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Abstract: Friction and wear develop inherently at the dynamic interfaces of moving devices, leading
to considerable energy losses and shortened lifespans. To overcome these challenges beyond
conventional methods, precise structural control of the contact interface is essential, and developing
tailored lubricating structures is therefore imperative for modern machinery. By exploiting the high
specific surface area, aspect ratio, and porosity, together with the interconnected three-dimensional

network structure of electrospun nanofibers, this review discusses the effects of surface morphology
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on lubricant behavior. Low-friction systems based on electrospun nanofibers are classified as oil-

mediated self-lubricating nanofibers and non-oil interfacial and structural low-friction nanofibers. In
oil-mediated systems, core-shell nanofibers store and release liquid lubricants from their internal cores,
whereas non-core-shell nanofiber networks retain and structure oil to maintain an oil-rich lubricating
environment. In addition, the friction reduction mechanisms are analyzed by focusing on lubricant
storage and release, oil structuring, formation of hydration- and ion-based interfacial lubrication layers,
reduction of interfacial shear resistance by solid lubricants, and the mechanical load-bearing effect of
the nanofiber network. This review summarizes how nanofiber structure and material composition

govern the friction and wear behavior of these systems.
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1 Introduction

Friction and wear are the primary factors that drive energy dissipation and component failure in
mechanical systems. The literature indicates that friction accounts for approximately 30% of global
primary energy consumption, whereas wear is implicated in approximately 80% of all component
failures [1]. The resulting energy loss, coupled with performance degradation and escalating
maintenance costs, imposes a substantial economic burden on the industrial sector. Accordingly,
technologies that effectively reduce friction and control wear play an important role in improving the
efficiency, reliability, and durability of mechanical systems [2-12].

Owing to their high specific surface area, aspect ratio, porosity, and interconnected three-
dimensional network structure, electrospun nanofibers have attracted considerable attention as
promising platforms for the development of low-friction and wear-resistant materials [13-16]. These
structural features not only effectively store and retain lubricants or functional additives but also

function as physical barriers that distribute contact loads and stresses over a wide area, thereby
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preventing direct contact between opposing friction surfaces [17-23]. Furthermore, electrospinning

offers a straightforward yet highly versatile route for processing diverse polymers and composites into
nanofibrous matrices. This process allows meticulous control over critical fiber characteristics,
including diameter, alignment, porosity, bead formation, and core—shell or multilayer configurations
[18-23]. Consequently, electrospun nanofibers can be used as high-performance, low-friction, and
wear-resistant architectural materials that extend beyond simple lubricant reservoirs. These structures
perform multiple functions, including storing and supplying the lubricating medium, distributing loads,
separating contact interfaces, and promoting the formation of hydration lubrication layers or protective
tribofilms [24, 25].

The existing literatures on electrospinning have extensively covered the fundamental principles of
the process, solution and operating parameters, material selection, architectural design, scale—up and
application-specific functionalities [26-32,35-41]. Fibers with core—shell, hollow, aligned, porous and
multilayer structures have also been extensively discussed, particularly regarding their manufacturing
and applications in areas such as filtration, energy storage, sensing, wound healing and drug delivery
[28-32,42-59]. However, these reviews are mainly organized according to manufacturing methods,
material types and application areas, which limits the systematic comparison of how different
electrospun systems reduce friction and wear in real sliding interfaces through distinct interfacial
mechanisms.

Although recent studies on the tribological behavior of electrospun matrices and membranes have
quantitatively evaluated friction, wear, load-bearing behavior and hydration effects [18-25,33,34], the
relevant studies are still dispersed across various fields, including engineering lubrication, grease
structuring, polymer wear and biomedical lubrication.

In addition, coefficients of friction (COF) reported in different studies are difficult to use as direct
performance comparison metrics because counterpart materials, contact geometries, loads, sliding

speeds and lubrication environments vary substantially. Furthermore, it remains difficult to
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quantitatively evaluate the relationships between nanofiber structural parameters and tribological

performance, and the individual contributions of different lubrication mechanisms have not always
been directly demonstrated under actual sliding conditions. Therefore, electrospun tribological systems
should be compared based on the lubrication pathways operating at the contact interface and the
corresponding test conditions, rather than solely on their constituent materials. This review classifies
electrospun tribological systems into oil-mediated and non-oil systems according to their dominant
lubrication mechanisms. The oil-mediated systems are distinguished into core-shell structures that
store and release liquid lubricants from the fiber interior and non-core-shell structures in which
nanofiber networks retain and structure the oil. The non-oil systems are further categorized into
hydration lubrication, ion-mediated interfacial lubrication, solid or low-shear lubrication, mechanical
reinforcement and load-bearing effects.

This review does not propose a universal quantitative correlation between fiber structure and COF,
but systematically compares how nanofiber structures and components contribute to lubricant storage

and delivery, interfacial layer formation, shear resistance reduction, load - bearing capacity and wear

resistance. In addition, direct experimental evidence and proposed mechanisms are discussed
separately. This mechanism-based comparison identifies the common lubrication pathways across
different electrospun systems and distinguishes the roles of nanofiber structures in friction and wear
reduction. Table. 1 shows representative tribological test conditions and friction and wear performance,
while Table. 2 summarizes the supporting evidence and limitations associated with the main
lubrication mechanisms. Scheme. 1 illustrates the overall organization of this review along with the

mechanism-based classification framework.
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Scheme. 1 Schematic diagram illustrating the mechanism-based classification and representative
application examples of low-friction electrospun nanofibers.

2 Electrospinning

2.1 Principle and Fabrication Methods of Electrospinning

Electrospinning is an electrohydrodynamic process that forms a charged liquid jet by applying a
high voltage to a polymer solution or melt, thereby fabricating continuous fibers with micrometer- to
nanometer-scale diameters within an electric field [35-37]. A typical electrospinning device comprises
a high-voltage power supply, syringe, syringe pump, spinneret (typically a blunt-tipped metal needle),
and a conductive collector that is either grounded or connected to an opposite potential [37-39]. As the
applied voltage increases, electrostatic forces overcome the surface tension of the polymer droplet at
the spinneret tip, causing the droplet to deform into a Taylor cone. Once a critical voltage is reached,

a charged jet is ejected from the cone apex (Scheme. 2) [13, 36, 37]. During its travel toward the
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collector, the jet undergoes stretching and bending instability accompanied by solvent evaporation and

a progressive decrease in diameter, ultimately solidifying and depositing as micro or nanofibers.

The final structure of the fibers can vary considerably depending on the solution composition, nozzle
design, fluid supply method, electric field, and collector type [40, 41]. Single-nozzle electrospinning
can be used to fabricate not only uniform solid nanofibers, but also complex and phase-separated
structures through blend or emulsion systems. Coaxial or multiaxial electrospinning can be used to
fabricate nanofibers with well-defined internal structures, such as core—shell, multilayered, and hollow
configurations. Accordingly, the following section discusses electrospinning strategies for controlling
the nanofiber composition and internal structure, focusing on single-nozzle and coaxial/multiaxial

electrospinning.
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Scheme. 2 Schematic illustration of the electrospinning process, including Taylor cone formation and
jet evolution.

2.2 Coaxial Electrospinning

Coaxial electrospinning is a method for fabricating core-shell-structured nanofibers by
simultaneously supplying two different fluids through concentrically aligned inner and outer nozzles
[42—-45]. Typically, a coaxial nozzle comprises a small-diameter inner needle inserted into a large-

diameter outer needle, where the core and shell fluids are supplied independently by separate syringe

6
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pumps [46—49]. When the two fluids meet at the nozzle exit, a compound Taylor cone forms under an

external electric field. Subsequently, a coaxial jet is ejected with the shell fluid surrounding the core
fluid, resulting in the formation of compositionally separated core—shell nanofibers. To form stable
core—shell structures, the core and shell fluids must maintain a concentric compound jet during
electrospinning [50, 51]. To achieve this, the flow rate ratio, viscosity, chain entanglement, surface
tension, interfacial tension, electrical conductivity, permittivity, and miscibility of the two fluids must
be appropriately controlled [52—-54]. In particular, the flow rate ratio directly affects the core diameter,
shell thickness, overall nanofiber diameter, and core continuity. If the two fluids mix rapidly, it is
difficult to maintain a distinct interface between the core and shell [55, 56]. As such, fluid
combinations with immiscible or limited miscibility characteristics are advantageous for forming
stable core—shell structures [48-50].

In coaxial electrospinning, the shell fluid can serve not only as a simple shell material, but also as a
supporting, protective, or sacrificial layer for stable jet ejection [46, 48]. These characteristics are
highly useful for fabricating fibers from materials that are difficult to electrospin alone or that possess
low morphological stability. Furthermore, they can be used to fabricate hollow or various hierarchical
nanofiber structures via post-treatment [56-59]. However, if the physical properties or supply
conditions of the two fluids are not properly controlled, defects such as core discontinuities, bead
formation, fiber breakage, interfacial mixing, or structural collapse can occur. Consequently, in coaxial
electrospinning, it is crucial to precisely control the rheological and electrical properties of fluids, as

well as their interfacial behavior [51, 52, 54].

3. Electrospun Nanofibers

The tribological performance of electrospun nanofibers is determined by both their structural
characteristics and material compositions. Table. 1 provides an overview of representative systems,

classifying their lubrication mechanisms according to nanofiber structure, functional components, and
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corresponding friction and wear performance. These structural and material factors are discussed
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separately in Sections 3.1 and 3.2.
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Table. 1 Representative tribological test conditions and performance of electrospun nanofiber-based
systems.

3.1 Structural and Morphological Features of Electrospun Nanofibers

Electrospun nanofibers differ from conventional bulk- or film-type materials because of their unique
fibrous architecture, including nanometer-scale fiber diameter, high specific surface area, high porosity,
and interconnected fibrous network structures [15, 60]. These characteristics provide large interfacial
areas, internal spaces for functional components, and opportunities for surface modification [14, 60].
Moreover, fiber diameter, surface chemistry, topology, porous structure, and internal structure can be
controlled by adjusting electrospinning parameters, solution composition, collector design, and post-
treatment conditions [13, 14, 61].
3.1.1 Porosity

A porous fibrous network is one of the representative structural characteristics of electrospun
nanofibers. As porous nanofibers simultaneously offer high specific surface areas and internal spaces,
they are highly advantageous for various functional applications requiring adsorption, storage,
molecular loading, and mass transport [62, 63]. This interconnected porous structure serves as an
effective pathway for storing or transporting liquids or functional components within a fiber network.
In lubrication systems, these porous fibrous networks can also influence the oil storage, gradual release
behavior, and stability of the contact interface [3].
3.1.2 Alignment

Fiber alignment is another important structural feature of electrospun nanofibers. Random mats form
a nearly isotropic porous network, whereas aligned mats have a more regular spatial structure and
directionality. Such aligned structures are important in the design of functional nanofibers because
they enable direction-dependent control of the mechanical properties, charge or mass transport,
deformation behavior, and interfacial responses [18, 39].

3.1.3 Core-Shell
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Coaxial or multiaxial electrospinning enables the fabrication of nanofibers with well-defined

internal structures such as core—shell, hollow, and multilayered configurations [46, 54]. These core-
shell structures enable the spatial separation of distinct components, offering distinct advantages for
protecting internal materials or controlling their release into the external environment [54, 64].
Likewise, hollow or porous fibers can increase both the internal space and surface area, making them
highly useful in systems requiring storage, adsorption, and release capabilities [46, 62].

3.1.4 Bead Formation and Surface Roughness

Bead formation and rough surface morphology in electrospun nanofibers have traditionally been
considered morphological defects, as they hinder the fabrication of uniform fibers. However, in
specific applications, such nonuniform structures can provide additional surface areas and serve as
localized reservoirs for functional components [65]. Thus, the bead-on-string morphology and surface
roughness are not merely defects to be eliminated; rather, they can serve as controllable structural
features, depending on the application purpose [65].

Overall, these structural features can provide a foundation for low-friction and wear-resistant
performance by enabling lubricant storage, controlled release, interfacial layer formation, load
distribution, and separation of contact surfaces.

However, the individual contributions of these structural parameters to tribological performance
have not been fully established. Table. 2 summarizes their functional roles, reported tribological
responses, experimental evidence, proposed mechanisms, and potential failure modes. The quantitative
relationships between structural parameters and tribological performance are further discussed in

Section 4.

10
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Table. 2 Relationships between structural parameters, functional roles, tribological responses,
potential failure modes, and limitations of the available evidence in electrospun nanofibers.

3.2 Materials for Low-Friction Electrospun Nanofibers
3.2.1 Polymers

Polymer materials suitable for electrospinning can serve either as functional surface materials or as
structural matrices in low-friction systems. Fluorinated polymers such as poly(vinylidene fluoride)
(PVDF) and poly(vinylidene fluoride-co-hexafluoropropylene) possess low surface energy and
tunable wettability [66-69]. Polyimide-based nanofibers provide high thermal stability, mechanical
strength, and toughness and can serve as mechanically stable porous matrices [70-77]. Other common
electrospinnable polymers, including polycaprolactone (PCL), poly(lactic acid) (PLA), polyamide
(PA), and poly(vinyl alcohol) mainly function as structural matrices that support the nanofiber network
and immobilize functional lubricating components [78-80]. In core—shell systems, polymer shells can
additionally protect internal components and control their release [54].
3.2.2 Liquid Lubricants

Various liquid lubricants including silicone oils, bio-based oils, synthetic oils, ionic liquids, and
functional liquid lubricants can be stored in electrospun nanofiber networks or core-shell structures
and subsequently released during sliding contact [81, 82]. In this system, the nanofibers act not only
as solid supporting matrices but also as reservoirs and release control layers for lubricant components

[82, 83].

11
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3.2.3 Solid Lubricants and Fillers

Solid lubricants or carbonaceous fillers relevant to electrospun tribological systems include graphite,

carbon nanotubes (CNTs), graphitic carbon, and layered solid lubricants such as MoS, [84-87]. In

particular, in core—shell electrospun fibers, an oil-containing core and a graphite-containing shell can
provide a dual lubrication mechanism in which liquid and solid lubricants act simultaneously [82].
3.2.4 Hydrophilic/Zwitterionic Components

Hydrophilic or zwitterionic components can strongly interact with water molecules and are therefore
useful for designing water-mediated low-friction interfaces [88]. Zwitterionic materials such as poly(2-
methacryloyloxyethyl phosphorylcholine) PMPC and lecithin have been incorporated into electrospun
nanofibers for biolubricating and anti-adhesive applications [89].

Ultimately, the design of electrospun nanofibers for low-friction applications should not be
interpreted merely in terms of the intrinsic lubricity of a specific material. Rather, the actual low-
friction performance arises from the combined effects of the polymer-based structural support, storage,
and release of liquid lubricants, interfacial protection by solid lubricants, and hydration lubrication by
hydrophilic or zwitterionic components. These material-specific functions are further discussed in
Section 4 in terms of the oil-mediated self-lubrication and non-oil interfacial and structural lubrication

mechanisms.

4. Lubrication Mechanisms of Electrospun Nanofibers

4.1 Oil-mediated Self-Lubricating Nanofibers

Oil-mediated self-lubrication is one of the most direct strategies for achieving low friction and wear-
resistance using electrospun nanofibers. In this approach, the electrospun nanofibers contribute to the
storage, retention, and supply of liquid lubricants through different structural mechanisms. In core-
shell systems, liquid lubricants are stored within the fiber core and released to the friction surface when

the shell is damaged during sliding contact. In contrast, non-core-shell systems retain and structure oil

12
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within interconnected nanofiber networks, maintaining an oil-rich lubricating environment without

requiring lubricant release from an internal fiber core. In both systems, the liquid lubricant can mitigate
direct contact between the counter surfaces, reduce interfacial shear resistance, and inhibit the
progression of wear. Therefore, although both systems rely on liquid lubrication, the structural roles
of electrospun nanofibers differ in lubricant storage, release, and oil structuring.
4.1.1 Core-Shell Oil-Mediated Self-Lubricating Nanofibers

Arashpour et al. fabricated a self-lubricating epoxy/carbon fabric composite using a coaxial
electrospinning process and demonstrated simultaneous improvements in both mechanical and
tribological properties [82]. In this study, core—shell electrospun fibers were fabricated using silicone
oil as the core and polystyrene containing 2 wt% graphite nanoparticles as the shell (Fig. 1(a) and (b)).
The fabricated core-shell fibers were deposited onto carbon fabric layers and subsequently
impregnated with an epoxy matrix, which served as a self-lubricating component within the
composites. The authors attributed the low-friction performance of these systems to a dual-lubrication
mechanism in which liquid and solid lubricants acted simultaneously. When the polystyrene shell was
damaged and worn during sliding contact, the silicone oil stored in the core was released, forming a
liquid lubricating layer at the friction interface. Simultaneously, the graphite nanoparticles contained
in the shell were considered to serve as solid lubricants with low shear resistance, suppressing direct
contact and wear at the sliding interface.
To evaluate the tribological performance of the fabricated self-lubricating composite, a pin-on-disk
wear test was conducted under steel pin-on-composite disk contact conditions. The composites showed
reductions in the COF and wear rate of approximately 70% and 50%, respectively, compared with pure
epoxy (Fig. 1(c) and (d)). The authors attributed these improvements to the combined contributions of
silicone-oil release and graphite-mediated solid lubrication. However, the individual contributions of

silicone-oil release and graphite-mediated lubrication were not independently quantified. These results

13
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indicate that core—shell electrospun fibers can act as reservoirs for liquid lubricant storage and release,

while the solid lubricant components in the shell can complement oil-mediated self-lubrication.

(@) (b)

Unidirectional Coaxigl clectrospun mat

~carbon fibers ﬁ Palystyrene shell

o 3 Iy

‘R e .

| - " \ a |

| . g ra -|
Bidirectional glass fibers Giraphite 5 TS - 01] Gans

nanoplalelets
(c)
Wear tost
F=13N. V=02 mis Distance: 500 m

298

1.01

0.1 mfs 0.2 mfs
ISN

Cocfticient of friction
‘Wear rate (><10‘4 mm’/N .m)

Ll g 200 00 < 00 )
& Neat epoxy ®Composite

ismance {m}

—Clornposite —Neat & nxy

Fig. 1(a) Schematic representation of the arrangement of fiber layers in the composite, (b) cross-
sectional FE-SEM image of the electrospun core—shell fibers, (c) friction coefficient, and (d) wear rate
of the composites.
4.1.2 Non-Core—Shell Oil-Mediated Self-Lubricating Nanofibers

Borrego, Franco, Martin-Alfonso, and co-workers reported a series of studies using electrospun
nanofibers as structuring agents for castor oil [90, 91]. In these studies, bio-based oleogels or grease-
like lubricants were developed by dispersing various electrospun nanofiber structures, including
lignin/PVP [91], lignin/ethylcellulose [21], ethylcellulose [17], cellulose acetate butyrate [22],
cellulose acetate propionate [90], and lignin/PCL [25], in castor oil.

As a representative example, studies on cellulose acetate propionate illustrated the manufacturing
process of electrospun nanofiber structures and the formation of oleodispersions in castor oil (Fig. 2(a))

[90]. Although these systems do not store oil inside the fibers in a core—shell structure, electrospun
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nanofibers form entangled three-dimensional physical networks within the oil. These networks are

considered to entrap and immobilize the oil, thereby reducing its flowability, and consequently impart
a gel-like rheological behavior. In an early study, Borrego et al. fabricated oleogel-based lubricant
systems by dispersing 10-30 wt% lignin/PVP electrospun nanofiber mats in castor oil.

In these systems, the nanofiber network acts as a thickener that physically structures and stabilizes
liquid oil. The resulting oleogels demonstrated their potential as lubricants in friction and wear tests
using a tribological cell [91]. Subsequent studies using electrospun nanofiber structures based on
lignin/ethylcellulose, cellulose acetate, and lignin/PCL demonstrated that the polymer composition,
fiber morphology, thickener concentration, and electrospinning conditions can control the rheological
properties and tribological performance of these oleodispersions [21, 25].

In particular, studies based on lignin/ethylcellulose and cellulose acetate propionate have shown that
the oil retention capacity, adhesiveness, storage modulus, friction, and wear behavior under metal-to-
metal contact vary depending on the morphology and concentration of nanofibers. Some formulations
exhibited lubricating performance comparable to that of conventional lithium-based greases (Fig. 2(b)
and (¢)) [90]. In addition, studies based on lignin/PCL have demonstrated that the fiber diameter and
uniformity can be regulated by controlling the electrospinning parameters such as the applied voltage,
flow rate, humidity, tip-to-collector distance, and collector type. As a result, the rheological and
tribological properties of oleodispersions can be tailored [25].

Accordingly, these studies show that although electrospun nanofibers do not store liquid lubricants
in an internal core, they can form non-core—shell oil-mediated lubrication systems by acting as
thickener-like physical networks that entrap and structure the oil. However, these mechanisms should
be understood as lubricating mechanisms based on oil structuring, oil retention, and maintenance of a

stable oil-rich interface, rather than the direct release of oil.
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Fig. 2(a) Schematic flow diagram of the manufacturing process of cellulose acetate propionate
oleodispersions. (b) Friction curves for oleodispersions as a function of thickener concentration. (c)
Optical images of the worn plate surface for steel-steel contacts.

Unlike core-shell systems, where the fiber structure primarily governs the encapsulation and release
of the lubricant, non-core-shell oleodispersions control oil retention and the formation of rheological
structures through an interconnected fiber network. Therefore, although both systems ultimately rely
on liquid lubricants to reduce friction, the tribological roles played by their respective nanofiber
structures differ.

These structural differences may also influence lubricant supply and friction stability during
prolonged sliding. In core—shell systems, lubricant availability depends on oil storage and release from
the fiber core, whereas non-core-shell systems rely on oil retention and the stability of the nanofiber
network. However, the relationship between these lubricant supply mechanisms and long-term
tribological performance has not been systematically established. Further studies are needed to

evaluate lubricant release and retention during sliding and their effects on long-term friction and wear

performance.
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4.2 Non-oil Interfacial and Structural Low-Friction Nanofibers.

Non-oil interfacial or structural low-friction nanofiber systems represent a strategy for reducing
friction and wear through the intrinsic nanofiber surface properties, solid lubricant components,
interfacial layer formation, and structural support effects, rather than relying on the storage and release
of liquid lubricants. Using this approach, the electrospun nanofibers can contribute to the formation of
protective layers at the sliding interface and serve as matrices for the immobilization of solid
lubricating fillers. Moreover, these systems can contribute to load distribution and structural stability
between the contacting surfaces through their porosity, alignment, and fiber network structures. In
particular, electrospun systems incorporating solid lubricating components such as graphite and MoS

2 can contribute to reducing interfacial friction through low shear resistance or interfacial layer

formation. In addition, nanofibers containing hydrophilic or zwitterionic components can provide a
water-mediated, low-friction interface by forming hydration layers. The mechanical stability, fiber
alignment, and network structures of the electrospun nanofibers can also suppress structural collapse
and wear debris generation during sliding contact, contributing to the mitigation of direct damage
between the contacting surfaces. Accordingly, non-oil-based low-friction electrospun nanofibers can
operate through distinct interfacial and structural mechanisms. In the following subsections, these
mechanisms are separately discussed as hydration lubrication, ion-mediated interfacial lubrication,
solid-lubricant-mediated low-shear lubrication, and mechanical reinforcement and load-bearing
effects.
4.2.1 Hydration Lubrication

The ultralow—friction behavior of the articular cartilage is mainly associated with hydration
lubrication. Phosphatidylcholine-based lipids present on articular surfaces possess zwitterionic
structures and form stable hydration layers through the strong interactions between their zwitterionic

head groups and water molecules. Strongly bound hydration layers can remain under high—load
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conditions and provide a slippery interface with low shear resistance, thereby suppressing direct

contact between opposing surfaces [88, 89].

Inspired by the hydration lubrication mechanism of articular cartilage, Cheng et al. fabricated
nanofiber membranes with enhanced hydration lubricity by the one-step in situ grafting of a copolymer
composed of dopamine methacrylamide and 2-methacryloyloxyethyl phosphorylcholine (MPC) onto
the surfaces of electrospun polycaprolactone (PCL) nanofibers [20]. MPC possesses zwitterionic
structures that strongly bind water molecules to the nanofiber surfaces, forming a stable hydration
layer and imparting hydration-lubricating behavior. Consistent with this mechanism, the fabricated
lubricating nanofiber membrane exhibited a COF reduction of approximately 65% compared with pure
PCL nanofibers. It also exhibited excellent wear resistance under sliding conditions (Fig. 3). By
contrast, the pure PCL nanofibers tended to be easily worn during sliding contact, regardless of the

hydration state.
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Fig. 3 Lubrication performance of the nanofibrous membranes. (a) Average COF values of the
different samples. (b) Time-dependent COF curves of the PCL and 1:1 membrane under air and water
conditions. (¢) SEM images of the wear tracks on the PCL and 1:1 membrane after friction tests in air
and water.

Inspired by the low—frictionsurface properties arising from an ultrathin and continuous bound water
layer on an ice surface, Wang et al. fabricated PCL/PMPC composite nanofiber membranes via

electrospinning under controlled relative humidity conditions. The zwitterionic PMPC introduced into

the nanofibers formed bound-water layers on the surface and generated a hydration-lubricating surface
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(Fig. 4(a)) [92]. PCL/PMPC nanofibers fabricated under 20% relative humidity exhibited a minimum

COF of approximately 0.12 at a PMPC/PCL weight ratio of 0.1. Under higher relative humidity
conditions, ultra—lowfrictoinsurfaces with ultralow COF below 0.05 were formed on the composite
nanofiber surfaces (Fig. 4(b) and (c)).

In a follow-up study, Wang et al. proposed an in situ growth strategy for forming superlubricated
nanoskin (SLNS), as termed by the authors, on individual electrospun nanofiber surfaces [33]. The
authors first electrospun PLA-based nanofibers, and subsequently induced the polymerization of MPC
monomers using a photoinitiator contained within the nanofibers. During this process, zwitterionic
PMPC polymer chains were formed through an inside-out growth mechanism, ultimately forming a
robust network structure that interpenetrated the polymer chains of the nanofibers. The PMPC-based
SLNS provided a stable bound-water layer on the surface, which reinforced its hydration-lubricating
behavior. The SLNS-modified nanofiber membrane, referred to by the authors as the superlubricated
nanofiber membrane (SLNM), exhibited a COF below 0.025 under sliding conditions using deionized
water as the lubricating medium, which was approximately 16 times lower than that of the pristine

nanofibers. The COF remained stable after 12,000 sliding cycles (Fig. 4(d) and (e)).
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at 65% relative humidity compared with an ice surface. (d) Comparison of COF values between the

PLA nanofibrous membrane (PLA-NM) and the superlubricated nanofiber membrane (SLNM) under
rotational sliding conditions. (¢) COF curve of the SLNM over repeated testing cycles.

Li et al. proposed a hydration lubrication-based strategy for preventing abdominal adhesion by
developing electrospun lecithin/PLA nanofiber membranes (L/P-NMs) [24]. The zwitterionic
properties of lecithin enable the formation of bound-water-based hydration layers on the nanofiber
surfaces through strong interactions with water molecules. As the lecithin content increased, both the
bound water content and lubricity improved. In particular, 20% L/P-NM exhibited a minimum COF
of approximately 0.112 and demonstrated its potential as an anti-adhesion membrane by inhibiting
fibroblast adhesion and reducing the adhesion scores in a rat abdominal adhesion model.

Collectively, these studies suggest hydration lubrication as a possible explanation for friction
reduction in zwitterionic electrospun nanofiber systems. Although different zwitterionic materials and
fabrication strategies were employed, including MPC surface grafting, PMPC incorporation, and
lecithin addition, the reported low-friction behavior was commonly attributed to the interaction
between zwitterionic groups and water molecules, which may promote the formation of hydrated
interfacial layers with low shear resistance. However, the experimental evidence for these hydration
layers remains mainly indirect. FTIR, XPS, EDS, and SEM were used to characterize the chemical
composition and morphology of the nanofibers, while water contact angle and TGA/DTG
measurements provided information on surface wettability and water-related thermal behavior. These
results, together with the tribological performance, support the proposed hydration lubrication
mechanisms but do not directly verify the formation or stability of hydration layers during sliding.
Table. 3 summarizes the proposed hydration mechanisms, characterization methods, experimental
evidence, and limitations of these studies. In addition, the absolute COF values should not be directly
compared among the studies because the counterface materials, loads, sliding conditions, and aqueous
environments differed substantially.the interaction between zwitterionic groups and water molecules,

which may promote the formation of hydrated interfacial layers with low shear resistance. However,
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the experimental evidence for these hydration layers remains mainly indirect. FTIR, XPS, EDS, and

SEM were used to characterize the chemical composition and morphology of the nanofibers, while
water contact angle and TGA/DTG measurements provided information on surface wettability and
water-related thermal behavior. These results, together with the tribological performance, support the
proposed hydration lubrication mechanisms but do not directly verify the formation or stability of
hydration layers during sliding. Table. 3 summarizes the proposed hydration mechanisms,
characterization methods, experimental evidence, and limitations of these studies. In addition, the
absolute COF values should not be directly compared among the studies because the counterface

materials, loads, sliding conditions, and aqueous environments differed substantially.

21



//mc03.manuscriptcentral.com/friction

https

Friction

Nanofiber system

Hydration mechanism

Characterization methods

and scope

Direct evidence of
hydration layer

Indirect evidence

Evidence limitation

Ref.

MPC-grafted PCL

Zwitterionic MPC groups

hydration through ion—dipole interactions

FTIR: MPC-related functional groups and polymer composition
XPS: Surface elemental composition and phosphorus signals from MPC
SEM: Fiber morphology and post-sliding wear damage

WCA: Surface wettability

Friction tests: COF and wear behavior in air and water

Not directly observed

MPC grafting
water-dependent friction
COF reduction of ~65%

Hydration layer formation
and stability
during sliding
not verified

[20]

PCL/PMPC composite

Zwitterionic PMPC groups

hydration through ion—dipole interactions

SEM: Fiber morphology, pore structure, and surface flattening
EDS: Phosphorus distribution indicating PMPC enrichment

WCA: Surface wettability

TGA/DTG: Bound-water-associated thermal mass loss

Friction tests: COF, wear damage, and friction sta

ty

Not directly observed

PMPC surface enrichment
bound-water signals
COF below 0.05

Hydration layer continuity
and stability
during sliding
not verified

[92]

PMPC nanoskin on PLA

Surface-grafted PMPC

hydration through ion—dipole interactions

SEM: Nanoskin formation and preservation of fiber morphology
XPS: Surface phosphorus signals confirming PMPC incorporation

WCA: Surface wettability

TGA: Thermal mass loss for composition-related analysis
Friction tests: COF and sliding dura

ility

Not directly observed

PMPC nanoskin formation
COF below 0.025
stable for 12,000 cycles

Hydration layer persistence
during repeated sliding
not verified

[33]

Lecithin-containing PLA

Zwitterionic lecithin head groups
hydration through ion—dipole interactions

SEM: Fiber morphology and diameter distribution

WCA: Lecithin-dependent surface wettability

TGA: Bound-water-associated thermal behavior

Friction tests: COF in simulated body fluid

Tensile tests: Tensile strength and deformation behavior

Not directly observed

Increased
bound-water-related content
minimum COF of ~0.112

Hydration layer formation
and stability during sliding
not verified

[24]

Table. 3 Experimental evidence and limitations of hydration lubrication in electrospun nanofibers.
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4.2.2 Ion-Mediated Interfacial Lubrication

Zheng et al. fabricated PVDF/CNT nanofiber membranes by incorporating CNTs into PVDF via
electrospinning [93]. The incorporated CNTs influenced the alignment of PVDF chains and
crystallization behavior, leading to the modulation of the ratio of a- and B-phases and simultaneous
improvements in tribological and piezoelectric properties. Moreover, the CNTs improved the
wettability and surface-potential stability by modifying the surface morphology, surface energy, and
charge distribution of the nanofiber membrane. Consequently, simulated body fluid was more
uniformly spread over the membrane surface, leading to the formation of an interfacial environment
that facilitated the approach and stable adsorption of Ca®" ions on the surface. The authors attributed
the improved lubrication behavior partly to the adsorbed Ca** and associated hydrated ion layers, which
were proposed to provide a biolubricating interface with reduced shear resistance. Thus, the
PVDF/CNT membrane exhibited a lower COF than the pure PVDF membrane and retained its Ca
adsorption capacity after the sliding tests. Accordingly, this study demonstrates that CNT
incorporation improves the tribological performance of PVDF nanofiber coatings, accompanied by
changes in surface wettability, surface potential, Ca?>" adsorption, and nanofiber structure. However,
the individual contributions of ion adsorption, hydration effects, surface charge, and structural changes
remain unresolved.

In this study, the contributions of ion adsorption, hydration effects, surface charge, and structural
changes should be distinguished. XPS and EDS analyses provided information on surface chemical
composition and Ca accumulation after immersion in simulated body fluid, but did not by themselves
establish the adsorption state or hydration environment of Ca?". Surface potential measurements and
structural analyses showed changes in surface electrical properties, nanofiber morphology, and PVDF
crystalline phases [93]. These results support ion-related surface interactions and structural changes,
but do not directly confirm the formation of hydrated Ca*" layers during sliding. In addition, the

individual contribution of Ca?*"-associated hydration to friction reduction was not independently
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determined. The improved wettability, changes in surface potential and crystalline phases, and

modification of nanofiber morphology may also contribute to the observed friction reduction.
Therefore, further studies using surface chemical analysis, zeta potential measurements, and controlled
tribological tests with different ion species and concentrations are needed to distinguish these effects.
In particular, comparisons under the same sliding conditions, together with direct characterization of
interfacial hydration, would help clarify the contribution of ion-mediated hydration to friction
reduction. Unlike zwitterionic hydration lubrication, this mechanism is associated with the adsorption
and hydration of interfacial ions rather than the formation of bound-water layers directly around
zwitterionic groups. Therefore, ion-mediated lubrication is considered separately from hydration
lubrication in this review.
4.2.3 Solid-Lubricant-Mediated Low-Shear Lubrication

Solid lubricants reduce friction primarily by providing low-shear sliding interfaces without relying
on liquid lubricant release. Layered solid lubricants such as graphite and MoS2 can reduce interfacial
shear resistance, and their rearrangement or transfer to the sliding interface can contribute to the
formation of low-friction interfacial layers [84-87].

Recently, Liu et al. introduced MoS, nanosheets as a solid lubricant into an electrospun all-fiber
sliding system to improve its friction and wear durability. The incorporation of MoS, reduced the

kinetic friction coefficient by approximately 41.4% and enabled stable operation for up to 44,000

sliding cycles. The authors attributed this improvement to MoS, -mediated solid lubrication, in which
the layered structure of MoS. reduces interfacial shear resistance during sliding [94].

Solid-lubricant contributions have also been reported as secondary mechanisms in other electrospun
tribological systems. In the core-shell system discussed in Section 4.1.1, graphite nanoparticles in the
shell were proposed to provide solid lubrication together with silicone-oil release [82]. In addition,
graphitic structures formed during carbonization of MWCNT/carbon nanofiber fabrics may contribute

to low-shear sliding [95], although their independent contribution to friction reduction was not
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quantified. These studies indicate that solid lubrication can operate either as a dominant mechanism or

in combination with oil-mediated or mechanically reinforced nanofiber systems.

Although these studies demonstrated improved tribological performance, the experimental evidence
for solid-lubricant transfer-film formation remains limited. In the core-shell system, FESEM
confirmed the core-shell morphology, but the formation of a graphite transfer film was not directly
examined [82]. In the MoS, containing system, SEM analysis showed reduced surface damage and
improved fiber-network integrity after sliding, while FTIR and EDS provided evidence of PA6
material transfer between the contacting surfaces [94]. However, these results did not confirm the
formation or composition of a MoS, containing transfer film. Similarly, Raman and HRTEM analyses
identified graphitic structures within MWCNT/carbon nanofibers, but did not demonstrate their
transfer to the counterface [95]. Table. 4 summarizes the available characterization results and their

limitations in evaluating transfer-film formation and behavior.
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The formation and properties of transfer films can affect friction and wear by changing the contact
conditions at the sliding interface [84-87]. A continuous and stable film containing low-shear phases
may reduce direct contact and interfacial shear resistance. In contrast, incomplete coverage, weak
adhesion, or film removal during sliding may expose the underlying surfaces and increase friction and
wear. Therefore, transfer-film composition, coverage, continuity, and stability should be considered
together when evaluating lubrication performance. However, these relationships were not
quantitatively established in the reviewed electrospun nanofiber systems. In particular, although EDS
can identify transferred elements and their distribution on the sliding surface, elemental detection alone
cannot establish the presence of a specific low-shear phase or demonstrate transfer-film continuity.
Raman spectroscopy and XPS can provide information on the structural and chemical states of
transferred materials, while TEM can further examine local film structure, thickness, and interfacial
continuity. These analyses should be performed on the worn surfaces and counterfaces rather than only
on the original nanofibers. Furthermore, characterization at different sliding stages is needed to
evaluate film formation, removal, and regeneration. Such investigations would help establish clearer
structure—property—tribological relationships between transfer-film characteristics and friction and
wear performance.

4.2.4 Mechanical Reinforcement and Load-Bearing Effects

Mannarino et al. investigated the influence of the thermal curing conditions on the mechanical and
tribological performance of electrospun nanofibers [80]. After thermal curing, interfiber junctions were
formed (Fig. 5(a)), which enhanced the Young’s modulus, yield stress, and toughness of the mat.
Under the same conditions, the COF and wear rate were approximately two times and 10 times lower,
respectively (Fig. 5(b) and (¢)). The reduction in wear rate was interpreted as being correlated with
the yield properties of the mat as well as with fiber breakage and abrasive wear occurring at the

interfiber junctions during sliding contact. These results indicate that the low-friction performance and
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wear resistance of electrospun nanofiber mats can be improved through mechanical reinforcement and

the load-supporting capacity of the fiber network without oil release or solid lubricant additives.
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Fig. 5 (a) SEM micrographs of PA 6(3)T nanofibers after varying degrees of heat treatment. (b) COF
of PA 6(3)T electrospun fiber mats as a function of normal force with varying heat-treatment
temperatures: untreated (X), 130 °C ([), 140 °C (2), 150 °C (), 160 °C (V), 170 °C (O), and cast
film (@). (c) Optical images of wear-track evolution in PA 6(3)T electrospun fiber mats with wear
cycles and heat-treatment temperature.

Ali et al. prepared electrospun carbon-based nanofibers using polyacrylonitrile (PAN) as the carbon
fiber precursor and subsequently fabricated a hot-pressed multi-walled carbon nanotube
(MWCNT)/carbon nanofibril composite [95]. The authors first dispersed MWCNTs in a PAN solution
and fabricated an MWCNT/PAN nanofibril composite fabric via electrospinning. After stabilization
and carbonization, the PAN was converted into carbon-based nanofiber structures, resulting in the
formation of a carbon nanofibril fabric containing MWCNTs. Hot pressing, which involves the
simultaneous application of heat and static pressure, promotes closer interfiber contact and produces a
denser and more stable fabric, while the incorporation of MWCNTs increased the tensile strength of
the fabrics. Tribological testing showed that the COF decreased with increasing MWCNT content for
the as-electrospun, stabilized, and carbonized fabrics (Fig. 6). In addition, the COF decreased with

increasing normal force at relatively low loads and became approximately stable above 2 N,
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particularly for the stabilized and carbonized samples. The abrasive mass loss was also reduced by

increasing the MWCNT content and by hot pressing. These results indicate that densification and

mechanical reinforcement of the nanofiber network are associated with improved structural stability

and wear resistance under mechanical loading. HRTEM and Raman analyses also confirmed the

formation of graphitic structures after heat treatment, which may additionally contribute to low-shear

lubrication; however, the specific contribution of this graphitic phase to friction reduction was not

independently evaluated.
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Fig. 6 COF of the MWCNT/PAN fabrics with various MWCNT contents as a function of normal force:
(a) as-electrospun, (b) stabilized, and (c) carbonized fabrics.
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To further compare the effects of mechanical reinforcement on tribological performance, Table. 5

summarizes the reported mechanical properties, contact conditions, friction and wear results, and post-
sliding structural damage of the nanofiber systems [80,95]. In PA 6(3)T nanofiber mats, the wear rate
was found to be consistent with a modified Ratner-Lancaster model incorporating the yield properties
of the mats [80]. In addition, post-wear observations showed deformation and severe material loss in
untreated mats, whereas annealed mats exhibited delayed tearing and delamination during repeated
abrasive contact. These results support the contribution of improved mechanical stability to wear
resistance. In MWCNT/carbon nanofiber fabrics, mechanical reinforcement and reduced friction and
wear were reported together, although the individual contributions of increased stiffness, structural
densification, and graphitic lubrication were not independently determined [95]. Furthermore, the
effects of these structural changes may vary with contact load and sliding conditions.

Mechanical load-bearing effects should be distinguished from interfacial friction-reduction
mechanisms. Increased stiffness and stronger interfiber junctions may improve resistance to
deformation, fiber breakage, and structural degradation, whereas low-shear interfacial lubrication can
reduce shear resistance between contacting surfaces. Therefore, improved wear resistance resulting
from mechanical reinforcement does not necessarily demonstrate a low-shear lubrication mechanism.
In addition, structural reinforcement involves potential trade-offs. For example, thermal annealing can
improve mechanical properties and wear resistance while reducing the porosity of nanofiber mats [80].
Such structural densification may also restrict lubricant storage and transport in oil-containing systems,
although this effect was not directly evaluated in these studies. Further comparisons of mechanical
properties, post-sliding failure modes, and tribological performance under controlled contact

conditions are needed to clarify these relationships.
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Table. 5. Relationships between mechanical properties, contact conditions, structural damage, and

tribological performance in mechanically reinforced electrospun nanofiber systems.
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Overall, the studies discussed in Sections 4.1 and 4.2 show that the structural properties of
electrospun nanofibers play an important role in determining their friction and wear behavior. In oil-
mediated systems, fiber morphology, network structure, and thickener concentration affect oil
structuring and tribological performance [17, 21, 22, 25, 90, 91]. For example, smooth cellulose acetate
butyrate fibers showed a lower COF (0.089) and smaller wear scar diameter (305 pm) than porous
fibers (0.119 and 652 pm) [22]. These results indicate that a porous morphology does not necessarily
provide better lubrication. Differences in lubricant supply to the contact surface may contribute to this
behavior, although their contribution was not independently quantified. In addition, increasing the
cellulose acetate propionate thickener concentration from 3 to 6 wt% increased the COF from 0.084
to 0.099, while decreasing the wear scar diameter from 445 to 378 um [90]. These results indicate that
friction reduction and wear resistance do not always improve simultaneously and depend on the
structural characteristics of the nanofiber network.

In non-oil systems, surface modification and mechanical reinforcement also affect friction and wear
behavior. MPC grafting reduced the COF of PCL nanofibers by approximately 65% [20], while CNT
incorporation reduced the COF of PVDF nanofibers by 14.4%, together with improved wettability and
Ca?" adsorption [93]. Furthermore, thermal annealing of PA 6(3)T nanofiber mats reduced the COF by
45.5% and the wear rate by 90.0% under a 25 g load [80]. Although thermal annealing improved the
mechanical properties and wear resistance, it also reduced the porosity of the nanofiber mats, indicating
a trade-off between structural reinforcement and porosity. In addition, the combination of interfacial

crosslinking and MoS: lubrication reduced friction and improved sliding durability, suggesting that

mechanical reinforcement and solid lubrication can provide complementary benefits [94].

These findings indicate that the structural design of electrospun nanofibers should consider both
lubrication performance and mechanical stability. Improvements in one property do not necessarily
lead to improvements in all tribological properties, and trade-offs may occur between oil retention and

lubricant supply, friction reduction and wear resistance, or mechanical strength and porosity. However,
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the individual effects of fiber diameter, pore structure, fiber alignment, and core—shell integrity have

not been fully quantified because multiple structural and compositional parameters were often changed
simultaneously. Table. 6 summarizes the reported quantitative tribological results and their
relationships with structural properties, together with the key lubrication mechanisms, potential
complementary effects, design trade-offs, available experimental evidence, current research

limitations, and unresolved scientific questions.
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Lubrication Structural parameter Key lubrication mechanism Cagiative tribological Structure-property-tribological Synergistic or complementary effect Trade-off Available experimental evidence Current research limitation Unresolved scientific question Ref
category / modification Response relationship
Core—shel Silicone-ol core Ol release following shell damage COF redpction: ~70% Core-shell incorporation is associated with Potential combined silicone-oil Premature shell damage Core=shell morphology  Oilrelease kinetics How do shellinegrity
Core-f and graphite-containing PS sh : Wear rate reduction: ~50% reduced friction and wear, ° ore and individual lubricant contributions and ol release rate 82)
oil-mediated graphite-mediated solid lubrication and graphite lubrication may limit lubricant supply friction and wear tests
el vs neat epoxy potentially through ofl release and graphite lubrication not quantified affect long-term lubrication?
LSL/PVP composition CORIGISS 10 0.093 Increased fiber content strengthens oil structuring Improved oil structuring Stronger oil i i c dependent rheological Lubricant transport How does network density
and fiber concentration within an entangled fiber network pcarfscar: 362(0,346 um and is associated with reduced friction and wear with increased network formation may restrict replenishment and tribological results during sliding affect oilreplenishment 101]
(70:30, 10-20 wt%) not directly measured and friction stability?
) COF: 0,094 10 0.082 ) ! . . . .
LSL/EC ratio Formation of a grease-like network Wear sear: 5810 208 1. Increased nanofiber concentration enhances gel-like properties Enhanced gel formation No quantitative trade-off Concentration-dependent rheology il retention and interfacial supply What network structure provides P11
and fiber concentration retaining of et 1 ) and is associated with improved wear resistance and improved wear resistance established and wear not evaluated sufficient ol retention and supply?
Electrospun EC web Physical o structuring COF: 011010 0.075 Electrospun network formation modifies oil theology Electrospun network improves No quantitative trade-off Structural, theological, Network evolution How does fiber-network integrity
Wear scar: 433.1 to 359.7 um y « ol structuring and tribological " during sliding 8 (17
v £ by £C fibers and improves friction and wear performance " established and friction/wear comparisons " influence prolonged lubrication?
Oil structuring (15 wt%) behavior not characterized
smooth Morphology-dependent of retention COF:0.08915.0.119 B morohot M ees o retention, ) No Porous fibers may retain oi Fiber morphology, Effects of porosity How does pore structure control
us porous Ch fbers ol Wear scar: 305 vs. 652 jm B oo o et ear independent synergistic effect more strongly oil-retention behavior, and other morphological changes oil retention versus 122)
(5 wi%) established but exhibit higher friction and wear and tribological tests not isolated interfacial replenishment?
. Concentration-dependent oil thickening COF: 0,084 0 0.099 Increased thickener concentration is associated with Improved wear protection Higher concentration reduces wear Rheological, friction, Interfacial lubricant distribution What thickener concentration gives
CAp thickener concentration Wear scar: 445 to 378 ym with increased thickener [s0]
and structuring higher friction but reduced wear but increases COF and wear measurements not directly measured the best friction-wear balance?
(-6 wi%) concentration
LSL/PCL composition Composition-dependent ol structuring COF:0.11-0.18 Increased structural stiffness is associated with No Inereased network stiffness er morphology, Composition and morphology effects  How do fiber stiffness and morphology
independent synergistic effect is associated with mechanical/rheological properties, 251
and fiber morphology and mechanical resistance ameter: 440-860 um higher fiction and wear dependently separated individually influence lubrication?
established higher friction and wear and tribological results
MPC grafting Zwitterionic-group-associated COF reduction: ~65% MPC grafting improves hydration-associated surface properties Hydration lubrication supported No quantitative trade-off surface functionalization, WCA, Hydration layer How does hydration-layer stability
not directly observed 20]
onto PCL nanofibers hydration lubrication vs pure PCL and reduces friction by the fibrous membrane established and water-dependent fri gt change under applied load and shear?
PMPC/PCL composition PMPC-associated surface hydration COF: ~0.12 at 20% RH Changes in fabrication humidity and polymer compgsitionjinfliel”s  .r, . 1 drationant morphology No quantitative trade-off SEM/EDS, Hydration-layer continuity How do surface PMPC distribu
A ' nce . TGA/DTG bound-water-related signals, under sliding and hydration-layer continuity 92
and fabrication humidity and low-shear interfacial behavior below 0.05 at higher RH ‘ contribute to low friction established "
surface hydration and friction and friction tests not directly verified affect friction?
Hydration COF below 0.025 Hydration-associated lubrication
PMPC nanoskin Hydration-associated lubrication - Robust PMPC modification is associated with e No quantitative trade-off SEM/XPS, surface wettability, Hydration-layer persistence Does the hydration layer remain intact
" ~16-fold lower than original fibers " combined with robust surface 331
on PLAfibers by surface PMPC groups reduced friction and improved sliding dura established and repeated slding tests ot directly monitored throughout repeated slding?
stable for 12,000 cycles anchoring
Lecithin content Hydration associated with Minimum COF: ~0.112 Increased lecithin content enhances Lecithin MOProves No quantitative trade-off SEM, WCA, TGA, Interfacial hydration How much does hydration contribute
s bound-water characteristics relative to changes 241
in PLA fibers awitterionic lecithin head groups (20% lecithin) ) y established and friction measurements not directly measured :
and is associated with lower friction and lubrication in fiber
) CNT-modified PVDF Proposed lubrication associated COF:0.14t00.12 CNT incorporation improves wettability Wettability imprgiEiment No quantitative trade-off Surface characterization, Contribution of Ca™-associated 1y e heg cat* directly contribute
lon-mediated o ca d Reduction: 14.4% in and ion adsorption accompany . ¢ hydration not distinguished v 193]
and Ca?* adsorption with adsorbed Ca?* and its hydration and Ca?* adsorption while reducing friction s established Ca?* adsorption, and friction tests to low-shear interfacial lubrication?
vs PVDF friction reduction from other surface effects
MoS, nanosheets MosS,-associated low-shear lubrication Kinetic COF reduction: 41.4% Mos, incorporation reduces friction, Interfacial reinforcement Crosslinking alone is insufficient MoSz incorporation, Individual effects of MoS, How much does each component
o " . b : and Mos, lubrication provide h crosslinked structure, S contribute to friction reduction  [94]
and interfacial crosslinking with structural stabilization Stable for 44,000 sliding cycles while interfacial crosslinking contributes to structural durability to prevent severe slding wear and crosslinking not quantified
y function and sliding durability tests and durability?
Thermal annealing Interfiber bonding COR: 12310067 Interfiber bonding improves mechanical properties Interfiber bonding improves Anneafggigphiances Structural, mechanical, fri Effects of porosity What degree of interfiber bonding
Wear rate: 6.38x10° to 6.40x107 g/cm (2 mechanical strength mechanical properties and interfiber bonding optimizes wear resistance (80]
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. se) and wear resistance while reducing porosity not independently isolated while preserving porosity?
. MWCNT incorporation, . .
reinforcement 3 "
MWCNT incorporation Mechanical reinforcement Minimum COF: 0.15 Reinforcement and densification improve mechanical properties Potential mechanical reinforcement No quantitative trade-off structural/mechanical tests, Effects of MWCNT and hot pressing " 49 reinforcement, densification,
Abrasive mass loss: 0.2 mg and carbonaceous lubrication 51

and hot pressing

and proposed graphitic lubrication

(5 wt% MWCNT)

and are associated with lower friction and abrasive loss

and graphitic lubrication

established

friction and abrasive-wear
measurements

not separated

individually affect wear?

Table. 6 Critical comparison of lubrication mechanisms, tribological performance, and research gaps

lectrospun nanofiber systems.
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5. Limitations and Future Perspectives

Despite the promising tribological performance of electrospun nanofiber systems, several
limitations remain. Direct quantitative comparison among reported studies is still difficult because
tribological test conditions, including counterface materials, applied loads, sliding speeds, contact
geometries, and lubrication environments, vary substantially. In addition, some proposed lubrication
mechanisms are mainly inferred from friction and wear behavior rather than directly verified under
actual sliding conditions. Long-term structural durability, reproducibility, and maintenance of
functional components during repeated sliding also remain important challenges for practical
applications. Therefore, future studies should focus on more standardized tribological evaluation and
reporting, direct interfacial characterization during or after sliding, and improved structural stability
and reproducible fabrication of electrospun nanofiber systems. These efforts will help establish more
reliable structure-mechanism—performance relationships and support the practical application of

electrospun nanofibers in tribological systems.

6. Conclusions

Electrospun nanofibers have emerged as a versatile class of materials capable of overcoming the
inherent trade-off between friction reduction and mechanical durability. Rather than acting as mere
passive supports, these nanofibrous structures are multifunctional platforms where structural
morphology, surface chemistry, and lubricant integration converge to dictate the interfacial tribological
behavior. Overall, the reviewed studies demonstrate that the tribological performance of electrospun
nanofibers is governed by the interplay between nanofiber architecture, interfacial chemistry, and the
dominant lubrication pathway.

The central principle governing these systems relies on precise tailoring of the nanofiber network to
manipulate the interfacial shear and load support. Oil-mediated systems capitalize on the high porosity

and core-shell architecture of nanofibers to enable controlled liquid release and oil-structuring effects,
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which can be further augmented by synergistic solid lubricant. By contrast, non-oil strategies achieve

low-friction interfaces through intrinsic chemical and structural engineering. This is accomplished by
using zwitterionic or hydrophilic hydration layers to create fluid-like, low-shear interfaces or by
employing thermal curing, carbonization, and hot-pressing to construct robust load-bearing networks
that suppress wear.

Ultimately, optimizing low-friction performance requires moving beyond a single-material mindset
to embrace a holistic design strategy that harmonizes the fiber diameter, alignment, internal
architecture, and surface potential. To transition these advanced nanofibrous coatings from laboratory
innovations to practical industrial and biological applications, including self-lubricating surfaces, anti-
adhesion biomembranes, and wear-resistant composites, future research must bridge the key technical
gaps. Priority should be given to establishing quantitative structure—property—performance
relationships, ensuring long-term structural integrity under repeated high-load sliding, and conducting
in-depth post-wear interfacial characterization. Addressing these foundational challenges will position
electrospun nanofibers among the leading material platforms for next-generation tribological

engineering.
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