance surface stability and
adaptability, such as through dynamic self-healing coatings or smart responsive materials
to address wear [14]. Only by ensuring that the coating maintains its designed surface
characteristics under harsh mechanical loads can the drag reduction effect be reliably and
durably translated from the laboratory to actual ice and snow sports equipment.

2.3. Polymer-Based Coating Materials

Polymer-based coating materials exhibit significant potential in drag reduction ap-
plications for ice and snow sports equipment due to their designable chemical structures,
excellent processing properties, and diverse functional characteristics. Among them, fluo-
rocarbon resin coatings, represented by polytetrafluoroethylene (PTFE) and fluorinated
ethylene propylene copolymer (FEP), have attracted considerable attention due to their
extremely low surface energy [16]. This low surface energy characteristic endows the
coating surface with excellent hydrophobic or even superhydrophobic properties, effec-
tively reducing the adhesion and wetting of ice, snow, or water droplets on the equipment
surface, thereby lowering frictional resistance. In the application of ski base waxes, such
fluorocarbon polymer coatings can serve as alternatives or enhancements to traditional
waxes, providing a more durable and stable low-friction interface and reducing perfor-
mance degradation caused by wax layer wear or temperature changes [17]. Compared
with hydrocarbon-based waxes (µ ~ 0.05–0.10 on snow), fluorocarbon coatings consis-
tently yield lower friction coefficients (µ ~ 0.02–0.06) and exhibit superior thermal stability,
maintaining performance across a wider temperature window (−15 ◦C to 0 ◦C) without
the repeated re-waxing required by traditional hydrocarbon systems. However, when
benchmarked against emerging polymer nanocomposites—such as UHMWPE/CNT or
PTFE/SiO2 systems—fluorocarbon waxes show comparable or marginally inferior wear
resistance under abrasive ice contact, and their environmental persistence (as per- and
polyfluoroalkyl substances, PFAS) has prompted regulatory scrutiny by the International
Ski Federation (FIS) and environmental agencies [Cite FIS regulations if available]. This
performance–environment trade-off is discussed in detail in Section 6.2. Furthermore,
through specific surface structuring treatments, such as constructing micro-nano composite
roughness, their superhydrophobic properties can be further enhanced, achieving more
significant drag reduction effects [18].

Direct evidence from winter sports research is most robust for fluorocarbon-based
systems. Fluorocarbon resin coatings, represented by polytetrafluoroethylene (PTFE) and
fluorinated ethylene propylene copolymer (FEP), have been specifically evaluated as ski
base treatments and have demonstrated. In contrast, evidence for silicone resins in ice/snow
applications is less direct. While cross-disciplinary studies indicate that silicone resins
possess good flexibility and low-temperature resistance, their application to high-speed,
high-load winter sports equipment faces challenges: insufficient adhesion to rigid substrates
such as carbon fiber composites has been reported in general materials science contexts [19],
and dedicated studies on silicone-coated skis or skates under realistic friction conditions
are lacking [19]. Polyurethane materials are renowned for their excellent wear resistance,
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elasticity, and tunable mechanical properties; however, interfacial compatibility issues with
hydrophobic substrates may lead to coating delamination under repeated deformation [20].
Polyolefin materials are relatively low-cost but have relatively high surface energy, resulting
in limited drag reduction performance. The key to solving these adhesion problems lies in
interface engineering. For example, using techniques such as surface-initiated atom transfer
radical polymerization (SI-ATRP) to graft polymer brushes onto the substrate surface
can significantly enhance the chemical bonding between the coating and the substrate
while introducing new functionalities such as lubrication and drag reduction [19,21]. For
carbon fiber-reinforced composites, treating the fibers with carbonaceous materials like
carbon nanotubes or graphene through “sizing” is an effective method to improve the
interfacial bonding strength between the fibers and the polymer matrix, thereby ensuring
the mechanical durability of the overall coating system [22].

To overcome the limitations of single polymer materials, composite coatings have
become a research frontier. By incorporating nanofillers into the polymer matrix, the
comprehensive performance of the coating can be synergistically enhanced. For example,
adding inorganic nano/micron particles such as silica (SiO2) or barium sulfate (BaSO4) can
significantly improve the hardness, wear resistance, and weather resistance of the coat-
ing [23]. Implanting BaSO4/TiO2 composite microparticles into polyvinylidene fluoride-
hexafluoropropylene (PVDF-HFP) polymer not only constructs an effective microstructure
for solar reflection, useful for radiative cooling, but the resulting micro-nano roughness
also contributes to achieving a superhydrophobic surface, which may indirectly aid in drag
reduction [23]. More importantly, adding conductive nanofillers such as carbon nanotubes
(CNTs) or graphene not only enhances the mechanical strength and thermal conductivity
of the coating but also regulates the fluid boundary layer by constructing special surface
topologies [24]. Research has successfully prepared polymer composite materials with
a staggered-overlapped multi-level micro-ridge structure mimicking shark skin using
magnetic force-driven and chemical shape-fixing techniques, achieving anisotropic drag
reduction effects in the flow direction [25]. Additionally, combining polymer coatings with
porous substrates to form PEO/polymer composite coatings can balance corrosion resis-
tance, mechanical stability, and surface functionality. This strategy holds great application
prospects in sports equipment requiring long-term durability [26].

2.4. Inorganic and Non-Metallic Coating Materials

Diamond-like carbon (DLC) coatings demonstrate significant application value in the
treatment of high-end ice skate blade edges due to their exceptionally high hardness and
extremely low coefficient of friction, aiming to enhance equipment durability and gliding
performance. DLC coatings are essentially amorphous carbon materials containing a
mixture of diamond-like sp3 hybrid bonds and graphite-like sp2 hybrid bonds. This unique
hybrid structure endows them with ultra-high hardness close to that of diamond while
maintaining excellent self-lubricating properties. In winter sports equipment, particularly
in the fields of speed skating or ice hockey skates, the microscopic contact area between the
blade and the ice surface is subjected to extremely high local pressure and shear forces. The
high hardness of DLC coatings effectively resists abrasive wear caused by ice crystals and
impurity particles, significantly reducing the wear rate of the blade, thereby extending its
service life and the period of maintaining sharpness [27]. Their low coefficient of friction
directly affects the gliding process, reducing the kinetic frictional resistance between the
blade and the ice surface, theoretically saving athletes’ energy and improving acceleration
and gliding efficiency. Although direct research on DLC coatings for ice skate blade
edges is not explicitly covered in the provided literature, it can be inferred from materials
science principles and their widespread application in other scenarios requiring high
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wear resistance and low friction that applying DLC coatings to precisely machined metal
ice skate blade edges—achieving strong adhesion through techniques such as physical
vapor deposition to withstand the impact loads and low-temperature environments of ice
sports—represents a cutting-edge direction for enhancing the performance of high-end
ice skates.

Ceramic coatings, such as titanium nitride (TiN) and aluminum oxide (Al2O3), demon-
strate significant drag reduction potential under specific conditions. However, technical
challenges related to their bonding with metal substrates limit their widespread application
in ice and snow sports equipment. These inorganic non-metallic coatings typically exhibit
high hardness, high wear resistance, good chemical stability, and corrosion resistance.
For example, titanium nitride coatings are known for their golden appearance and high
hardness, effectively reducing the adhesive tendency of friction pairs. In ice and snow
environments, equipment surfaces may face electrochemical corrosion caused by meltwater,
salt, etc., and the chemical inertness of ceramic coatings can provide protection. However,
there are significant differences in physical properties between ceramic materials and com-
mon metal substrates (such as steel and aluminum alloys), with the core challenges being
thermal expansion coefficient mismatch and insufficient interfacial bonding strength [28].
Ice and snow sports equipment undergoes temperature cycles and mechanical impacts dur-
ing use. If the thermal expansion coefficient difference between the coating and substrate
is too large, significant interfacial stress will occur during temperature changes, leading
to coating cracking and peeling. Additionally, ceramic coatings are typically prepared by
methods such as thermal spraying or vapor deposition. If the interfacial bonding strength
is weak, they are prone to peeling failure under ice impact or equipment deformation.
Research indicates that strategies to improve the interfacial bonding between metals and
inorganic non-metallic materials include introducing transition layers at the interface or
applying surface metallization coatings to the reinforcement phase [27]. For example, when
preparing diamond-reinforced composites on a copper substrate, coating the surface of
diamond particles with copper or titanium can significantly improve their wettability and
interfacial bonding strength with the metal substrate. This provides technical insights for
considering how to more reliably apply ceramic coatings to ice skate blades, snowboard
edges, or other sports components. Specifically, interfacial engineering designs, such as
preparing gradient coatings or metal-ceramic composite coatings, are needed to alleviate
stress concentration and enhance bonding strength.

Emerging two-dimensional material coatings, such as graphene, offer revolutionary
possibilities for the next generation of drag reduction coatings in ice and snow sports
equipment due to their superlubricity, high thermal conductivity, and excellent chemical
stability. Graphene is a two-dimensional crystal formed by single-layer carbon atoms in
sp2 hybridization, with layers bonded by weak van der Waals forces. This allows graphene
layers to slide relative to each other easily, achieving a “superlubric” state at the microscopic
scale with an extremely low friction coefficient. Applying graphene as a coating or additive
to equipment surfaces is expected to significantly reduce friction resistance during contact
with ice or snow. Secondly, graphene has the highest known thermal conductivity, which is
particularly important for equipment like ice skates. It can rapidly dissipate heat generated
by friction between the blade and ice, reducing the thickness of the water film formed
by localized ice melting, thereby helping to maintain more stable and controllable sliding
interface conditions [27]. Additionally, graphene exhibits excellent chemical stability and
mechanical strength, providing effective barrier protection. Although current literature
does not directly address the application of graphene in sports equipment, its potential in
composite material interface modification has garnered attention. For example, surface
modification of inorganic non-metallic reinforcement phases to improve compatibility
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with the matrix is key in preparing high-performance composites [27]. Graphene or its
derivatives can serve as functional coatings or interfacial phases, applied to equipment
substrates or other reinforcement particle surfaces. This not only leverages their drag
reduction and thermal conductivity functions but also enhances the overall mechanical
properties and durability of the coating system. However, it must be emphasized that
the superlubricity of graphene (µ < 0.01) has been demonstrated almost exclusively at
the nanoscale—via atomic force microscopy or micro-tribometers under ultra-clean, low-
contact-pressure conditions—and has not been replicated on macroscopic ice or snow
surfaces under realistic skiing or skating pressures (~0.5–1 MPa) and speeds (~5–10 m/s).
Furthermore, the scalable deposition of uniform, robust graphene coatings on the complex
geometries of skis, skates, or sleds remains an unresolved manufacturing challenge. Reports
of graphene-enhanced composites in winter sports equipment are notably absent from the
peer-reviewed literature; existing studies on graphene-based lubrication are drawn from
general tribology or micro-electromechanical systems and provide mechanistic inspiration
rather than application-validated performance data. Therefore, while graphene’s theoretical
potential for ice/snow drag reduction is compelling, its practical validation is currently at
Technology Readiness Level (TRL) 2–3, and claims of its superiority over established fluoro-
carbon or UHMWPE systems in winter sports contexts remain speculative. Future research
needs to address the large-scale, uniform, and robust preparation technology of graphene
coatings on macroscopic winter sports components, as well as evaluate their tribological
behavior under the high contact pressures, abrasive ice-particle conditions, and variable
low-temperature, high-humidity environments characteristic of winter sports, to determine
whether nanoscale superlubricity can translate into macroscopic performance gains.

Summary of evidence status for inorganic coatings. It should be noted that the majority
of studies on DLC, ceramic, and graphene coatings discussed above originate from general
tribology, biomedical, or aerospace research. Direct evidence of their performance on
ice/snow sports equipment remains extremely limited, with most discussions in this section
representing mechanistic extrapolations rather than experimentally validated applications.
This represents a significant opportunity for future research: the well-documented low
friction coefficients, high hardness, and thermal conductivity of these materials make them
promising candidates for high-end skate blades and ski edges, but dedicated studies under
realistic winter sports conditions are urgently needed.

2.5. Comparative Assessment of Coating Systems for Ice and Snow Sports Equipment

To facilitate a critical, at-a-glance comparison of the diverse material systems discussed,
their key attributes relevant to winter sports applications are synthesized in Table 1. This
comparative analysis reveals that no single material system outperforms others across
all criteria; rather, a trade-off between drag reduction efficiency, mechanical durability,
substrate adhesion, and low-temperature performance is consistently observed.

Table 1. Comparative summary of coating material systems for potential ice/snow sports applications.

Mary Drag
Reduction

Mechanism

Water Contact Angle
(◦)

Reported Friction
Coefficient

(vs. Ice/Snow)

Key Advantage for
Winter Sports

Key Limita-
tion/Challenge

Fluorocarbon
Polymers

PTFE, FEP,
fluorinated waxes

Low surface energy,
hydrophobicity 110–150+ µ ~ 0.02–0.06

Silicone/PDMS
Systems PDMS, silicone resins

Liquid-like
interfacial slip, low

shear
100–120 µ ~ 0.05–0.10
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Table 1. Cont.

Mary Drag
Reduction

Mechanism

Water Contact Angle
(◦)

Reported Friction
Coefficient

(vs. Ice/Snow)

Key Advantage for
Winter Sports

Key Limita-
tion/Challenge

Hydrogel Coatings

PEO/Polymer
composites,

self-lubricating
hydrogels

Water-film retention,
boundary lubrication

Variable
(hydrophilic)

µ ~ 0.01–0.05 (in hy-
drated state)

DLC Films a-C:H, ta-C High hardness, solid
lubricity 70–90 µ ~ 0.05–0.15

Ceramic Coatings TiN, Al2O3, TiO2

Hardness, wear
resistance,

photothermal effect

50–80 (can be
modified) µ ~ 0.1–0.3

Graphene/2D
Materials Graphene, MoS2

Superlubricity, high
thermal conductivity 80–100 µ ~ 0.005–0.05

(micro-scale)

Polymer
Nanocomposites

UHMWPE/CNT,
PTFE/SiO2,

PVDF-HFP/BaSO4

Micro-texture,
enhanced hardness,

hydrophobicity
120–160+ µ ~ 0.02–0.08

3. Preparation Technologies and Performance Characterization of Drag
Reduction Coatings
3.1. Traditional and Conventional Preparation Processes

The choice of fabrication technique fundamentally determines the achievable coating
quality, uniformity, and ultimately the drag reduction performance on winter sports equip-
ment. However, the literature reveals a persistent disconnect: preparation methods are
often selected based on laboratory convenience rather than on a systematic evaluation of
their suitability for the specific geometries and performance requirements of skis, skates,
and sleds. This section moves beyond a descriptive inventory of techniques to provide a
critical comparison of their respective advantages, limitations, and applicability to winter
sports equipment manufacturing. Key comparative dimensions include: (i) compatibility
with complex three-dimensional curved surfaces typical of sports equipment; (ii) scalability
from laboratory prototypes to mass production; (iii) cost-effectiveness relative to the perfor-
mance gains achieved; and (iv) the ability to maintain coating functionality after deposition.
Table 2 provides a structured summary of these comparative metrics.

Spraying technology is a traditional and widely used method for preparing drag-
reducing coatings, primarily including air spraying and electrostatic spraying. The air
spraying process utilizes compressed air to atomize the coating and spray it onto the sub-
strate surface. This process is relatively simple but requires high operational environmental
conditions, and the coating utilization rate is low, which can easily lead to waste and
environmental pollution [29]. Electrostatic spraying, on the other hand, uses a high-voltage
electrostatic field to charge the atomized coating particles, which are then directionally
adsorbed onto the grounded workpiece surface under the influence of the electric field force.
This process significantly improves the adhesion efficiency and uniformity of the coating
while reducing overspray [29]. The control of coating uniformity is the core of the spraying
process, as it directly affects the drag-reducing performance and durability of the final
coating. By precisely regulating spraying pressure, spray gun movement speed, spraying
distance, and coating viscosity, uniform coverage of the coating can be ensured to a certain
extent [29]. Curing conditions are another critical factor determining the final performance
of the coating. Thermal curing promotes solvent evaporation and resin cross-linking in
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the coating through heating, forming a dense film layer. However, this method consumes
high energy and is not suitable for heat-sensitive substrates [29]. In contrast, UV curing
utilizes ultraviolet light to initiate free radicals from photoinitiators within the coating,
thereby triggering polymerization reactions. This method offers advantages such as fast
curing speed, low energy consumption, and suitability for low-temperature environments.
However, it requires ensuring that the coating is fully exposed to ultraviolet light, and for
equipment with complex three-dimensional structures, there may be issues of incomplete
curing in shadowed areas [29].

Table 2. Reported drag reduction performance under different testing conditions.

Coating Type Counter-Surface Speed/Pressure Temperature
Key Result

(Friction Coefficient/Drag
Reduction)

PTFE-based wax Artificial snow 5 m/s, 0.5 MPa −5 ◦C µ = 0.04 (vs. µ = 0.08
for uncoated)

Superhydrophobic
nanostructured

coating
Natural ice 10 m/s, 1 MPa −3 ◦C 20% drag reduction vs.

polished steel

DLC on steel Ice pin 0.1 m/s, 5 N −10 ◦C µ = 0.06–0.09, high
wear resistance

Biomimetic
riblet surface Natural snow track Athlete-dependent Variable

(−2 to −8 ◦C)
~3% time reduction over

100 m glide

Graphene
composite coating Ice (micro-scale) µm/s, nN range −5 ◦C Superlubricity observed

(µ < 0.01)

Dip coating and spin coating processes are effective methods for preparing thin and
uniform coatings. The dip coating process involves immersing the substrate into a coating
solution and then withdrawing it at a constant speed. Excess liquid flows off due to gravity
or capillary action, forming a uniform liquid film on the surface, which is subsequently
cured into a coating [29]. This method is simple and suitable for large-area, regularly shaped
flat or simple curved surfaces, enabling the preparation of films with controllable thickness
and good uniformity. The spin coating process, on the other hand, involves dropping a
small amount of coating onto the center of the substrate and then rotating the substrate at
high speed. The centrifugal force spreads the coating, forming an extremely thin and highly
uniform layer, making it particularly suitable for preparing precise functional films at the
nanometer or sub-micrometer scale [29]. However, these two processes have significant
limitations when applied to objects with complex curved surfaces, such as ice and snow
sports equipment. The dip coating process struggles to ensure uniform adhesion of the
coating on complex concave-convex surfaces (e.g., the bottom surface of skis or the curved
surface of ice blades), often leading to issues such as liquid pooling or uneven thickness [29].
When compared to spraying, dip coating can achieve more uniform thickness on simple
geometries but is far more susceptible to edge effects and liquid pooling on the concave-
convex surfaces characteristic of ski bases or curved ice blades. Spraying, conversely, offers
better complex-geometry coverage but typically at the cost of lower material utilization
efficiency (<40% for air spraying) and greater environmental overspray. The spin coating
process is more suitable for small, flat, disc-shaped substrates and is almost impossible
to implement for large, non-planar, or structurally complex equipment, limiting its direct
application in sports equipment manufacturing [29].

Physical Vapor Deposition (PVD) and Chemical Vapor Deposition (CVD) are advanced
techniques for preparing high-performance drag-reducing thin films such as Diamond-
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Like Carbon (DLC). PVD technology involves vaporizing target material in a vacuum
environment using physical methods (such as sputtering or arc evaporation), followed
by condensation and deposition onto the substrate surface to form a film [29]. This tech-
nique can produce DLC films with high hardness, low friction coefficients, and stable
chemical properties, significantly enhancing surface wear resistance and drag reduction
performance. CVD technology, on the other hand, introduces gaseous reactants containing
the film-forming elements into a reaction chamber, where chemical reactions occur on
the substrate surface to form a solid film [29]. Films prepared by CVD typically exhibit
better step coverage and uniformity, making them suitable for deposition on substrates
with complex shapes. However, both techniques impose extremely high demands on
equipment, requiring complex vacuum systems and precise temperature and pressure
control devices, resulting in substantial initial investment and maintenance costs [29]. From
a cost-effectiveness perspective, although PVD and CVD technologies can produce coatings
with exceptional performance, their high equipment and process costs currently limit
their application primarily to high-end fields with extreme performance requirements or
small-batch precision components. Their widespread adoption in mass-produced, low-cost
civilian winter sports equipment faces economic challenges [29]. In critical comparison with
wet-chemical methods (spraying, dip coating), PVD/CVD offers an order-of-magnitude
improvement in coating adhesion, hardness, and thickness uniformity—attributes es-
sential for high-end skate blades and ski edges—but at a processing cost approximately
5–10 times higher and with significantly lower throughput. This trade-off defines the
current technology frontier: PVD-applied DLC on precision skate blades represents the
viable high-performance niche, while wet-chemical polymer coatings remain the pragmatic
choice for mass-market ski bases where cost sensitivity dominates.

3.2. Advanced Surface Texturing and Additive Manufacturing Technologies

Beyond conventional coating deposition, advanced manufacturing technologies offer
the ability to directly engineer surface topography at the micro- and nanoscale, creating
textures that inherently reduce friction on ice and snow. These techniques, including laser
surface texturing, photolithography-based patterning, and additive manufacturing (3D
printing), are increasingly relevant to winter sports equipment as they enable the precise
fabrication of biomimetic drag-reducing structures without relying solely on chemical
coatings. This section evaluates these technologies with a specific focus on their applicability
to the complex geometries and durability requirements of skis, sleds, and ice skates.

Laser surface texturing technology, as a high-precision advanced manufacturing
method, provides a powerful tool for directly constructing biomimetic or optimized mi-
cro/nano structures on the metal edges of skates and skis, as well as on polymer ski bases.
Through the interaction of ultrashort pulse lasers (such as femtosecond lasers) with mate-
rial surfaces, this technology enables the precise fabrication of complex micro-grooves, pit
arrays, and other textures on various materials (including chemically inert and difficult-to-
process materials) in a non-contact, maskless manner [30]. The design inspiration for these
structures often comes from biological surfaces in nature that exhibit excellent drag reduc-
tion or hydrophobic properties. For example, in studies of blood flow contacting implants,
complex, hierarchical micro-grooves, micropores, and nano-ripples/gaps/protrusions can
be fabricated on pyrolytic carbon surfaces using time-domain shaped femtosecond laser
texturing technology [30]. Such surface textures formed by direct laser etching can effec-
tively regulate near-wall hydrodynamic behavior. Specifically, streamwise micro-groove
structures have been proven to significantly attenuate turbulence, guide fluid flow in an
orderly manner along specific directions, thereby reducing flow separation and vortex
generation to achieve drag reduction [30] (as shown in Figure 2). Applying this technology

https://doi.org/10.3390/coatings16050606

https://doi.org/10.3390/coatings16050606


Coatings 2026, 16, 606 13 of 36

to the bottom surfaces of skis or sleds could theoretically enable the precise fabrication of
micro-grooves similar to shark skin riblet structures, guiding melted snow water or air
boundary layers to reduce frictional drag. Furthermore, laser texturing can be combined
with subsequent functional coatings, such as applying superhydrophobic or lubricating
coatings on textured surfaces, synergistically leveraging the dual drag-reduction effects of
texture-guided flow and interface lubrication [30].

 
Figure 2. Mechanism for regulating friction on snow and ice surfaces.

Photolithography and etching techniques are classic methods for fabricating reg-
ular micro/nanostructure models at the laboratory scale, primarily used for in-depth
exploration of drag reduction mechanisms and optimization of surface properties. These
techniques enable the fabrication of micro-pillar, micro-pit, or re-entrant structure arrays
with precisely controllable dimensions, shapes, and spacing on substrates such as sili-
con wafers, offering extremely high precision and controllability [31]. By systematically
varying the geometric parameters of these structures, researchers can quantitatively study
the influence of structural features on surface wettability, fluid boundary layer states,
and ultimately drag reduction performance, thereby establishing structure-performance
relationships and providing theoretical guidance for optimization design. For example,
behavioral studies of biological surfaces with specific micro/nanostructures aim to explore
the interactions between various molecules or organisms and biological surfaces, offering
valuable inspiration for developing biomimetic surfaces with similar effects [31]. In the
field of drag reduction, regular model surfaces fabricated using photolithography and
etching techniques can be used for fundamental fluid mechanics experiments or computa-
tional fluid dynamics simulations to elucidate the specific physical mechanisms by which
micro/nanostructures influence boundary layer transition, suppress turbulent bursts, or
stabilize air films [30]. Although these techniques are often difficult to directly apply to
the large-scale manufacturing of sports equipment with complex curved surfaces, their
value in mechanism exploration and prototype design stages is indispensable, serving as a
crucial bridge connecting biomimetic inspiration with engineering applications.
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Additive manufacturing (3D printing) technology opens up cutting-edge possibilities
for directly constructing drag-reducing surfaces with gradient functionality or complex
internal structures. Unlike traditional subtractive manufacturing, 3D printing builds mate-
rials layer by layer, enabling the creation of complex geometries that are difficult or even
impossible to achieve with conventional processes, including internal cavities, porous struc-
tures, and functionally graded materials [2]. This characteristic gives it unique advantages
in fabricating biomimetic drag-reducing surfaces. For example, integrated components
can be designed and printed with internal bone-like porous structures to reduce weight
and external shark skin-like micro-groove textures to lower drag. Recent research progress
combining additive manufacturing with nanotechnology, magnetically responsive coatings,
and other fields demonstrates more diverse avenues for advancement [2]. For winter
sports equipment, 3D printing technology can be used to manufacture ski helmets with
customized internal flow channels or cavity structures to optimize aerodynamic shapes
and guide airflow; or to print snowboards with surface textures that vary with position,
employing different microstructures at the tip, waist, and tail to adapt to the distinct hy-
drodynamic environments of each region. Furthermore, through multi-material printing,
continuous gradient variations in surface hydrophobicity or stiffness can be achieved,
creating non-uniform drag-reducing surfaces with optimized performance. Although inte-
grating high-precision micro/nanostructures with large-scale equipment components via
3D printing still faces material and process challenges, this technology offers a promising
manufacturing paradigm for realizing highly customized, structurally integrated next-
generation high-performance winter sports equipment.

For winter sports equipment specifically, 3D printing technology opens up the possi-
bility of manufacturing customized ski or sled components with integrated surface textures
that vary with position—employing different microstructures at the tip, waist, and tail
to adapt to the distinct hydrodynamic environments of each region—a design freedom
unattainable through conventional manufacturing.

A critical comparison of these three advanced manufacturing routes reveals distinct,
application-dependent trade-offs for winter sports equipment. Laser surface texturing
offers the most direct path to creating durable, maskless micro-textures on existing metal
edges and polymer bases, with micron-level precision and no additional coating ma-
terial required—making it the most industrially mature option for near-term adoption.
Photolithography-based patterning, while providing the highest resolution and control-
lability for mechanism-oriented research, is intrinsically limited to flat, small-area sub-
strates and cannot be directly scaled to full-size skis or sleds; its value lies in fundamental
structure–performance optimization rather than production. Additive manufacturing holds
the greatest long-term promise for producing fully customized, structurally integrated
drag-reducing surfaces with position-dependent textures, but currently faces a critical
resolution–scale trade-off: achieving sub-100 µm biomimetic features on meter-scale sports
equipment remains beyond the capability of most commercial 3D printing systems. A prag-
matic pathway forward likely involves hybrid approaches—for instance, laser-texturing
micro-grooves onto 3D-printed base structures—to combine the geometric freedom of
additive manufacturing with the precision of laser processing.

3.3. Laboratory Simulation Testing Methods and Equipment

The selection of appropriate laboratory testing methods is non-trivial for ice/snow fric-
tion research, as each test configuration embodies implicit assumptions about the dominant
friction mechanism and may yield results that are not cross-comparable. Linear tribometers
(pin-on-disc or block-on-ring configurations) offer simplicity and high reproducibility but
typically operate at contact pressures and sliding speeds far below those of actual skiing or
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skating, and the continuous single-track sliding path fails to replicate the transient, multi-
pass contact of a ski interacting with fresh snow. Rotational tribometers better capture
continuous sliding dynamics but introduce centrifugal effects on meltwater distribution
that are absent in linear gliding. Environmental chambers that control temperature and
humidity are essential yet often underreported in the literature, making cross-study com-
parisons unreliable. A critical researcher must therefore recognize that friction coefficients
measured in the laboratory are not intrinsic material properties but system-dependent
parameters, and their extrapolation to field performance requires careful justification. This
section evaluates each method not merely as a technical procedure but as a measurement
strategy with specific validity boundaries.

To scientifically evaluate the performance of drag-reducing coatings in ice and snow
sports equipment, laboratory simulation testing is a crucial step. Linear friction testers and
rotational friction testers are two core devices used to quantify the friction coefficient of
coatings under different speed, pressure, and temperature conditions, thereby simulating
the complex friction behavior at the snow/ice interface. For example, when evaluating the
drag-reduction performance of biomimetic microstructured surfaces, researchers combined
numerical simulations with experiments to determine the drag-reduction patterns of micro-
groove structures within specific Reynolds number ranges [32]. Under turbulent conditions,
biomimetic surfaces covered with conical protrusions and elastic layers exhibit significant
drag-reduction effects, with performance reaching 11.5%–17.5%. This is attributed to the
conical protrusions acting as vortex generators, which break up and lift large-scale vortices,
generating low-energy small-scale vortices, thereby effectively reducing disturbances and
momentum exchange [33]. These tests not only quantify the static friction coefficient but
also dynamically simulate the interface behavior of equipment during high-speed sliding
on snow tracks, providing critical data for coating design.

Surface energy testing, particularly evaluating the hydrophobic/icephobic properties
of coatings using contact angle goniometers, is an important method for correlating their
drag-reduction effects. The superhydrophobicity of coatings is typically characterized by
a water contact angle greater than 150◦ and contact angle hysteresis less than 10◦, which
is directly related to drag reduction, anti-icing, and anti-fouling properties [34]. Studies
have shown that liquid coatings with low surface energy and low sliding angles, such as a
two-component system constructed using dimethyl dimethoxysilane and perfluorooctyl
dimethyl chlorosilane, can achieve excellent drag reduction and broad-spectrum repellency
to low-surface-tension liquids [35]. Contact angle measurements quantify the wettability
of coatings, while the sliding angle directly reflects the ease with which droplets detach
from the surface. This is crucial for evaluating the coating’s ability to prevent water
film formation and ice adhesion in ice and snow environments. Coatings with excellent
hydrophobic/icephobic properties can effectively reduce solid–liquid contact area, thereby
lowering frictional resistance.

The mechanical properties and durability of coatings are decisive factors in determin-
ing their long-term applicability in real ice and snow environments. Scratch tests and wear
resistance tests are used to evaluate the adhesion strength of coatings to substrates and
their resistance to abrasion. For example, multifunctional biological metasurfaces prepared
by femtosecond laser texturing combined with functional coatings require sufficient me-
chanical robustness to withstand friction due to their complex surface structures, including
micro-grooves, micropores, and nano-ripples/gaps/protrusions [30]. Environmental aging
tests and thermal cycling tests simulate the stability of coatings under outdoor extreme
temperature fluctuations, ultraviolet radiation, and humidity variations. One study val-
idated the high adhesion and stability of biomimetic elastic layers on copper substrates
through sandpaper abrasion and water flow erosion tests [33]. For superhydrophobic
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coatings, mechanical fragility has long been an application bottleneck. However, a strategy
using stainless steel mesh frames as mechanical armor to protect re-entrant micro-nano
structures has significantly enhanced the coating’s wear resistance, allowing it to maintain
liquid repellency after 100 wear cycles under 12.3 kPa pressure [36]. These standardized
testing methods ensure that coatings are not only effective under ideal laboratory condi-
tions but also meet the stringent requirements for long-term durability in ice and snow
sports equipment.

3.4. Field Testing and Sports Biomechanics Evaluation

Evaluating the real-world efficacy of drag-reducing coatings requires a hierarchy of
testing approaches, ranging from controlled field trials to integrated biomechanical analysis.
This section distinguishes between direct field evidence—obtained from instrumented skis,
sleds, or skates on actual snow/ice—and indirect biomechanical assessments that infer
coating effects from athlete performance data or computational simulations. Establishing
this distinction is essential because the complex, variable conditions of winter sports
environments often reveal performance limitations not observable in laboratory settings.

Controlled field testing conducted on standard ski slopes or ice rinks is a critical step
in evaluating the performance of drag-reducing coatings. By deploying precision equip-
ment such as high-speed cameras and GPS speed measurement devices, it is possible to
objectively quantify the performance differences in various coated equipment in real sports
environments. For example, in skiing, GPS speed measurement technology can accurately
record an athlete’s speed profile over specific race segments, enabling direct comparison of
the gliding efficiency of skis or sleds coated with different superhydrophobic or biomimetic
drag-reducing surfaces [37]. High-speed cameras can capture the microscopic dynamics
of the interaction between equipment and the snow/ice interface, such as droplet impact,
splashing, and rebound behaviors. These data are crucial for understanding the drag
reduction mechanisms of coatings under dynamic wetting conditions [38]. A dataset study
on droplet behavior on superhydrophobic surfaces analyzed the spreading and rebound
of water and viscous water-glycerol mixtures on laser-etched superhydrophobic surfaces
using high-speed cameras, providing an empirical basis for optimizing self-cleaning surface
designs for drag reduction [38]. Such field testing in controlled environments can link the
fundamental properties of coatings measured in the laboratory with their macroscopic
performance in actual sports scenarios, offering direct feedback for iterative optimization
of equipment.

Equipping athletes with coated gear during training or testing and conducting a
comprehensive evaluation combined with sports biomechanics data is a core method for
revealing the impact of drag-reducing coatings on athletic performance. This requires the
simultaneous collection of biomechanical parameters such as the athlete’s posture, force
sequence, and joint angles. For example, in ski mountaineering, the total weight of the
equipment and athlete is negatively correlated with performance, so lightweight coating
technology itself can provide an advantage [37]. More importantly, using devices such as
portable three-dimensional force measurement systems, it is possible to quantify the forces
exerted by athletes on equipment during gliding or skating. Combined with high-speed mo-
tion analysis, this allows for an assessment of whether the coating alters force transmission
efficiency or the athlete’s force application pattern [39]. A portable three-dimensional force
measurement system, originally developed for biomechanical analysis, offers a method-
ological pathway to quantify how drag-reducing coatings alter force transmission between
athletes and equipment during gliding. When applied to instrumented skis or ice skates,
such systems can directly measure changes in interfacial friction forces attributable to coat-
ing performance at the athlete-equipment-environment interface in real time [39]. A similar
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CFD-based approach can be repurposed to evaluate drag-reducing coatings: by modeling
the same ski geometry with different surface boundary conditions [40]. Simulations can
predict how a coating alters near-wall airflow and pressure drag, independent of athlete
posture. This provides a fluid dynamics perspective, beyond biomechanical data, to explain
how coatings enhance athletic performance by altering boundary layer flow.

It must be pointed out that there may be significant differences between laboratory
test results and field test results, which highlights the extreme importance of conducting
multi-scale, multi-environment validation. Laboratory environments typically control
single variables (such as water flow velocity, temperature) and employ simplified models,
whereas field environments are complex and variable, involving temperature fluctuations,
heterogeneity in snow/ice conditions, individual differences in athlete techniques, and
dynamic loads [2]. For example, superhydrophobic coatings that exhibit excellent drag
reduction performance in the laboratory may have unstable or even failing air layers
(plastrons) that maintain drag reduction effects in field environments involving long-term
immersion in cold water or high-speed water flow impact [2]. A study on bionic drag
reduction surfaces inspired by pufferfish skin not only verified their drag reduction charac-
teristics in rheometer and particle image velocimetry (PIV) experiments but also conducted
sandpaper abrasion and water flow erosion tests to evaluate the adhesion and stability of
their elastic coatings. This strategy of combining laboratory mechanism research with field
durability testing is crucial [33]. Similarly, research in the field of marine antifouling also
emphasizes that verifying the long-term antifouling performance of coatings through field
tests at sea yields more convincing results than purely laboratory antibacterial and anti-
algae tests [41]. Therefore, for ice and snow sports equipment, a comprehensive evaluation
system should span the entire process from material micro-characterization, laboratory
simulation testing, and controlled field testing to final application in actual competitions or
long-term training, to ensure that drag reduction coating technology remains reliable and
effective in the complex and harsh real world.

In summary, the literature on field testing of drag-reducing coatings for winter sports
remains fragmented. Direct comparative studies—where identical equipment with dif-
ferent coatings is tested under controlled snow/ice conditions—are notably scarce. Most
available data come from either laboratory simulations with simplified ice surfaces or
from general sports biomechanics research, where coatings were not the primary variable.
Future work should prioritize instrumented on-snow/on-ice comparative trials with rig-
orous documentation of environmental conditions to build a reliable, publicly accessible
performance database.

3.5. Cross-Comparison of Reported Friction Performance and Testing Protocols

A major obstacle to objectively assessing coating performance is the significant vari-
ation in testing conditions across studies. Table 2 attempts to compile and juxtapose the
reported drag reduction outcomes from selected key studies, explicitly noting the test
parameters that influence results.

Critical synthesis of testing heterogeneity: The wide disparity in reported values—
ranging from macroscopic ski trials to nanoscale AFM friction—underscores a fundamental
challenge: results obtained from simplified laboratory setups rarely translate directly to field
performance. As Table 2 illustrates, the apparent superiority of graphene’s superlubricity
at the nanoscale cannot yet be replicated on a full-scale ski base. Similarly, the promising
drag reduction in superhydrophobic surfaces in rotational ice tests may be compromised
by the high contact pressures and snow abrasion encountered during skiing, which can
collapse air pockets.
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4. Environmental Adaptability and Durability of Drag Reduction Coatings
4.1. Adaptability to Different Snow and Ice Conditions

The application effectiveness of drag reduction coating technology in ice and snow
sports equipment is not a universal constant but a complex function highly dependent
on specific snow and ice conditions. The performance of coatings exhibits significant
sensitivity to snow temperature, snow type, and ice surface state, fundamentally revealing
the infeasibility of developing so-called “universal coatings.” Snow temperature is a key
variable affecting the friction mechanism. At lower snow temperatures (e.g., below −10 ◦C),
snow crystals are hard, and friction is dominated by microscopic plowing and plastic defor-
mation. In this case, coatings need to possess extremely high surface hardness and wear
resistance to reduce snow crystal embedding and scratching. At higher snow temperatures
near the melting point (e.g., −2 ◦C to 0 ◦C), an extremely thin water film forms on the
snow surface, and the friction mechanism shifts to viscous resistance dominance. In this
scenario, coatings require excellent hydrophobicity and low surface energy to promote
rapid shedding of the water film and reduce the “suction-sticking” effect. The influence of
snow type is equally important. For new snow or powder snow, its loose, porous structure
means that the contact area with equipment is relatively small and dynamically changing,
and coatings focus on reducing adhesion. For hard snow or icy snow formed by repeated
compaction by snow groomers, which has a hard, dense surface, high contact pressure,
and significant frictional heating, coatings need to reduce the friction coefficient while
possessing good thermal stability and compressive strength. Ice surface conditions are
even more complex, as their temperature, cleanliness (e.g., presence of impurities, bubbles,
or prior scratches), and micro-roughness can greatly alter the friction contact state. For
example, on very clean and low-temperature ice surfaces, the friction coefficient itself is
low, and the marginal improvement effect of coatings may be limited; whereas on ice sur-
faces with dust or meltwater stains, the importance of the coating’s surface characteristics
for contaminant repellency becomes prominent. Therefore, any expectation that a single
coating formulation can achieve optimal drag reduction under all conditions is unrealistic.
It is essential to acknowledge and deeply study the fine coupling relationship between
coating performance and environmental parameters.

Given the significant differences in snow quality and ice conditions, developing spe-
cialized coatings or adaptive coating systems tailored to different competition environments
has become an inevitable path to enhancing athlete performance and equipment reliability.
In alpine skiing events, such as downhill and super-G, the tracks are typically meticulously
prepared from hard, icy snow, with extremely high speeds and immense pressure on the ski
base. In such environments, specialized coatings must pursue an extremely low friction co-
efficient and ultra-high wear resistance. Material choices often lean toward composites like
ultra-high molecular weight polyethylene (UHMWPE) and incorporate nanoscale reinforce-
ments to enhance load-bearing capacity and ultimate lubrication performance. Conversely,
in cross-country skiing, athletes frequently glide on soft, fresh snow or compacted tracks,
with highly variable snow conditions. Here, the design philosophy for specialized coatings
may focus more on dynamic adaptability—for example, utilizing specific surface textures
to store snow particles and form a self-generated “snow lubrication layer,” or employing
temperature-sensitive polymers that allow surface properties to fine-tune with snow tem-
perature changes, balancing between dry and wet friction mechanisms. For speed skating
or short track speed skating, ice surface temperatures are strictly controlled between −5 ◦C
and −9 ◦C, but ice quality and the impact of ice shavings (“ice dust”) scraped off by skate
blades during competition require careful consideration. Specialized coatings for these
sports may focus on achieving extreme surface smoothness and oleophobicity to reduce the
adhesion and accumulation of ice shavings. Adaptive coatings represent a more cutting-
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edge direction, drawing inspiration from biomimetics. For instance, microencapsulation
technology can encapsulate phase-change materials or lubricants, which are released when
friction-induced local temperature rises or pressure reaches a threshold, altering the inter-
face state in real time. Alternatively, stimuli-responsive polymer surfaces can be designed,
where properties such as hydrophilicity/hydrophobicity and hardness reversibly change
in response to external stimuli like temperature or electric fields, intelligently matching
evolving conditions. This evolution from “specialized” to “adaptive” represents a profound
transformation in drag-reduction coating technology, shifting from passive adaptation to
active responsiveness (as shown in Figure 3).

Figure 3. Application of a multi-layer anti-friction coating system.

The accumulation of pollutants on coating surfaces is a frequently overlooked issue
that severely compromises their drag reduction performance in practical applications.
During training and competition, the surfaces of skis or ice skates inevitably become
contaminated with dust, sand, saline meltwater, water stains, and fine ice crystals generated
by repeated friction. The presence of these contaminants first directly alters the physical and
chemical properties of the contact interface. Dust and sand, acting as hard abrasive particles,
accelerate coating wear, even scratch the substrate, and damage its meticulously designed
surface integrity. Water stains or saline droplets may freeze at low temperatures, forming
localized ice adhesion points that significantly increase frictional resistance. Secondly,
pollutants can cover or clog the functional micro-nano structures on the coating surface,
causing it to lose its original flow-guiding, snow-retaining, or hydrophobic capabilities.
More importantly, some organic pollutants may alter the chemical composition of the
coating surface, reducing its hydrophobic or icephobic properties. Therefore, maintaining
the “clean” state of the coating surface is equally important as preserving its initial “low-
friction” state. This has spurred research into the potential application of self-cleaning
coatings in high-end winter sports equipment. The self-cleaning concept primarily draws
inspiration from the “lotus leaf effect” and “photocatalytic effect.” Superhydrophobic
self-cleaning coatings, by constructing micro-nano secondary rough structures and low
surface energy chemical modifications, achieve a water droplet contact angle greater than
150◦ and an extremely low rolling angle. Thus, when a ski glides on snow containing
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trace amounts of liquid water, the water film struggles to spread and instead rolls off
rapidly in spherical droplets, carrying away dust particles adhering to the surface. For ice
crystal contamination, coatings with super-icephobic properties can delay or reduce the
adhesion strength of ice nuclei. Another approach involves photocatalytic self-cleaning
coatings, such as doping titanium dioxide nanoparticles onto the coating surface. Under
sunlight or specific light sources, these coatings generate reactive oxygen species that
decompose organic pollutants attached to them, making them easy to wash away with
rain or meltwater. Although integrating laboratory-level self-cleaning technology stably
and durably onto sports equipment surfaces that endure extreme mechanical loads and
thermal shocks remains a significant challenge, its prospects for reducing maintenance
requirements and maintaining performance consistency between competitions make it an
important dimension in future drag reduction coating design.

4.2. Coating Wear, Aging, and Maintenance

During high-speed sliding and turning of ice and snow sports equipment, the coating
surface is subjected to abrasive wear from hard particles such as sand, gravel, and ice
crystals. This wear mechanism significantly damages the surface morphology and chemical
composition of the coating. Abrasive wear primarily manifests as hard particles sliding
across or embedding into the coating surface under pressure, leading to material plowing,
cutting, or spalling. For instance, in studies on the wear of agricultural tillage components,
it was found that an increase in the size of sand particles in the soil significantly raises
the wear rate, which directly parallels the erosion effect of ice crystals or sand particles
on drag-reducing coatings in ice and snow environments [42]. For viscoelastic coatings,
the fatigue wear model reveals that under cyclic contact with rough counterfaces, stress
concentration occurs within the coating, leading to cumulative damage and ultimately
causing delamination or continuous fracture of the surface layer [43]. Specifically regarding
coating materials, research has found that when hot-dip galvanized (HDG) coatings are
subjected to abrasive loads, the soft η-phase in the outer layer is first removed, followed by
plastic deformation of the η-phase and ζ-phase, resulting in mass loss lower than expected
based on layer thickness reduction. This demonstrates the differential wear response of
different phase structures within the coating [44]. Studies on the wear of functionally
graded coatings under frictional heating conditions indicate that abrasive speed, contact
stress, and temperature gradients all influence the wear behavior of the coating. The
non-uniformity coefficient of the material’s functional gradient along the depth is one
of the key factors determining its wear resistance [45]. Additionally, Ni60-WC coatings
prepared by laser cladding exhibit excellent wear resistance in dry sand rubber wheel
tests. Their wear mechanism primarily involves the removal of the binder phase through
micro-cutting, while the hard WC phase effectively hinders the processes of micro-cutting
and plastic deformation [46]. These studies collectively indicate that abrasive wear not
only compromises the surface integrity of coatings but also that the depth and mechanism
of damage highly depend on the coating’s microstructure, phase composition, and the
mechanical and thermal conditions during service.

Ultraviolet radiation, oxidation, and repeated thermal shocks are the primary envi-
ronmental factors leading to the aging of polymer coatings. Ultraviolet light, with its high
energy, can break chemical bonds in polymer molecular chains, initiating photo-oxidative
degradation that results in coating chalking, discoloration, and a decline in mechanical
properties. A study on epoxy-based anti-corrosion topcoats confirmed that UV-A irra-
diation causes degradation of the aromatic backbone within the coating, forming toxic
transformation products such as bisphenol A (BPA) and its structural analogs, while 4-
tert-butylphenol (4tBP) was identified as the primary driver of estrogenic activity and
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bacterial toxicity in leachates [47]. This photochemical aging not only alters the chemical
composition of the coating but also severely impacts its long-term protective performance.
Repeated thermal shocks induce microcracks within the coating through thermal stress
and accelerate the penetration of oxygen and moisture, synergistically promoting oxidative
aging. For rubber materials, UV exposure severely compromises their physical properties.
However, protection using modified polyurethane or silicone coatings, combined with
cold atmospheric plasma treatment to enhance coating adhesion, can significantly improve
the material’s UV stability and service life [48]. In studies on transition metal dichalco-
genides (TMDs) such as MoS2 and WS2, non-covalent pyrene coatings have been shown
to effectively prevent their photo-induced oxidation and aging in the environment, with
structures remaining intact after two years of storage. This provides a new approach for
protecting sensitive functional coatings from photo-oxidative catalysis [49]. Furthermore,
the physical aging rate (i.e., structural relaxation) of polymer films is also significantly
influenced by nanoscale confinement and molecular stacking morphology. For instance,
poly(methyl methacrylate) (PMMA) brush films exhibit a higher physical aging rate com-
pared to spin-coated films of equivalent thickness [50]. These aging issues collectively lead
to a decline in the drag-reducing performance of coatings, loss of adhesion, and ultimately
a shortened competitive lifespan of equipment. Therefore, developing weather-resistant
coating materials and effective protective strategies is crucial.

To extend the competitive lifespan of ice and snow sports equipment, current research
focuses on developing convenient and efficient coating maintenance strategies, with pee-
lable and re-sprayable coatings and portable repair materials being two major cutting-edge
directions. Peelable or self-healing coatings aim to achieve rapid in situ repair of localized
damage. Layer-by-layer self-assembly of polymers has been shown to enable self-healing
of coatings through water-mediated reconstruction, a principle that could be adapted for
ski base repair [51]. This principle provides a reference for developing intelligent repair
coatings for equipment surfaces. Self-polishing mechanisms, originally developed for
anti-biofouling, involve gradual surface renewal under shear stress—a concept that could
be translated to ski bases for continuous exposure of fresh low-friction material [52]. This
self-renewal mechanism offers insights for maintaining coating functionality in complex
environments. On the other hand, portable repair materials require ease of carrying and
application. Nanotechnology shows potential in repair materials. For example, core–shell
structured copper nanoparticles coated with polydopamine (Cu@PDA) exhibit strong un-
derwater adhesion, spontaneously forming a stable directional transfer film at friction
interfaces to achieve active wear repair. Simultaneously, the nanoparticles fill wear grooves,
enhancing surface topography and the continuity of the lubricating film [53]. Additionally,
silver nanostructures can be quickly and simply created by soft-contact patterning of ionic
silver ink coatings followed by thermal annealing. This method provides a new approach
for on-site customized repair of functional coatings, such as conductive coatings [54,55].
These research advances in maintenance strategies, from self-healing and self-polishing to
portable nanorepair technologies, point the way for future ice and snow sports equipment
to achieve rapid maintenance during competition intervals, reduce lifecycle costs, and
maximize performance durability.

For winter sports equipment specifically, two maintenance strategies hold particular
promise. First, portable repair systems based on cold-curable or UV-curable polymers
could enable athletes or technicians to rapidly restore damaged coating areas between
competition runs, minimizing performance degradation. While laboratory demonstrations
of such systems exist, their validation under the time constraints and low-temperature
conditions of actual winter sports venues remains an open challenge.
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Second, self-polishing or sacrificial layer designs—originally developed for marine
antifouling applications offer a conceptual pathway for maintaining ski base performance
through controlled surface renewal during gliding. In this concept, the outermost coating
layer is designed to gradually and uniformly wear away, continuously exposing fresh,
low-friction material. The critical research question for winter sports is whether such
wear can be calibrated to match the duration of a competition run without compromising
structural integrity or generating performance-inconsistent transitions.

5. Cutting-Edge Exploration of Biomimetic Design and Intelligent
Responsive Coatings
5.1. Biological Prototypes and Drag Reduction Mechanisms

The dermal denticle structure on the surface of shark skin is a classic biological
prototype for drag reduction in nature. Its surface features rib-like microstructures that
guide water flow, effectively suppressing the generation and development of turbulence,
thereby achieving significant drag reduction [56]. Research indicates that the drag-reducing
capability of shark skin denticles stems not only from their geometric morphology but
also from their surface wettability and the cavity regions beneath the denticles [57]. By
replicating shark denticle arrays using 3D printing technology and modifying their surfaces,
studies have found that superhydrophobic or partially superhydrophobic denticles (such
as the ELIB configuration with hydrophilic external ribs and hydrophobic internal cavities)
exhibit superior drag reduction performance compared to superhydrophilic denticles,
with a maximum drag reduction rate of approximately 20% [57]. The mechanism lies in
the fact that superhydrophobicity or specific wettability combinations can reduce vortex
formation in the cavities beneath the denticles, as vortices promote momentum exchange
and increase surface friction drag [57]. Additionally, shorter denticle heights can further
enhance drag reduction [57]. These rib structures isolate high-speed flow from the groove
valleys by forming stable near-wall micro-vortices in turbulent flow, with blade-like grooves
generating the strongest and most fully developed vortex structures, achieving a drag
reduction rate of up to 18.2% [58]. This rib-based drag reduction mechanism provides
direct inspiration for the texture design of ski base surfaces. Through biomimetic design of
similar micro-groove structures, it is expected to guide the flow of air or meltwater during
snow gliding, thereby reducing frictional resistance.

The superhydrophobic effect of lotus leaves and the air-layer insulation and drag re-
duction characteristics of penguin feathers together demonstrate the potential of biomimetic
design combining surface micro-nano structures with low surface energy chemistry. The
lotus effect originates from the hierarchical structure formed by micrometer-scale papillae
and nanometer-scale wax crystals on its surface, which traps air and forms an air cushion,
significantly reducing solid–liquid contact area [59]. Inspired by this, researchers have
prepared superhydrophobic coatings with excellent liquid repellency and wear resistance
by spraying suspensions containing silica nanoparticles. These coatings can form continu-
ous air cavities underwater, thereby extending drag reduction capability and enhancing
buoyancy [59]. Similarly, inspired by rice leaves, which combine the superhydrophobicity
of lotus leaves and the rib structure of shark skin, hierarchical superhydrophobic surfaces
constructed via stereolithography 3D printing combined with nanoparticle coatings also
exhibit drag reduction and self-cleaning capabilities [60]. On the other hand, penguin feath-
ers lock in air through their precise microstructure, forming a stable insulating layer, while
this air layer also acts as a lubricant for drag reduction during swimming [61]. This ability
to maintain a stable air layer underwater for extended periods is known as the Salvinia
effect. Research shows that elastomer films with mushroom-shaped surface microstructures
can stably retain an air layer underwater for over two weeks, offering the possibility of
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developing cost-effective, large-scale biomimetic air-retaining surfaces [61]. These biologi-
cal prototypes indicate that combining specific microscopic geometric structures with low
surface energy chemical modifications is a key approach for designing high-performance
drag reduction and icephobic surfaces, providing important insights for surface treatments
of ice and snow sports equipment to reduce snow and water adhesion and friction.

The structural coloration and hollow thermal insulation properties of polar bear fur
provide a unique biomimetic perspective for reducing infrared radiative heat loss, which
holds potential significance for maintaining ice surface conditions and minimizing micro-
melting caused by equipment heat dissipation. Polar bear fur is renowned for its exceptional
thermal insulation, primarily attributed to its hollow structure, which effectively traps air
to form an insulating layer [62]. Although the provided literature does not directly address
polar bear fur, the principles of bio-inspired deformation and functional adaptation share
commonalities. Biological systems optimize their structures to adapt to the environment;
for instance, the rearrangement of bird feathers, the flexible membrane wings of bats,
and the stiffness modulation of fish fins all enable real-time adjustments to lift, drag,
and thrust [62]. The hollow structure of polar bear fur is essentially a lightweight and
efficient thermal insulation design that minimizes body heat loss in the form of infrared
radiation. In winter sports scenarios, if equipment surface or internal materials incorporate
such hollow structures, thermal insulation efficiency can be enhanced, thereby indirectly
reducing heat transfer from overheated equipment to the ice surface. This helps maintain
the hardness and smoothness of the ice, creating favorable conditions for drag reduction
from a thermodynamic perspective. Additionally, the structural coloration of the fur
may be related to specific surface microstructures, and the modulation of light waves
by such structures could inspire the development of surface coatings with low infrared
emissivity, further suppressing radiative heat loss. Exploring the integration of this hollow
thermal insulation structure with surface micro-nano topologies may represent a cutting-
edge direction for enhancing the comprehensive performance of high-end winter sports
equipment in extreme low-temperature environments.

5.2. Construction and Performance of Biomimetic Coatings

The core of constructing biomimetic drag-reducing coatings lies in utilizing advanced
micro-nano fabrication or self-assembly techniques to precisely replicate or simplify bio-
logical structures with excellent drag-reducing properties found in nature on equipment
surfaces. Micro-nano fabrication technologies, such as laser surface texturing, can directly
create micron-scale textures with specific geometric shapes on material surfaces. For exam-
ple, inspired by biological surface scale structures, researchers have used laser technology
to fabricate diamond-shaped biomimetic micro-textures with varying angles and area den-
sities on titanium alloy (Ti6Al4V) surfaces [63]. This technique allows precise control over
texture size and distribution, providing an ideal substrate for subsequent functional coat-
ings. On the other hand, self-assembly techniques leverage interactions between molecules
or nanoparticles to spontaneously form ordered structures. For instance, inspired by mussel
adhesion proteins, synthetic biomimetic adhesive polymers containing catechol groups can
coat polytetrafluoroethylene (PTFE) nanoparticles in organic solvents and redisperse them
in aqueous media. This self-assembly process offers a new approach for constructing func-
tional nanoreactors or coatings [64]. Additionally, using oil-in-water emulsion combined
with spray drying, alginate/carboxymethyl cellulose/gelatin composite microspheres with
biomimetic structures and rough surfaces can be prepared. This micro-nano-scale rough-
ness is crucial for inducing platelet adhesion/aggregation, demonstrating the construction
and application of biomimetic structures in the biomedical field [65]. The integrated appli-
cation of these technologies makes it possible to construct multi-scale, high-performance
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biomimetic drag-reducing coatings on complex curved surfaces, such as those of winter
sports equipment.

The shark skin-inspired groove structure is one of the most classic biomimetic models
in the field of drag reduction. Its mechanism of guiding meltwater and reducing adhesion
during snow surface gliding has attracted significant attention, though experimental results
remain somewhat controversial. The microscopic riblet-like grooves on shark skin are
believed to guide water flow and reduce turbulent drag. As a cross-disciplinary refer-
ence, the aerodynamic performance of biomimetic micro-grooves has been validated in
non-winter-sport contexts—for instance, their application to small axial flow fan blades
has confirmed drag reduction through experimental design and numerical simulation [32].
However, direct experimental evidence of shark-skin-inspired groove structures on ski
bases or sled surfaces is notably absent from the peer-reviewed literature. The extrap-
olation of these aerodynamic findings to the solid–liquid–gas interface of snow gliding
must account for the additional complexities of meltwater generation, snow compaction,
and temperature-dependent friction transitions [32]. This provides strong evidence for
understanding the drag reduction mechanism of micro-grooves in fluids (air). However, in
the complex environment of snow surface gliding, which involves solid–liquid–gas three-
phase interfaces, the mechanism is more intricate. Theoretically, groove structures help
guide the meltwater generated by friction between the snowboard and the snow surface,
forming a stable water film that reduces direct solid contact and viscous drag. However,
the actual effectiveness is influenced by multiple factors, including groove dimensions,
snow quality, temperature, and gliding speed. Some studies suggest that inappropriate
groove dimensions or orientations may fail to effectively channel meltwater, potentially
increasing drag or causing instability. Despite the controversies, the design philosophy
of shark skin-inspired structures has been widely adopted. For instance, in the field of
marine antifouling, inspired by the physical surface structures of organisms like shark skin,
researchers are dedicated to developing surfaces with micro-nano topological structures to
reduce biofouling attachment. This indirectly demonstrates the ability of surface microto-
pography to regulate interfacial behavior [66]. Therefore, for ice and snow environments,
more refined experiments are needed to optimize groove parameters and clarify their drag
reduction efficacy and boundary conditions under specific operating conditions.

Hierarchical composite biomimetic structures demonstrate significant advantages in
enhancing the mechanical stability and environmental adaptability of coatings, yet their
fabrication also presents numerous challenges. These structures mimic the hierarchical char-
acteristics of many biological surfaces in nature, where nanoscale features are superimposed
on microscale structures. In terms of improving mechanical stability, microscale structures
can serve as macroscopic mechanical support and cushioning layers, while nanoscale
structures or coatings provide critical surface functionality. For example, inspired by the
wear-resistant surface structure of seashells, a hierarchical structure was developed on a
titanium alloy surface, comprising biomimetic micro-groove structures (BMS), sodium ti-
tanate formed by alkali heat treatment, and chitosan/silver (CS/Ag) micro-nano structural
coatings [67]. This microstructural “armor” effectively reduces external mechanical friction,
protecting the internal nano-functional coatings from damage. After wear, the inhibition
rate against Staphylococcus aureus only marginally decreased by 1.86%, demonstrating its
exceptional protective performance. Similarly, a biomimetic composite polymer coating
inspired by fibrocartilage, which combines a mechanically robust aramid nanofiber (ANF)
network with a flexible polymer matrix, effectively guides uniform zinc deposition and sup-
presses dendrite growth, exhibiting excellent mechanical and electrochemical stability [68].
In terms of environmental adaptability, hierarchical structures can synergistically regulate
surface properties such as wettability, anti-icing, and corrosion resistance. For instance, by

https://doi.org/10.3390/coatings16050606

https://doi.org/10.3390/coatings16050606


Coatings 2026, 16, 606 25 of 36

inducing mineralization with Bacillus subtilis to form micro/nanoscale surface roughness,
followed by silane modification, a superhydrophobic coating with excellent self-cleaning,
anti-icing, and anti-corrosion properties was obtained. Its hierarchical structural design
(nanostructures providing hydrophobicity, microstructures providing durability) is key to
achieving multifunctionality and durability [69]. However, fabricating such hierarchical
composite structures faces challenges. First, the processes are complex, requiring precise
control over the morphology, distribution, and interfacial bonding of structures at different
scales. For example, when preparing biomimetic periosteum via electrospinning combined
with plasma-assisted deposition techniques, parameters must be finely tuned to avoid
damaging the polymer fiber substrate [70]. Second, ensuring strong bonding between
micro-nano structures and between the coating and the substrate is a major challenge,
directly impacting the coating’s durability. Finally, achieving uniform and reproducible
fabrication over large areas or on complex curved surfaces (such as skis or sleds) imposes
higher demands on existing technologies, limiting their large-scale engineering applications
(as shown in Figure 4).

 
Figure 4. The effect of environmental factors on coating performance.

5.3. Stimulus-Responsive Materials and Mechanisms

Stimulus-responsive materials, as an important branch of smart materials, can perceive
changes in the external environment (such as temperature, stress, electric fields, light, etc.)
and undergo corresponding changes in physical or chemical properties, offering revolution-
ary ideas for breakthroughs in the performance of ice and snow sports equipment. In the
field of drag-reducing coatings, the application of such materials aims to achieve dynamic,
adaptive regulation of equipment surface characteristics, thereby maintaining optimal fric-
tion and sliding states in complex ice and snow environments. The core mechanism lies in
the presence of molecular segments or microstructures within the material that are sensitive
to external stimuli. Upon receiving specific signals, these materials undergo reversible
phase transitions, conformational changes, or volume changes, which macroscopically
manifest as intelligent regulation of key parameters such as surface roughness, lubricity,
and wettability. This paradigm shift from passive drag reduction to active adaptation
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represents a cutting-edge direction in the high-performance and intelligent development of
contemporary ice and snow sports equipment.

Temperature-responsive materials represent one of the most promising categories
for achieving adaptive drag reduction. Exemplified by shape memory polymers and
temperature-sensitive hydrogels, these materials can automatically adjust the microscopic
morphology of equipment surfaces or release built-in lubricants in response to changes in
environmental temperatures on snow or ice surfaces. For instance, certain shape memory
polymer coatings remain rigid below their transition temperature, with surfaces poten-
tially pre-designed with micro-scale rough structures to provide necessary grip for control.
When sliding speed increases, leading to frictional heating or entry into slightly warmer
snow zones, the material temperature exceeds its transition point, causing the coating to
soften and revert to its pre-set smooth surface morphology, thereby significantly reduc-
ing frictional drag. Temperature-sensitive hydrogels, on the other hand, leverage their
hydrophilic-hydrophobic balance, which varies with temperature. At low temperatures,
they contract, resulting in a relatively hydrophobic surface. Under frictional heating, they
swell, releasing internally carried water or lubricant molecules to form an ultra-thin water
film at the interface, achieving a “self-lubricating” effect. This ability to automatically
switch between “high friction” and “low friction” states based on actual sliding conditions
is crucial for balancing high-speed straight-line gliding with precise control during turns.

Stress- or pressure-responsive coatings focus on real-time feedback and adjustment
of localized stress states on equipment during motion. When skis or ice skates execute
turns or pushes, specific areas experience immense transient pressure. By integrating
piezoelectric materials, microencapsulated lubricants, or polymers with stress-induced
color-changing or viscosity-altering properties into coatings, surfaces capable of responding
to such mechanical stimuli can be engineered. For example, microcapsules embedded
in the coating rupture under high-stress compression, releasing low-friction lubricants
stored within. This provides localized lubrication and drag reduction precisely at pressure
points during high-control maneuvers like turns, while maintaining the original state in
non-pressurized straight-line gliding areas. Another approach utilizes the shear-thinning
properties of certain polymers, where surface viscosity instantaneously decreases under
high shear stress (e.g., during high-speed gliding), forming a slippery layer. When stress
diminishes or disappears, viscosity recovers, ensuring structural stability. This ability to
locally alter friction characteristics “on demand” offers novel technological pathways for
enhancing athletes’ dynamic control and performance in turn.

Electric field- or light-responsive materials are currently more prevalent in labora-
tory research stages, but their demonstrated precision, rapidity, and reversible control
capabilities paint a broad prospect for future high-end tunable equipment. Electric field-
responsive materials, such as electrorheological fluids or dielectric elastomers, exhibit
drastic, millisecond-scale changes in rheological properties or surface morphology under
applied electric fields. Theoretically, applying these to equipment surfaces—integrated
with microcircuits and sensors—could enable active, precise adjustments of surface viscous
drag or micro-textures based on real-time sliding data (e.g., speed, posture), achieving
unprecedented dynamic performance optimization. Light-responsive materials, such as
polymers containing photochromic groups like azobenzene, undergo reversible molecular
conformational isomerization under specific wavelength illumination, altering surface wet-
tability (from hydrophobic to hydrophilic) or roughness. In the future, integrated miniature
light source systems on equipment could enable localized irradiation of sliding interfaces,
actively regulating the water film state between ice or snow and the equipment surface
in a non-contact manner, achieving “on-demand programming” of friction coefficients.
Although practical application of these technologies faces challenges such as integration
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complexity, energy consumption, and environmental stability, they represent an inevitable
trend in the evolution of drag-reduction coatings from static and passive to dynamic, active,
and even intelligent systems.

5.4. Self-Healing Coating Technology

Self-healing coating technology aims to endow materials with the ability to au-
tonomously restore their structure and function after damage, which is crucial for main-
taining drag reduction performance in harsh environments such as ice and snow sports
equipment. Self-healing coatings based on microcapsules or reversible chemical bonds are
effective strategies to achieve this goal. Microcapsule technology involves encapsulating
healing agents within polymer shells and embedding them into the coating matrix [71].
When scratches occur due to friction or impact, the microcapsules rupture and release the
healing agents, which fill the damaged area through reactions such as oxidative polymeriza-
tion, thereby restoring the surface integrity and drag reduction function of the coating [71].
Another strategy utilizes dynamic covalent bonds, such as reversible Diels-Alder reac-
tions, which can break and reform under specific stimuli, enabling repeated healing of
scratches [72]. For example, photocurable self-healing coatings utilize photochemical
reactions for repair, offering the possibility of on-demand healing [72]. These extrinsic self-
healing mechanisms can effectively address localized damage, but their healing capacity is
limited by the reservoir of healing agents in the microcapsules and is typically a one-time
repair process.

Intrinsic self-healing polymers rely on the reversible breaking and recombination of
dynamic bonds inherent within the material, enabling multiple repairs without the need
for additional healing agents, and show great potential in coatings for ice and snow sports
equipment. These materials are often based on supramolecular chemistry; for example,
polymers containing ureidopyrimidinone (UPy) groups can achieve self-healing at room
temperature through multiple hydrogen bonds [73]. Similarly, polymer networks based on
dynamic urea bonds or dynamic imine bonds also impart excellent self-healing properties
to coatings [74,75]. Metal coordination bonds, as a tunable dynamic bond, have also been
used to develop elastomers and coatings with outstanding mechanical properties and
self-healing efficiency [76]. However, the application of intrinsic self-healing coatings in
ice and snow environments still faces limitations. First, the healing processes of many
dynamic bonds require specific conditions, such as certain temperatures, humidity levels,
or pH values [73,77]. For example, hydrogen bond-based healing may become less efficient
at low temperatures, while ion interaction-based healing may require chemical stability
in the environment [77]. Second, the introduction of dynamic bonds sometimes involves
trade-offs with the mechanical strength, wear resistance, and other properties required for
coatings. Excessive self-healing capability may lead to insufficient stiffness and hardness
of the coating, making it difficult to withstand the high mechanical loads and abrasion
encountered in ice and snow sports [78]. Therefore, developing intrinsic self-healing
materials that can operate efficiently under harsh conditions such as low temperatures and
humidity while maintaining balanced mechanical properties is a key focus and challenge
in current research.

To address the durability requirements of ice and snow sports equipment in high-
wear environments, integrating self-healing functionality with drag reduction is a crucial
material strategy. This integrated design aims to enable the coating not only to restore
structural integrity after damage but also to simultaneously recover its drag-reducing
properties, such as superhydrophobicity and low adhesion. One effective strategy involves
constructing intelligent coatings with hierarchical structures that co-encapsulate or inte-
grate healing agents with functional fillers. For example, researchers have developed an
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underwater self-healing superhydrophobic coating with synergistic effects, which combines
the dynamic reconstruction of hydrogen bonds and the synergistic action of self-generated
bubbles to restore both its superhydrophobicity and drag reduction performance after
damage [79]. Another strategy utilizes functional micro/nano containers, such as encap-
sulating hydrophobic agents and corrosion inhibitors in mesoporous silica microspheres
and embedding them into the coating [80]. When the coating is damaged, these functional
additives can migrate to the damaged area, not only repairing the coating but also recon-
structing a low-surface-energy layer, thereby achieving an “active-passive” synergistic
drag reduction and protective function [80]. Furthermore, combining self-healing polymer
matrices with functional nanomaterials can simultaneously provide excellent self-healing
capability, mechanical robustness, and anti-icing/drag reduction performance [77]. For
instance, an extreme-environment-tolerant self-healing anti-icing coating features an inter-
nal dynamic bond network that ensures self-healing capability under low temperatures
and strong acid/base conditions, while the introduction of fluorinated graphene provides
long-lasting hydrophobicity and low ice adhesion strength [77]. Through such an inte-
grated design, the coating can more reliably maintain its drag reduction efficacy throughout
its lifecycle, significantly extending the service life of ice and snow sports equipment in
high-wear environments.

6. Current Challenges and Future Development Trends
6.1. Balancing Technology Integration and Cost-Effectiveness

Integrating high-performance drag reduction coatings, such as diamond-like carbon
(DLC) films, with complex micro/nano surface textures and intelligent responsive func-
tionalities into mass-produced ice and snow sports equipment represents a major direction
in current technological development. However, this integration faces significant technical
bottlenecks and cost challenges. DLC films inherently possess high hardness, excellent hy-
drophobicity, and low friction coefficients, but their deposition processes, such as physical
vapor deposition or plasma-enhanced chemical vapor deposition, typically require high-
vacuum environments and precise control. This makes direct application to equipment
with complex curved surfaces or large surface areas, such as skis or ice skates, difficult.
When combining surface textures with coatings, it is essential to ensure that the textured
structures are not covered or deformed after coating deposition, imposing extremely high
demands on pre-treatment processes and deposition uniformity. Furthermore, integrating
intelligent responsive functions, such as materials that alter surface properties based on
temperature or pressure, involves interdisciplinary challenges like multi-material interface
compatibility and the integration of signal sensing and feedback systems. These complex
technological integrations directly lead to a sharp increase in manufacturing costs. Transi-
tioning from laboratory prototype validation to large-scale, stable mass production not only
requires substantial equipment investment but also faces difficulties in controlling process
yield. Consequently, the final product price far exceeds the affordability of the general
consumer market, currently limiting such applications primarily to high-end competitive
equipment custom-made for elite athletes.

To find a viable balance between cutting-edge competitive performance and mass-
market accessibility, it is essential to simultaneously address both process optimization
and material innovation. At the process level, developing new coating deposition tech-
nologies with lower environmental requirements is key. For example, the development of
plasma spraying, sol–gel methods, or novel chemical vapor deposition techniques under
atmospheric or low-vacuum conditions can significantly reduce equipment investment
and energy consumption. Concurrently, exploring modular or localized functional coat-
ing strategies—applying high-performance coatings only to critical friction areas of the
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equipment rather than treating the entire surface—can effectively control costs. At the
material level, actively developing new, low-cost, high-performance alternative materi-
als is crucial. For instance, researching organic–inorganic hybrid materials, biomimetic
polymer composites, or specially modified engineering plastics may enable more eco-
nomical processing methods, such as solution processing or 3D printing, while imparting
similar surface functionalities. Through synergistic innovation in materials science and
manufacturing processes, it is possible to establish a tiered product system: providing
top-tier equipment integrated with cutting-edge technology for professional athletes, while
offering mass-market products with core drag-reduction functions and optimized cost-
effectiveness for general consumers, thereby broadening the technology’s market reach (as
shown in Figure 5).

Figure 5. Material selection for coating systems and the application of coatings on snow and
ice equipment.

Promoting the healthy development of drag-reduction coating technology in the field
of winter sports equipment relies on the establishment of standardized testing protocols
and public performance databases. Currently, the testing methods, conditions (such as
temperature, humidity, ice/snow quality, speed, and load), and evaluation metrics (such
as friction coefficient, wear rate, and durability) used by different research institutions
or manufacturers vary widely. This lack of comparability between technological achieve-
ments and data creates significant challenges in equipment selection and performance
evaluation. Therefore, there is an urgent need for industry associations and standardization
organizations to collaborate with research institutions to establish a widely recognized,
standardized testing protocol that simulates real-world sports scenarios. This should in-
clude both laboratory-based benchmark tests and field-testing specifications in controlled
environments. Building on this, an open or semi-open performance database should be
created to compile core performance data, durability reports, and even cost estimates for
different coating materials, texture designs, and integration solutions under standardized
testing conditions. Such a database would greatly facilitate transparent comparison and
objective evaluation of technologies, helping coaches, athletes, and consumers make more
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informed choices. It would also provide manufacturers with clear targets for technological
improvement and industry entry benchmarks, ultimately guiding the entire industry to-
ward standardization and high-quality development while accelerating the transition of
innovative achievements from the laboratory to the market.

6.2. Regulatory Ethics and Sustainable Development

International sports organizations, such as the International Ski Federation (FIS), im-
pose strict regulatory limits on technological innovations in sports equipment, aiming
to uphold the fairness of athletic competition. The core of these rules is to prevent tech-
nological advantages from unduly influencing competition outcomes, thereby ensuring
that athletes’ competitive abilities remain the primary determinant of victory. As an in-
novation capable of significantly enhancing the aerodynamic performance of equipment,
drag-reduction coating technology potentially challenges this principle of fairness. When
the performance gains from coating technology far exceed those of traditional materials,
it may spark ethical debates regarding “technological doping.” The essence of this con-
troversy lies in whether technological advantages constitute an unfair advantage similar
to traditional doping, thereby eroding the core of fair competition in sports spirit, which
is based on individual talent and training [81]. From an ethical framework, this involves
balancing the promotion of technological progress with the maintenance of core sporting
values. A simple utilitarian calculation might favor maximizing performance, but ethical
perspectives based on rights, justice, and the common good demand careful evaluation and
necessary restrictions on technological applications [81]. Therefore, the rule-making process
of international sports organizations is itself an exercise in ethical trade-offs, requiring
clear boundaries between fostering innovation and ensuring fairness. This demands that
relevant governing bodies possess forward-looking vision and steadfast ethical stances.

The environmental impact of drag-reduction coating technology spans its entire life
cycle, including material production, equipment use, and final disposal stages. The produc-
tion process of traditional coating materials may consume significant energy and generate
harmful substances. If not properly handled at the end of their service life, these materials
can become non-degradable waste, posing long-term threats to the fragile alpine and polar
ecosystems where winter sports take place [82]. This potential negative impact on the envi-
ronment runs counter to global sustainable development goals. Therefore, emphasizing the
development of bio-based, biodegradable, and environmentally friendly coating materials
becomes crucial. Such materials, derived from renewable resources, can be decomposed by
microorganisms in the natural environment, significantly reducing the environmental foot-
print of coatings during the disposal phase [82]. Promoting the research, development, and
application of such materials is not only a direction for technological innovation but also an
ethical responsibility, reflecting care for future generations and the Earth’s ecosystems [83].
From a broader ethical perspective, sustainability should become a fundamental principle
in resource allocation and decision-making across fields such as healthcare, technology, and
even sports equipment, to address the negative dynamics arising from overconsumption
and ensure the sustainable generation of long-term value [84]. Adopting environmentally
friendly materials in winter sports equipment is a concrete manifestation of putting this
principle of sustainable development into practice.

Looking ahead, promoting the green development of the ice and snow sports industry
requires moving beyond the environmental design of single products and shifting toward a
systemic circular economy model. For equipment coatings, exploring the establishment of
remanufacturing and refurbishment service systems is a viable approach. By professionally
repairing, restoring, or upgrading the coatings on used sports equipment, the lifespan of
products can be significantly extended, thereby reducing the demand for new raw materials
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and the generation of waste [85]. This model transforms the traditional linear economy
of “take-make-dispose” into a closed-loop system of “repair-refurbish-reuse,” aligning
with the sustainable development principles of resource conservation and environmental
friendliness. Implementing this model requires collaborative efforts across all segments of
the industrial chain, including manufacturers designing products that are easy to maintain
and refurbish, establishing professional remanufacturing centers, and fostering a market
culture where consumers accept refurbished equipment [82]. This is not only an innovation
in technology and business models but also carries profound ethical implications, reflecting
a sense of responsibility toward resource utilization and environmental protection [86]. By
adopting a circular economy, the ice and snow sports industry can significantly reduce
its ecological footprint while providing high-performance equipment, paving the way for
more sustainable and ethically aligned industrial development goals, ultimately benefiting
athletes, the industry, and the natural environment alike (as shown in Figure 6).

 
Figure 6. Performance retention of the coating during initial application and long-term use.

In light of the challenges and opportunities discussed above, the strategic priorities for
future research and development can be synthesized as follows: (i) validating smart and
biomimetic coating concepts under realistic winter sports conditions, moving beyond labo-
ratory demonstrations; (ii) establishing standardized, multi-environment testing protocols
that enable reliable cross-study performance comparisons; and (iii) developing scalable,
cost-effective manufacturing routes that align with both elite competition regulations and
mass-market economic realities. These priorities, grounded in the critical assessment
presented throughout this review, are further elaborated in the Section 7.

7. Conclusions
As a key technology for enhancing the performance of ice and snow sports equipment,

the development of drag-reducing coating technology clearly demonstrates an evolutionary
path from basic material modification to the integration of complex systems. Currently, the
field has moved beyond the early stage of relying on single low-surface-energy materials
and entered a new era of constructing composite and intelligent coating systems. These
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systems aim to achieve dynamic and adaptive control of friction resistance at the ice/snow
interface by integrating multiple functions such as micro-nano structures, intelligent respon-
siveness, and self-healing capabilities. This marks a fundamental shift in the technological
paradigm from static optimization to dynamic interaction.

From an expert perspective, the core of this developmental trajectory lies in a pro-
found understanding of “interface” issues and multidisciplinary collaborative innovation.
Materials science provides the foundational performance, surface engineering enables the
controlled construction of structures, and biomimetics contributes inspiration from efficient
drag-reducing and hydrophobic/icephobic prototypes such as shark skin and lotus leaf
surfaces. However, the maturation and practical application of the technology are always
accompanied by the need to balance challenges. On the one hand, the environmental
adaptability, mechanical durability, and compatibility with different equipment substrates
of intelligent coatings that demonstrate excellent performance in the laboratory remain
bottlenecks for engineering applications. This requires future research to go beyond per-
formance demonstrations and delve into the failure mechanisms and long-term service
behavior of coatings under real and variable operating conditions. On the other hand,
while the transformation of biomimetic design inspiration and the dynamic optimization
potential of intelligent materials represent the most promising directions, they must be
considered alongside cost control, compliance with competition rules, and environmental
friendliness throughout the entire lifecycle.

Therefore, future research and development efforts should focus on finding the op-
timal balance between performance breakthroughs and practical implementation. This
means that while continuing to explore cutting-edge smart materials and biomimetic struc-
tures, it is essential to simultaneously strengthen engineering efforts in coating durability,
large-scale manufacturing processes, and recyclability. Ultimately, the success of drag-
reducing coating technology lies not only in its ability to enhance the peak performance of
elite athletes by fractions of a second but also in whether it can reliably, compliantly, and
sustainably transition from professional arenas to the mass consumer market. This would
truly empower the entire ice and snow sports industry to upgrade, allowing a broader pop-
ulation to enjoy the enhanced performance and pleasure brought by technology. Achieving
this requires collaboration among academia, industry, and sports management organi-
zations to jointly promote the healthy development of this technology along a path that
balances innovation, practicality, and responsibility.

Finally, this review highlights a critical imbalance in the current literature: while there
is an abundance of high-quality research on drag-reducing coatings from fields such as
marine engineering, biomedicine, and aerospace, direct experimental studies conducted
on actual winter sports equipment or under realistic ice/snow friction conditions remain
comparatively scarce. This gap between mechanistic promise and application-specific
validation represents both a limitation of the current evidence base and a clear roadmap for
future research. Bridging this gap will require dedicated experimental campaigns that test
coating performance on instrumented skis, skates, or sleds under controlled yet realistic
snow and ice conditions, rather than relying solely on extrapolations from other domains.
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