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Abstract

Ceramic-on-ceramic (CoC) bearings are widely used in total hip arthroplasty due to their
extremely low wear rate, excellent chemical stability, and good biocompatibility. They
are considered one of the most reliable long-term friction bearing systems. Although fric-
tional instability, lubrication regime transitions, and microstructural damage mechanisms
have been widely reported at the experimental and retrieval-analysis levels, current clinical
evidence, limited by follow-up duration and event incidence, has not demonstrated a defini-
tive negative impact on the clinical performance of fourth-generation ceramic components,
including BIOLOX® delta. Data from national arthroplasty registries consistently demon-
strate excellent survivorship and low complication rates for 4th-generation ceramics in both
hard-on-soft and hard-on-hard configurations. The most reported causes for revision, such
as infection, dislocation, aseptic loosening, and periprosthetic fracture, are not primarily
associated with ceramic-related complications, such as ceramic fracture, excessive wear,
squeaking, and revision, related to bearing failure; however, these mechanisms remain
highly relevant for the design and evaluation of emerging ceramic materials and next-
generation implant systems, where inadequate control may potentially impact long-term
clinical performance. This review summarizes recent advances in the tribological research
of CoC artificial joints, focusing on clinical tribological challenges, material composition
and surface characteristics, lubrication mechanisms, wear and microdamage evolution,
and third-body effects. Recent progress in ceramic toughening strategies, surface engi-
neering, biomimetic lubrication simulation, and structural optimization is also discussed.
Finally, future research directions are outlined to support the performance optimization
and long-term reliability assessment of CoC artificial joint systems.
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1. Introduction

Although the incidence of osteoarthritis (OA) itself is not necessarily increasing, the
absolute number of OA-related cases continues to rise due to population growth and
aging, thereby contributing to the growing demand for hip arthroplasty. It should also
be noted that in Eastern Asian populations, avascular necrosis of the femoral head and
developmental dysplasia of the hip remain the predominant indications for elective pri-
mary hip arthroplasty [1]. Tribological properties are critical factors affecting the long-term
reliability of artificial joints, directly determining clinical issues such as the generation of
wear particles, interface temperature rise, and prosthesis loosening [2—4]. Among various
material systems, ceramics are widely adopted in prosthetic joint friction pairs due to their
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exceptional hardness, high wear resistance, and chemical inertness. Specifically, ceramic-
on-ceramic (CoC) bearings demonstrate excellent long-term stability in hip replacements
owing to their extremely low coefficient of friction and wear rate [5,6]. However, clinical
practice indicates that while CoC bearings significantly reduce wear volume and biological
reaction risks, they still present tribological challenges such as operational noise [7], edge
loading [8], fracture risk [9], and unstable lubrication conditions [10]. Currently, there is
no clinical evidence indicating that these phenomena observed in contemporary fourth-
generation ceramic bearings lead to increased complications or revision surgery. Clinical
outcomes are influenced not only by the ceramic material itself, but also by component
design, manufacturing quality, and the interaction between the bearing surfaces and the
overall hip joint system. To date, no consistent clinical evidence has demonstrated that these
phenomena have a measurable impact on patient-reported outcome measures (PROMs). In
recent years, advancements in experimental tribology, surface engineering, and numerical
simulation techniques have enabled researchers to explore the tribological behavior of
ceramic-on-ceramic bearings from multiple perspectives, including material microstructure,
lubrication mechanisms, interfacial chemical reactions, and surface morphology evolu-
tion [7,8]. These investigations provide new insights and evidence for optimizing their
clinical performance.

Internationally, significant progress has been made in tribological research on ceramic—
ceramic bearing pairs. For instance, researchers in Europe and America have conducted
systematic analyses on the surface wettability of ceramic materials, third-body abrasive
behavior, and Newtonian versus non-Newtonian lubrication models [3,4]. Meanwhile,
teams from Japan and South Korea have focused on the phase transition mechanisms of
zirconia/alumina composite ceramics and their impact on interfacial friction. Domestic
researchers have also achieved positive outcomes in recent years regarding ceramic sur-
face modification, artificial body fluid simulation tests, and wear behavior studies under
dynamic joint loading conditions [1]. However, clinical feedback indicates several short-
comings in existing research, such as inadequate simulation of real biological lubrication
environments, difficulty in reproducing complex edge loading conditions, and limited
understanding of the coupling mechanism between material microdamage and lubrication
film rupture. From a basic research and engineering perspective, ceramic bearings lacking
long-term clinical records should be carefully monitored. The reliability of ceramic compo-
nents used in hip arthroplasty depends critically on manufacturing quality and process
control, as high surface integrity is required to minimize clinical risk. For example, inade-
quate or rough machining may compromise surface stability and promote the generation
of ceramic debris. By integrating the latest research advances [11,12], this study aims to
summarize key influencing factors from multiple perspectives—including material design,
interface engineering, and multiscale simulation—to provide theoretical foundations and
practical references for subsequent prosthesis optimization and reliability assessment [13].

2. Typical Tribological Issues in Ceramic—Ceramic Pairings for
Clinical Applications

Ceramic-on-ceramic (CoC) bearings are considered one of the most reliable long-term
friction pairs in artificial joints due to their extremely low wear rate and excellent biocom-
patibility. However, recent clinical follow-ups and prosthesis retrieval analyses indicate that
despite their superior overall wear control, CoC bearings still face a series of clinical issues
closely related to their tribological behavior. As shown in Figure 1, These problems not only
affect patients’ subjective experiences but also limit their application scope to some extent.
This chapter systematically summarizes the typical tribological issues of ceramic-on-ceramic
bearings and their potential causes, starting from clinical manifestations.
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Figure 1. Underwent THA using the MD® ceramic acetabular component devices (ceramic head with
ceramic acetabular insert) associated with the MD6® Phenom® femoral rod type. [14] © MDPI 2023.

2.1. Abnormal Noise Phenomenon

Among implant-related complications, squeaking is considered a typical phenomenon
associated with hard-on-hard bearing couples, particularly ceramic-on-ceramic hip bearings.
Schroeder et al. [15]. observed a clicking incidence of approximately 1-10% in a follow-
up study of over 500 ceramic hip replacements, with significant variation among different
implant systems. Taylor et al. [16] indicated through acoustic emission and kinematic analysis
that clicking is often associated with dry friction caused by edge contact following lubrication
film rupture. Jarrett et al. [17]. demonstrated in a mechanical simulator that increasing the
gait abduction angle induced edge loading on the cup, elevating the friction coefficient to
3-5 times its baseline value and generating detectable high-frequency vibrations consistent
with clinical clicking spectra. Chevillotte et al. [18]. observed that clicking sounds were more
likely to occur when the lubrication environment transitioned from Newtonian to protein-
containing non-Newtonian fluids, indicating that lubrication film structure significantly
influences ceramic—ceramic vibration behavior. Sanders et al. [19]. used in vitro simulations
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to confirm that surface micro-wear increases local contact patch roughness, thereby facilitating
the occurrence of “friction-induced vibration.” The generation of squeaking is influenced by
the coupled effects of materials, lubrication, and kinematics, with lubrication breakdown and
edge loading being the most critical triggering mechanisms.

2.2. Localized High Wear Issues Caused by Edge Loading

In addition, experimental work by Macdonald et al. [20]. demonstrated that non-ideal
contact conditions, such as edge loading, can significantly influence wear behavior and
damage mechanisms in ceramic-on-ceramic hip bearings, highlighting the importance
of bearing alignment and contact mechanics [21]. Ceramic materials are theoretically
highly wear-resistant, but edge loading can induce localized high stresses, triggering
the formation of unexpected wear zones. Molloy et al. [22]. observed that edge contact
increased wear rates by approximately 40-fold, with typical flake-shaped ceramic debris.
Macdonald et al. [20]. found negligible wear rate under conventional simulator testing,
but observed banded wear patterns under increased abduction angles and subluxation
conditions, consistent with wear bands seen in clinical retrievals. Gao et al. [23]. reported
a significant increase in friction coefficient when the ceramic cup abduction angle was
excessive, with wear marks concentrated in the eccentric load zone. Edge loading represents
the most common wear pattern in ceramic-on-ceramic bearings, often associated with
clinical factors such as suboptimal implant positioning, abnormal gait, and insufficient soft
tissue tension.

2.3. Lubricating Film Breakdown and Other Abnormal Behaviors

In addition to the previously cited work, several comprehensive experimental stud-
ies from Necas, Vrbka, Gallo and coworkers have examined the tribological behavior
of hard-on-hard bearings. These include systematic investigations of frictional behavior
under different lubrication conditions and studies of lubricant film formation in hip simu-
lators, which emphasize the role of synovial fluid composition and contact conformity in
determining bearing performance [24]. Ceramic surfaces rely on thin fluid films for lubrica-
tion, but localized film rupture frequently occurs in complex bodily fluid environments,
leading to increased boundary friction [25]. Ge et al. [26]. pioneered the “micro-EHL”
lubrication model for hip joints, indicating that ceramic’s high stiffness relies more on
film thickness to maintain low friction. Ammarullah et al. [27]. discovered through simu-
lated bodily fluid tests containing proteins and immunoglobulins that the adsorbed film
formed by proteins on ceramic surfaces can stably reduce friction states; once disrupted,
friction increases sharply. De et al. [28]. confirmed that even a slight decrease in ceramic
surface hydrophilicity reduces film thickness by approximately 20%, significantly impact-
ing tribological performance. Lubricating film splitting is one of the core root causes of
ceramic-on-ceramic tribological anomalies (abnormal noise, high friction, localized wear).

Meanwhile, despite the extremely low wear rate of ceramics, wear particles from
surrounding tissues or metallic components of implants may still enter the friction interface,
leading to third-body wear. Doorn et al. [29]. confirmed that the presence of 0.5-5 um metal
debris in the ceramic—ceramic interface increases the wear rate by 10-30 times. Affatato
et al. [7]. simulated bone debris entering the interface, showing a significant increase in the
friction coefficient of the ceramic—ceramic pair, accompanied by microcrack propagation.
Calcium phosphate particles within the interface can act as “rolling bodies” to reduce
instantaneous friction, but long-term exposure leads to short-strip wear. Third-body wear
is a key pathway triggering microdamage on ceramic surfaces, particularly prevalent during
early postoperative activity or under conditions of prosthesis microlooseness [30]. Research
indicates that as a brittle material, ceramic implants undergo microcrack propagation,
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phase transformations, and surface roughness alterations within the patient body. These
factors collectively influence their tribological behavior. Souza et al. [31]. noted that the
t — m phase transition in zirconia exacerbates surface roughening under cyclic loading,
elevating the coefficient of friction. This further induces microcrack initiation and generates
fine grooves, significantly compromising lubrication film stability. Li et al. [32]. observed
localized grain pulling out on ceramic surfaces in the body fluid environment, leading to
the generation of fine particulate wear debris, as shown in Figure 2.

Figure 2. Acetabular component positioning angle measurement. (a)—line that touches the ischial
tuberosities; (b)—line through the axis of the largest diameter formed by the projection of the metallic
ring on the radiograph; (c)—acetabular angle. [14] © MDPI 2023.

3. Influence of Material Composition and Surface Properties on the
Tribological Behavior of Ceramic—Ceramic Pairings

The tribological performance of ceramic-on-ceramic bearings depends not only on
joint kinematics and lubrication conditions, but is fundamentally influenced by the com-
bined effects of the material’s crystalline phase structure, mechanical properties, surface
morphology, and chemical stability. This chapter aims to summarize key research advances
in the tribology of typical ceramic materials, with particular focus on how material charac-
teristics affect lubricant film formation, friction coefficient, wear mechanisms, and clinical
reliability [33].

3.1. Micro-Contact Behavior at Friction Interfaces

Due to their exceptionally high hardness and elastic modulus, ceramic materials
exhibit distinct micro-contact characteristics at friction interfaces. Although ceramic bearing
surfaces appear to be in full contact at the macroscopic scale, the actual load-bearing area is
confined to a limited number of micro-asperities because of minimal elastic deformation.
As a result, contact stresses are highly localized, making surface integrity and lubrication
film stability particularly critical for tribological performance [34].

Research indicates that surface roughness is one of the dominant factors determining
the initial contact behavior of ceramic friction systems. After precision mirror finishing,
aluminum oxide ceramics and zirconia-toughened alumina (ZTA) can achieve ultra-smooth
surface roughness (Ra) levels of 5-20 nm [35]. Such low roughness not only implies
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minimal height differences between surface micro-asperities but also enables the shear
interface to rapidly establish a continuous model lubricating film. In friction tests simulating
artificial joint motion, reducing Ra from approximately 20 nm to 8 nm decreased the steady-
state coefficient of friction from 0.08 to 0.03, while further lowering the wear rate by
about 40%. This demonstrates that micro-surface engineering directly determines the
macroscopic friction performance of ceramic materials, representing a core technological
factor influencing their service life and stability [36].

However, friction conditions in actual clinical settings are far more complex than
laboratory conditions. Natural joint motion involves speed variations, load fluctuations,
and directional changes.

Edge loading occurs when gait shifts or components are mounted at an angle, poten-
tially displacing the contact area toward the edge of the ceramic pad and causing a sharp
increase in local pressure. Lubrication breakdown or transient loss of lubrication can result
from gait acceleration, impact loads, or the formation of localized dry sliding zones, destabi-
lizing the lubricating film and increasing direct surface contact. In terms of impact-induced
localized high-pressure peaks, despite ceramic surfaces” high hardness, transient impacts
may generate microscopic peak stresses exceeding local fracture thresholds, triggering
microcracks, grain spalling, or surface roughening [37].

Extensive retrieval studies indicate that surface roughening observed on ceramic
bearings is predominantly associated with metal transfer rather than damage to the ceramic
substrate itself [38]. Although metal transfer does not compromise the underlying ceramic,
it may influence lubrication patterns and, in some cases, contribute to acoustic phenomena
such as noise. For example: localized roughening increases the number of micro-asperities,
altering the actual contact area distribution, enhancing shear behavior, and further affecting
lubrication film formation efficiency; microcrack propagation may also change surface
energy and hydrophilicity, thereby altering protein adsorption patterns and interfacial
adhesion tendencies [39].

Overall, the ceramic friction interface should be regarded as a dynamically evolving
system rather than an idealized static surface, with surface integrity, lubrication stability,
and contact mechanics jointly governing long-term tribological behavior [40].

3.2. Effects of Lubrication Status and Body Fluid Environment

The lubrication performance of ceramic—ceramic (CoC) friction pairs is significantly
influenced by the coupling effects of the fluid environment, protein adsorption kinetics,
and operational conditions. Unlike metallic or polymeric materials, ceramic surfaces
exhibit strong chemical inertness and low surface energy, leading to markedly different
lubricating film formation mechanisms. Consequently, their lubrication state demonstrates
high dynamism during actual service.

3.2.1. Biological Lubrication Mechanisms and Their Dynamic Changes

Lubrication at CoC friction interfaces typically undergoes dynamic switching between
boundary lubrication and elastohydrodynamic lubrication (EHL). During initial joint ac-
tivation, sudden load changes, or reduced synovial fluid viscosity, the system typically
operates under boundary lubrication. At medium to high speeds with adequate lubricant
supply, it more readily transitions to a partially EHL state [41]. Ceramic bearing surfaces
should not be strictly classified as hydrophobic, especially when compared with CoCr
alloys and XLPE, as their wettability behavior depends on surface chemistry, roughness,
and lubricant composition [42].

A study using bovine serum albumin (BSA, 30 g/L) to simulate synovial fluid found
that ceramic surfaces exhibit weak protein adsorption and slow lubricating film formation.
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This results in a higher coefficient of friction (0.15-0.20) during the initial start-up phase,
which gradually decreases to a steady state (0.05-0.08) [43]. This process typically corre-
sponds to patients’ subjective perception of “mild resistance during initial movement.”
Simultaneously, protein sources exert differential effects on lubrication performance, with
significant variations in adsorption capacity across different protein types on ceramic sur-
faces. For instance: Fibrinogen (Fg), characterized by long molecular chains and high
structural flexibility, forms a sparse yet highly slip-resistant adsorption layer on ceramic
surfaces, effectively reducing shear forces. Gamma-globulin (IgG) exhibits weak adsorp-
tion, struggles to form continuous films, and results in higher peak friction during startup.
Hyaluronic acid (HA) significantly enhances synovial fluid viscoelasticity, facilitating tran-
sition to EHL mode [44]. An in vitro evaluation demonstrated that under HA (0.5% w/v)
lubrication, the mean steady-state friction coefficient of BIOLOX delta ceramic decreased
from 0.06 to 0.03, indicating high sensitivity of CoC interface friction behavior to biolubri-
cant composition. At low velocities (<5 mm/s), fluid film formation at the CoC interface is
challenging, with friction primarily governed by the protein adsorption layer. Conversely,
at moderate to high speeds (20-40 mm/s), EHL is more readily established, with film
thickness increasing by approximately 200-300% and the coefficient of friction decreasing
by over 50%. This closely aligns with the evolution of joint velocities during daily walking
and running activities [45].

3.2.2. Risk of Loss of Lubrication Under Edge Loading

In actual clinical conditions, factors such as gait deviation, improper prosthesis posi-
tioning, or excessive patient weight may cause the joint contact area to shift from its normal
position toward the edge of the liner, a phenomenon known as edge loading. Under this
condition, pressure becomes concentrated in the ceramic contact zone while local synovial
fluid supply decreases, making the lubricating film more susceptible to rupture [46]. Edge
loading causes a drastic thinning of the lubricating film. A classic micro-motion-sliding cou-
pling test demonstrated that when a ceramic cup-head assembly exhibits a 30°malposition:
the lubricating film thickness decreases by over 60%; the system rapidly degrades from
partial EHL to boundary lubrication or even dry friction [46]; and the friction coefficient
surges from 0.04 to 0.25. This “de-lubrication state” generates intense friction vibration,
widely recognized clinically as a typical trigger for squeaking sounds in ceramic prostheses.

As shown in Figure 3, toughening in advanced alumina-based ceramics is primarily
achieved through strontia-containing phases, whereas chromia does not act as a tough-
ening agent [47]. However, studies indicate transient dry friction may still occur under
the following conditions: high step frequency (e.g., brisk walking, running); abnormally
elevated contact stress in patients with high body weight (BMI > 30); deep flexion postures
(e.g., cross-legged sitting, squatting) causing cup-head edge contact; and prosthetic cup
inclination angles > 55° increasing edge contact risk. Under these conditions, the coefficient
of friction can surge to >0.20 within hundreds of milliseconds, accompanied by measurable
acoustic vibration signals. This demonstrates that despite material performance enhance-
ments, lubrication status remains the core factor determining the long-term stability of CoC
systems [48].

Clinical cases support the impact of marginal loading. Several clinical reports indicate
that ceramic cups with slight positional abnormalities are more prone to squeaking, with
an incidence rate as high as 3-8%. Under high dynamic loads such as strenuous physical
activity, stair climbing, or running, patients are more likely to perceive a “dry sound” or

“friction sensation.” Adjusting cup position or reducing activity intensity can significantly

alleviate most squeaking phenomena, further demonstrating its close correlation with
fluctuations in lubrication status [49].
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Figure 3. Radiographic areas of acetabular displacement, proposed by DeLee and Charnley, repre-
sented in the angle of lines M and D (1976) [14] © MDPI 2023.

3.3. Microstructure and Phase Transformation Behavior of Materials

The microstructure of ceramic materials has long been recognized as a core factor
determining their tribological properties and service stability. With advances in materials
science and technology, modern joint ceramics have achieved a balance between high
hardness, high wear resistance, and fracture toughness through grain refinement, control
of grain boundary glass phases, composite toughening structures, and optimization of
phase transformation mechanisms. Among various approaches, composite ceramics rep-
resented by zirconia-toughened alumina (ZTA) have gained widespread adoption in hip
replacements due to their exceptional toughness enhancement [50]. The t — m phase trans-
formation induced by trace tetragonal zirconia at crack tips in ZTA significantly inhibits
crack propagation through energy absorption and stress shielding. Numerous simulated
gait experiments have validated this intuitive effect. For instance, a study involving 10 mil-
lion cycles demonstrated that ZTA femoral heads containing approximately 17 wt% ZrO,
exhibited wear rates one-third to one-half that of conventional alumina materials. The
performance of ZTA ceramics is governed by a finely tuned balance between alumina and
zirconia content, zirconia stabilization mechanisms, and process parameters during sinter-
ing and machining, rather than by composition alone [51]. The wear scar surface displayed
continuous, uniform, and fine striations, with virtually no brittle spalling or pull-outs [52].
Similar results have been repeatedly validated in European multicenter simulator tests.
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The introduction of toughening phases enables the material to maintain surface integrity
under high loads, which is also one of the key reasons why the fourth-generation BIOLOX
delta ceramic demonstrates superior long-term clinical performance compared to earlier
alumina ceramics.

However, the toughening mechanism is a double-edged sword. While tetragonal
zirconia effectively inhibits crack propagation in toughened ceramics, it may undergo
low-temperature degradation (LTD) during prolonged service in bodily fluid environments.
Specifically, it gradually undergoes autocatalytic transformation to the monoclinic phase
at 37 °C under humid conditions [53]. This phase transformation typically initiates at
surface grain boundaries, accompanied by 3-5% localized volume expansion. This leads
to increased surface roughness and triggers the continuous generation of microcracks. A
representative experiment demonstrated that after 12 months of immersion in simulated
body fluid, the surface roughness of a ZTA cup body increased from 10 nm to 38 nm, with
the coefficient of friction rising by approximately 70%. Concurrently, the film thickness
under mixed lubrication conditions decreased significantly. Currently, no clinical or in vitro
evidence indicates surface alteration of delta ceramic components following exposure to
simulated body fluids or the in vivo environment. This observation, however, cannot be
generalized to all ceramic materials, and non-clinically proven products should undergo
extensive testing [54]. While phase transformation toughening offers significant advantages
in enhancing toughness and reducing wear, optimizing its aging stability remains a critical
challenge in current material development [55].

3.4. Edge Wear and Operational Noise

Beyond wear evolution caused by material microstructure, another tribological issue
of significant clinical concern with CoC prostheses is “running noise” (squeaking). This
phenomenon, described as “squeaking,” “friction noise,” or “rhythmic whistling,” has been
reported in the literature with incidence rates ranging from 0.5% to 10%. Its occurrence
is primarily influenced by implant angle, patient gait, biomechanical environment, and
prosthesis model variations [56]. Surface observations of clinically recovered prostheses
reveal that patients experiencing abnormal noise often exhibit distinct marginal contact
wear features: a deep, localized groove-like wear band forming along the upper or pos-
terosuperior rim of the ceramic cup. Such wear typically occurs in cases where the cup
inclination exceeds 50-55°, exhibits significant anterior tilt deviation, or features a relatively
eccentric femoral stem position. Local contact pressures in these areas can be 5-8 times
higher than in normal contact zones. Under high contact pressure, the lubricating film
ruptures instantaneously, causing the ceramic interface to enter boundary friction or even
dry friction. This generates a sharp friction noise and significantly accelerates local surface
roughening [57].

Recent studies on in vitro friction vibration (such as pin-on-disk combined with
acoustic analysis) have further revealed the physical mechanisms underlying operational
noise [27]. Self-excited vibration is more likely to occur when the friction coefficient of
ceramic bearing pairs falls within the transitional range of 0.15-0.25, generating audible
acoustic waves at 1-3 kHz whose spectrum highly correlates with patient complaints. The
formation of friction-induced vibration typically results from multiple coupled factors
rather than a single mechanism [58]: First, periodic rupture of the lubrication film under
edge loading or low-speed gait induces “stick-slip” behavior at the interface. Second,
increased surface roughness further enhances energy accumulation at the interface. Third,
the high elastic modulus of ceramics facilitates vibration transmission to the joint structure.
Finally, in some cases, mild impact between the femoral neck and acetabular rim creates
resonance, further amplifying acoustic signals. While the noise itself does not cause tissue
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damage or prosthesis loosening, its impact on patient experience is profound, making it a
significant clinical factor affecting satisfaction with ceramic-on-ceramic bearings [59].

3.5. Body Fluid Chemical Corrosion and Interfacial Chemical Reactions

Ceramic materials exhibit strong chemical inertness, yet may still undergo slight
dissolution and surface chemical reactions in physiological environments. For instance,
immersion tests in simulated body fluid (PBS) revealed that after six months of prolonged
exposure at 37 °C, BIOLOX delta ceramic exhibited slight grain boundary erosion marks
on its surface. This resulted in an approximate 30% increase in the coefficient of friction
compared to its initial state. Although this change is insufficient to cause structural failure,
it impacts the stability of the lubricating film and the evolution of wear [57]. Experimental
and clinical evidence suggests that delta ceramic may offer advantages over CoCr in
hemiarthroplasty by better preserving cartilage integrity. Nevertheless, these outcomes
are highly dependent on the specific ZTA formulation, as not all ZTA ceramics exhibit
equivalent behavior [59].

Additionally, the selective adsorption behavior of proteins may alter interfacial lubrica-
tion properties. Studies employing mass spectrometry analysis have revealed that ceramic
surfaces exhibit a greater tendency to adsorb albumin than fibrinogen. Given that albu-
min possesses superior lubricating properties compared to fibrinogen, protein adsorption
forms a “natural protective film.” Once protein adsorption capacity diminishes—such as
following surface roughening—the tribological performance consequently deteriorates [59].

3.6. Tribological Analysis of Typical Clinical Failure Cases

In understanding the tribological characteristics of ceramic-on-ceramic (CoC) pros-
thetic joints, clinical retrieved prosthesis analysis provides the most compelling direct
evidence. These retrieved specimens often document the wear trajectories, lubrication
breakdown features, and material degradation phenomena experienced by prostheses
after long-term in-body service, offering irreplaceable value in revealing the root causes of
abnormal wear and operational noise. Numerous current case studies demonstrate that
CoC prosthesis failure is rarely caused by a single factor. With currently commercialized
ceramic solutions, revision surgery is rarely attributable to material-related failure. Instead,
the dominant causes remain infection, dislocation, periprosthetic fracture, and aseptic
loosening. Nevertheless, non-clinically proven products may carry an increased risk and
should be introduced cautiously following stepwise clinical evaluation [60].

In typical cases, localized surface roughening of ZTA materials is one of the most
common signs of failure. For instance, in a case where abnormal sounds developed five
years post-surgery, retrieved ZTA femoral heads exhibited distinct roughened patches in the
anteromedial region. Under SEM, this area displayed a clear network of microcracks and
the detachment of submicron-sized particles, with surface roughness increasing severalfold
compared to the initial condition. Combined with tribological simulations, it can be inferred
that such damage often originates from localized stress concentration caused by prolonged
mild edge loading. This accelerates phase transformation of tetragonal zirconia in bodily
fluids, inducing surface micro-expansion and roughening. This roughening not only
directly elevates the local friction coefficient but also disrupts the boundary lubrication film
originally maintained by the protein layer. This causes periodic collapse of the lubrication
film, accelerating adhesive wear. This retrieval study, conducted in regions with a high
prevalence of ceramic-on-ceramic bearings, provides insights into surface alterations and
acoustic phenomena. However, current clinical evidence does not indicate that noise
associated with CoC bearings represents a clinically relevant concern [61].
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Another representative failure pattern involves deep, band-like grooves appearing on
the inner wall of ceramic cups, often closely associated with abnormal surgical insertion
angles. In one clinical case, the patient persistently complained of “creaking sounds.”
The recovered ceramic cup exhibited significant grooves up to 0.1-0.2 mm deep in the
upper rim region. The wear bands were laterally continuous with well-defined boundaries,
typically matching the “stripe wear” characteristics simulated in vitro. Further mechanical
analysis revealed this wear predominantly occurs when the cup inclination exceeds 55°
or the anterior tilt is insufficient. In this posture, the femoral head undergoes highly
eccentric contact during walking, bringing the contact point close to the cup rim. This
significantly elevates local contact pressure, momentarily rupturing the lubrication film
and causing the head-cup interface to transition to dry friction in that region. Persistent
dry friction progressively expands the wear zone and induces audible-frequency interface
vibrations due to high friction, explaining patients’ consistent reports of “sharp grinding
noises.” Similar band-like wear patterns were extensively documented in a North American
multicenter retrospective analysis, where over 80% of band wear specimens correlated with
abnormal implant angles or femoral stem geometric mismatch. This further substantiates
the causal chain linking “surgical position — marginal loading — dry friction — noise” [62].

It is worth noting that beyond the two aforementioned typical damage categories,
some clinical failure cases also reveal the combined effects of the lubrication environment
and third-body particles. For instance, certain recovered prostheses exhibited scattered
micro-pits and mild abrasion beneath the cup, which was speculated to be related to bone
debris entering the interface during the early implantation phase. Other studies have
found that minute metal particles shed from the femoral stem surface become embedded
in the ceramic surface, intensifying localized grinding effects and subsequently promoting
the formation of roughened areas. Available evidence indicates that CoCr alloys, coated
surfaces, and XLPE are more prone to third-body wear compared to advanced ceramic
bearings. Notably, this conclusion is supported primarily for delta ceramic, whereas other
ZTA materials may exhibit different responses [63].

3.7. Summary

The tribological behavior of ceramic-on-ceramic bearings is driven by multiple factors
including material microstructure, interfacial lubrication, physiological environment, and
surgical variables. Although ceramic materials exhibit excellent wear resistance, clinical
issues such as surface roughening, lubrication failure, edge loading, and noise generation
remain significant concerns. A deeper understanding of these tribological mechanisms
will provide a more reliable theoretical foundation for subsequent material design, surface
engineering techniques, and prosthesis structural optimization.

4. Wear Mechanism and Characteristics of Ceramic—Ceramic Pairing in
Artificial Joints

Ceramic-on-ceramic (CoC) bearings are regarded as one of the most stable friction
pairs in artificial joints due to their extremely low wear rates. However, both clinical
and in vitro studies indicate that while CoC prostheses exhibit significantly lower overall
wear than metal-on-polyethylene bearings, their wear mechanisms are more complex and
their wear behavior demonstrates pronounced operating condition dependency. This
chapter explores the wear mechanisms of ceramic-on-ceramic bearings through in vitro
experiments, microstructural evolution of materials, and clinical evidence from recovered
prostheses. The aim is to establish correlations between material properties, interfacial
friction behavior, and clinical failure.
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4.1. Low Wear Behavior Under Normal Operating Conditions

Under ideal operating conditions, ceramic-on-ceramic (CoC) bearing pairs consistently
exhibit recognized “ultra-low wear” characteristics in standardized gait simulations due to
their exceptional hardness, chemical inertness, and surface stability. Extensive simulator
testing indicates that the volumetric wear rate of conventional Al;O3/Al,O3 pairs typically
remains within 0.06-0.1 mm?® per million cycles, two orders of magnitude lower than
metal-polyethylene systems. Advancements in material technology have enabled next-
generation zirconia-toughened alumina (ZTA) ceramics to further reduce wear rates to
0.01-0.03 mm? /million cycles. Some studies even report undetectable quantifiable wear
after 20 million cycles. This phenomenon has been consistently validated not only in
commercial simulator tests across Europe and North America but also in independent
studies conducted in Japan and Australia, demonstrating the highly universal and cross-
platform consistency of this low-wear characteristic [64].

The microstructure of the worn surface further reveals the physical essence of this
low-wear mechanism. Unlike the adhesive wear commonly observed in metallic materials
or the fatigue creep wear seen in polyethylene, the ceramic friction interface exhibits
typical “light grinding” characteristics under normal lubrication conditions. The wear
zone consists of uniform, parallel, and shallow fine striations, with scratch widths ranging
from nanometers to submicrometers. SEM and AFM observations consistently show
the ceramic surface maintains high integrity, with no signs of flaking between grains
and an extremely low probability of crack initiation. This wear behavior reflects the
ceramic material’s high hardness (>18 GPa), which confers resistance to plastic cutting.
Consequently, even under repeated contact loads, significant removal of surface material
is unlikely. Concurrently, the material’s chemical inertness and extremely low oil affinity
prevent adsorption of degradative molecules, maintaining stable interfacial energy and
facilitating uniform lubrication film distribution [65].

Additionally, the Tao-Tao interface is more prone to forming a stable elastic-
hydrodynamic (EHL) lubrication state under normal operating conditions, which is another
key factor contributing to its significantly lower wear rate compared to other mating pairs.
Research indicates that the higher elastic modulus of ceramic surfaces promotes uniform
diffusion of peak contact pressures, thereby forming a thin, continuous fluid film during
sliding. Albumin-containing simulated synovial fluid forms a stable protein adsorption
layer on ceramic surfaces, maintaining lubrication film thickness at the submicron level
and effectively reducing the frequency of solid contact. Some studies indicate that even
when experiencing periodic fluctuations in lubrication film thickness during gait cycles,
ceramic interfaces can rapidly revert to a fluid-dominated lubrication state, demonstrating
exceptional resistance to lubrication film rupture [66].

However, it must be emphasized that this idealized low-wear performance is not an
inherent property of ceramic—ceramic bearings, but rather a systemic outcome maintained
by a series of boundary conditions. For instance, if the inclination angle and forward tilt
angle of the acetabular cup deviate from the recognized “safe zone,” the contact patch will
shift from the center of the ball cap to its upper edge. As shown in Figure 4, this causes a
sharp increase in contact stress and weakens the lubricating film thickness, transforming
the interface from its original EHL state to mixed lubrication or even boundary lubrication.
Furthermore, alterations in synovial fluid composition—such as reduced protein concentra-
tion or decreased viscosity—can diminish film thickness, thereby increasing friction heat
and fatigue stress in microcontact zones. Research also indicates that even trace amounts
of third-body particles entering the ceramic interface can elevate wear rates by an order
of magnitude, as ceramics exhibit extreme sensitivity to hard particles—a characteristic
markedly different from polyethylene. More critically, during transient high-load gait
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events like rapid pivoting or stair descent, impact force peaks often exceed those in routine
simulation conditions. This abruptly subjects the previously stable interface to high stress
zones, disrupting the lubricating film and triggering transient dry friction events [67].

Figure 4. Offset of the femoral component; distance from the center of the femoral head to the axis
line of the distal part of the rod. [14] © MDPI 2023.

Therefore, although extensive simulator testing and long-term clinical studies consis-
tently confirm that ceramic-on-ceramic bearings exhibit the industry’s lowest wear rate
under normal operating conditions, this “low wear baseline” represents a dynamic equi-
librium state highly dependent on boundary conditions—not an inherent property of the
material itself. Any deviation from ideal conditions—including surgical placement errors,
altered lubrication environments, abnormal gait patterns, transient impacts, or particulate
contamination—can trigger a shift from “extremely low wear” to “abnormal wear” or
“accelerated wear.” This explains why ceramic prostheses demonstrate stable durability in
most patients yet exhibit clinical phenomena such as banding wear, noise, and localized
surface roughening in a minority of cases [68].

4.2. Micro-Damage and Fatigue Behavior on Ceramic Surfaces: The Microscopic Origin of Wear

Despite being renowned for their high hardness, compressive strength, and exceptional
chemical stability, ceramic materials inevitably accumulate micro-damage at their surfaces
during prolonged service. This micro-damage accumulation marks the critical threshold
where ceramic—ceramic friction interfaces transition from “ultra-low wear” to “detectable
wear” and ultimately to “abnormal wear.” Extensive simulator studies reveal that under
millions to tens of millions of cyclic loads, ceramic surfaces are subjected to repeated shear
and compressive stress fields. While macroscopic wear remains minimal, micro-level
fatigue cracks may silently initiate in localized weak areas. Particularly in traditional
alumina materials, SEM observations frequently document submicron-scale intersecting
cracks near grain boundaries or defects. While these cracks initially exert minimal influence
on tribological performance, their accumulation and propagation constitute a latent hazard
for subsequent accelerated wear [69].

In contrast, ZTA exhibits a distinct advantage in resisting early crack initiation due to
its toughening mechanism. Multiple studies indicate that the t — m phase transformation
induced at the crack tip in tetragonal zirconia absorbs energy and impedes crack propa-
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gation, delaying crack initiation by approximately 2-3 times compared to pure alumina.
However, even in ZTA, when cyclic loading exceeds a certain magnitude, accumulated
stress may still induce localized pulling out of a small number of grains, forming initial
spalling pits. As grain detachment continues, surface roughness gradually increases from
several nanometers to tens or even hundreds of nanometers. This ultimately leads to
insufficient lubricant film thickness, causing localized solid contact at the interface and
further accelerating the generation of adhesive or abrasive wear [7].

It is noteworthy that the evolution of surface microdamage typically exhibits a pro-
nounced “threshold effect”: Under low contact pressure conditions, crack initiation pro-
ceeds slowly, maintaining extremely low wear levels even after hundreds of thousands or
millions of cycles. However, once localized stress increases occur—such as during transient
impact gait, rapid patient turns, running/jumping motions, or mild edge loading—stress
peaks can drive crack propagation at rates far exceeding normal levels, leading to rapid sur-
face roughening in micro-regions. This micro-damage significantly impacts lubricant film
stability, typically unfolding through a chain reaction: microcrack initiation — grain pulling
— increased roughness — reduced film thickness — increased solid contact — acceler-
ated microdamage propagation, ultimately evolving into severe forms like banding wear.
Therefore, surface microdamage can be regarded as the “invisible starting point” of wear
evolution in ceramic—ceramic contact pairs. Although difficult to detect visually in the early
stages, its physical consequences have profound implications during medium-to-long-term
service [70].

4.3. Abrupt Wear Changes Caused by High Contact Pressure and Edge Loading

The most destructive wear pattern in ceramic-on-ceramic bearings is the wear catas-
trophe triggered by edge loading, a phenomenon consistently observed in both clinical
recovered prostheses and in vitro simulation experiments. Edge loading typically occurs
under conditions such as excessive cup inclination, abnormal anterior tilt, femoral head
eccentricity, insufficient soft tissue tension, or abnormal patient gait. When the contact
patch shifts from the fully covered central zone to the cup margin, local contact stress
can instantly increase to 5-8 times that of normal regions, approaching the microcrack
threshold of ceramic materials. Multiple biomechanical analyses indicate that contact point
displacement during dynamic gait can reach 3-5 mm. This displacement is sufficient to
transform areas that should be fluid-lubricated into regions dominated by solid contact,
leading to lubrication film collapse and inducing localized high-friction events [71].

Stripe wear represents the most typical wear pattern under edge loading, often mani-
festing as deep groove-like wear bands on the upper rim of the ceramic cup, with widths
of 1-3 mm and depths reaching 0.1-0.3 mm. In vitro simulator studies indicate that after
applying abnormal abduction angles or subluxation displacements, the CoC surface—
which was previously nearly wear-free—rapidly develops stripe wear. Surface roughness
increases from the 10 nm range to 200-500 nm, while the wear mechanism shifts abruptly
from mild abrasion to a hybrid mode involving fatigue spalling and brittle fracture. Clinical
recovery data corroborates this trend: in large multinational retrospective studies, over 70%
of ceramic cups exhibiting noise or accelerated wear showed pronounced banding wear,
with the vast majority of cases accompanied by implant angular misalignment or femoral
stem geometric mismatch [72].

Notably, as shown in Figure 5, edge loading not only directly causes wear mutations
but may also trigger interface temperature rise, lubricating film reconstruction failure, and
amplified friction vibration effects. As the contact area shrinks from a continuous curved
surface to localized point contact, frictional heat struggles to dissipate effectively through
the lubricant, leading to localized temperature increases that further degrade the protein
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adsorption layer and hinder lubricating film recovery. Simultaneously, roughened patches
formed in high-contact-pressure zones persistently disrupt the hydrodynamic behavior of
the interface during subsequent gait cycles, trapping the region in a vicious cycle of “easy
triggering and difficult recovery.” In this sense, striping wear is not merely a wear outcome
but a hallmark phenomenon marking the transition of ceramic—ceramic pairs from stable
operation into abnormal tribological phases.
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Figure 5. Adopted gait cycle [27] © MDPI 2022.

4.4. Lubrication Film Breakdown and Instability of Biological Lubrication

Ceramic—ceramic artificial joints rely on protein-rich synovial fluid to establish a
thin, continuous boundary-fluid-mixing lubrication film within the body, maintaining low
friction and wear. However, compared to the complex synergistic system of natural joint
lubricants—hyaluronic acid and phospholipids—the lubrication environment of artificial
joints is chemically simpler and lacks sufficient viscoelasticity, making it more sensitive
to variations in load, speed, and contact pressure. When lubrication film thickness falls
below a critical threshold, the ceramic surface rapidly transitions from hybrid lubrication
to boundary lubrication dominated by solid contact or dry friction. This transition serves
as the core trigger for various tribological anomalies [73].

Extensive experimental data indicates that lubricating film rupture is most likely
to occur during low-speed gait, initial movement phases, stair climbing/descending,
or under eccentric loading conditions. For instance, when sliding speeds drop below
5 mm/s, the fluid film derived from simulated synovial fluid struggles to generate effective
hydrodynamic pressure. Consequently, the friction coefficient can surge abruptly from
0.05 to 0.4, approaching near-dry friction levels. Some studies also indicate that even a slight
decrease in protein concentration can cause discontinuities in the interfacial adsorption
layer, reducing film thickness by over 40% and further increasing the probability of solid
contact. Periodic load variations during dynamic gait similarly cause the lubricating film
to undergo a “formation-extrusion-reconstruction” cycle within a gait cycle. If any stage is
disrupted—such as by transient impacts, rotational slippage, or localized surface roughness
interference—the film’s reconstruction may fail. This induces a “stick-slip” state at the
interface and triggers high-friction fluctuations [74].

Clinical studies also support the pivotal role of lubrication film instability in ceramic-
on-ceramic failure. Patient-reported “clicking” often occurs during specific movements
(such as squatting, turning, or descending stairs), which share the common characteris-
tics of low sliding speeds and significant contact point displacement—conditions highly
consistent with lubrication film rupture. Excisions of some CoC prostheses revealed local-
ized surface roughening and microcrack propagation, often highly correlated with sites
of recurrent lubrication film rupture. Furthermore, animal models demonstrate that the
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adsorption—desorption dynamics of lubrication proteins become disrupted under high
shear forces. This exposure of ceramic interfaces to repeated dry friction events accelerates
wear progression [75].

In summary, As shown in Figure 6, lubrication film rupture constitutes the core
mechanism of ceramic—ceramic tribological anomalies, forming a complex coupling chain
among microdamage evolution, edge loading, noise generation, third-body wear, and
material degradation. Once the interface enters an unstable lubrication state, the ceramic
surface’s advantage of extremely low wear becomes difficult to sustain, and its tribological
performance may deteriorate significantly within a short timeframe.
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Figure 6. Mechanism of Hybrid Fluid—-Dynamic Lubrication in Artificial Hip Joints [76] © MDPI 2020.

4.5. Third-Body Abrasive Contamination

Although ceramic—ceramic wear rates are low, once abrasive particles enter the inter-
face, the friction coefficient increases exponentially, leading to the propagation of micro-
scratches. Currently, the three primary high-risk abrasive particles originate from bone
debris, metallic particles (from instruments or residual internal fixation), and ceramic
debris (from localized microcracks). Experiments by Ruggiero et al. [76]. confirmed that
adding just 1 mg of bone debris can increase ceramic wear by 20-30 times. Tests with metal
particles showed the friction coefficient instantly jump from 0.05 to 0.45. These findings
demonstrate that despite ceramic’s extremely low wear rate, it remains highly sensitive to
third-body particles.

4.6. Surface Microdamage, Phase Transformation, and Material Degradation Mechanisms

Ceramic materials, especially composite ceramics with high zirconia content, undergo
a t — m phase transformation, leading to volume expansion and increased surface rough-
ness. No evidence of grain pull-out has been reported for delta ceramic components.
However, grain pull-out has been described for other ceramic materials, particularly in
association with phase transformation processes [77].
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Microcrack and Roughening Mechanisms

Ceramic components are renowned for their exceptional stability and inertness. How-
ever, for systems containing zirconia or composite alumina, material degradation triggered
by phase transformations remains a potential risk during long-term service. Particularly in
ZTA or composite ceramics with high zirconia content, tetragonal zirconia may undergo a
t — m phase transformation under external environmental or cyclic stress conditions. This
transformation, accompanied by approximately 3-5% volumetric expansion, significantly
disturbs the microstructure of the material’s surface layer. The seminal work by Keurentjes
et al. [78]. demonstrated that this volumetric change can induce submicron-scale cracks
near grain boundaries. These cracks progressively accumulate into detectable surface
roughness, compromising the inherent lubricity advantage of the originally highly polished
ceramic surface. This degradation becomes a critical foundation for accelerated wear and
noise generation.

This phase transition behavior is often closely intertwined with environmental factors,
the most typical being the phenomenon known as “low-temperature degradation (LTD).”
LTD primarily occurs in humid environments. When water molecules diffuse along grain
boundaries into the zirconia structure, they catalyze a self-propagating transformation from
the tetragonal phase to the monoclinic phase. As this phase transition spreads, grains within
the top few micrometers may undergo layer-by-layer delamination, resulting in surface
micro-bulging, a sharp increase in roughness, and grain pulling-out. In vitro accelerated
aging tests confirm that after 2040 h of exposure to 134 °C and 2 bar steam, zirconia
ceramics exhibit significant surface roughening, with Ra values increasing from 10 nm
to 70-150 nm. This demonstrates the highly cumulative nature of degradation driven
by phase transitions. Furthermore, under combined dynamic loading and humid-heat
conditions, phase transitions often couple with fatigue crack behavior, accelerating material
degradation. This phenomenon has been repeatedly validated in long-term cyclic tests
simulating synovial fluid environments [40].

Clinical prosthesis retrievals provide more direct evidence. BIOLOX forte does not
contain reinforcing phases such as zirconia; nevertheless, it demonstrates excellent long-
term clinical outcomes. Previously reported issues related to specific head designs are
not associated with the mechanisms discussed here and have not been shown to lead to
revision surgery. This roughening further impeded lubrication film formation, leading to
friction noise or increased mild wear in patients. The subsequent BIOLOX delta material
enhanced phase transformation toughening and aging resistance by introducing nanoscale
zirconia, chromium oxides, and trace carbides to strengthen grain boundaries, significantly
reducing macro-cracking and spalling rates. Multiple post-operative retrieval analyses
demonstrate that delta material maintains near-original surface integrity after over 10 years
of in-body service, substantially reducing the risk of degradation caused by LTD.

Furthermore, in some cases, phase transformation degradation exhibits coupled effects
with other tribological mechanisms. For instance, localized high stresses induced by edge
loading can accelerate the premature initiation of phase transformation cracks, while the
formation of roughened regions further disrupts the lubricating film. This creates a vicious
cycle at the interface: stress concentration accelerates phase transformation, which in
turn promotes roughening and diffusion. Previous studies have observed significantly
higher phase transformation content in the edge wear zones of ZTA cups compared to the
central regions, indicating that phase transformation behavior is not only influenced by
material composition but also highly dependent on interface tribological conditions and
load distribution. Stress-induced transformation of zirconia under mechanical loading is an
intended toughening mechanism, as long as surface stability is not adversely affected [79].
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4.7. Summary

Importantly, these phenomena have not been shown to affect clinical outcomes when
current leading ceramic bearings are used. Clinical performance depends not only on
material composition, but also critically on manufacturing processes and quality control [80].
The primary tribological issues in ceramic-on-ceramic artificial joints do not stem from
a single mechanism but result from the combined effects of multiple factors, including
material properties, assembly orientation, gait patterns, lubrication conditions, third-body
particles, and localized microdamage. These issues also exhibit coupling effects: edge
loading can induce stripe wear while simultaneously disrupting the lubrication film and
promoting third-body particle generation, thereby further increasing the risk of noise.
Therefore, thoroughly elucidating these mechanisms is crucial for improving ceramic
materials, optimizing prosthesis design, and enhancing long-term clinical performance.

5. Optimization Strategies and Research Advances in the Tribological
Properties of Ceramic—Ceramic Artificial Joint Pairs

Ceramic-on-ceramic (CoC) artificial joints possess inherent advantages in tribological
performance, yet remain constrained by clinical issues such as squeaking, edge loading, unsta-
ble lubrication films, and cumulative microdamage. To improve their friction-wear behavior
and clinical outcomes, recent research has proposed a series of optimization strategies across
multiple dimensions, including material design, surface engineering, lubrication environment
control, and structural optimization. This chapter provides a systematic review of the current
state of CoC friction interface optimization, summarizing recent advances and illustrating key
developments through representative research examples.

First, from the perspective of material optimization, the microstructural stability of the
ceramic matrix is one of the core factors determining the reliability of the friction interface.
Fourth-generation bioceramics (such as Biolox® delta) incorporate zirconia toughening
particles and whisker reinforcement mechanisms, achieving approximately 30% higher
fracture toughness compared to third-generation alumina. This effectively suppresses
microcrack propagation in stress concentration zones. Affatato et al. [7]. observed in a
5-million-step simulated gait test that ZTA material exhibited only one-quarter the wear
volume of pure alumina, with no noticeable spalling pits detected. This demonstrates that
enhanced material toughness significantly delays the accumulation of microdamage at
interfaces. Furthermore, De [28]’s team proposed that controlling tetragonal phase content
and suppressing hydration phase transformations could reduce ZTA's risk of surface
roughening in bodily fluids, fundamentally improving lubrication film retention capability.

In surface engineering, nanoscale structural regulation has emerged as a new trend for
optimizing ceramic friction behavior. Studies indicate that when ceramic surface roughness
is reduced to Ra < 20 nm, the interface maintains a more stable mixed lubrication mode.
Wang et al. [81]. achieved a 35% reduction in the sliding friction coefficient of alumina surfaces
through ultra-precision grinding and nano-finishing, significantly decreasing lubrication film
rupture frequency. Concurrently, coating technologies have been explored to enhance the
wettability and biolubrication properties of ceramic interfaces. For instance, Walter et al. [82].
introduced a hyaluronic acid hydrogel layer mimicking cartilage onto ZTA surfaces to simulate
the viscoelastic lubrication microenvironment found in natural joints. This modification
reduced the friction coefficient in bovine serum albumin solution from 0.12 to approximately
0.04, demonstrating exceptional lubrication enhancement. Furthermore, studies have explored
utilizing diamond-like carbon (DLC) coatings to improve the initial running-in behavior of
ceramics. Although long-term stability requires further validation, this approach offers new
insights for the composite design of ceramic friction pairs.
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Regulating the lubrication environment is a key approach to optimizing CoC friction
performance. Since the stability of lubricating films at ceramic interfaces is highly depen-
dent on sliding speed, load variations, and the protein composition of lubricants, recent
studies have extensively investigated the influence of protein adsorption layers in artificial
body fluids on friction interfaces. Lewinnek et al. [83] demonstrated that appropriately
increasing albumin content enhances the continuity of adsorption layers on ceramic sur-
faces, making lubricating films more resistant to disruption and thereby reducing noise
occurrence rates. Furthermore, Liang et al. tested ceramic friction behavior using a bio-
mimetic lubricant (containing hyaluronic acid and chondroitin sulfate). Results revealed
that biomacromolecules form a more viscoelastic boundary lubrication layer, achieving over
40% greater friction reduction compared to traditional BSA solutions. Such research not
only elucidates the mechanism behind abnormal friction caused by clinical gait variations
but also provides theoretical foundations for designing synthetic joint lubricants.

Structural design and control of surgical factors are also considered key strategies for
reducing the risk of CoC failure. Edge loading frequently occurs when the cup inclination
is excessive. Consequently, several clinical retrospective analyses have emphasized the
importance of the “safe zone” (inclination 40° £ 10°, anteversion 15° £ 5°) for preventing
abnormal friction. Walter et al. analyzed 32 cases of ceramic squeaking, finding that over
70% were associated with excessive cup inclination. This caused transient high shear
forces at the ceramic interface, leading to periodic breakdown of the lubrication film. To
address this, the industry developed double-curved or constrained cup rim designs that
smooth edge contact and reduce energy peaks during dry friction moments. Additionally,
non-spherical ceramic heads combined with adjustable stem-head length designs better
match femoral movement trajectories, reducing contact stress concentration. Clinical trials
have demonstrated promising trends with these approaches [84].

In recent years, multiscale tribological simulations have provided crucial technical
support for the fine-tuning of ceramic—ceramic interfaces. As shown in Figure 7, finite
element analysis (FEA) and molecular dynamics (MD) simulations have been employed to
predict crack propagation paths, contact area pressure distributions, and the shear behavior
of protein adsorption layers. Guru et al. [85]. employed fluid-structure interaction model-
ing to simulate lubricant film thickness variations in ceramic joints. They observed that
film thickness increased nearly threefold during high-speed, low-load phases but rapidly
dropped below critical values during low-speed rotational movements—a pattern highly
consistent with the timing of clinical crepitus occurrence. Such simulation methods enable
researchers to assess joint risk points without relying on extensive animal or simulator
testing, providing more precise predictive tools for material and structural optimization.

Ceramic acetabular cup

Ceramic femoral head

Figure 7. Finite element model of ceramic-on-ceramic coupling. [27] © MDPI 2022.
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Overall, tribological optimization of ceramic-on-ceramic artificial joints is rapidly
advancing toward material toughening, surface nanostructuring, refined lubrication control,
and intelligent structural design. Despite ongoing challenges such as complex lubrication
environments and the inherent difficulty of completely avoiding edge loading, significant
progress has been achieved in both material and interface engineering. This progress lays
a solid foundation for the next generation of low-wear, low-noise, and highly reliable
ceramic-on-ceramic artificial joints.

6. Future Research Directions

Although ceramic-on-ceramic artificial joints demonstrate significant advantages in
tribological performance, chemical stability, and biocompatibility, clinical issues such as un-
stable lubrication films, localized wear due to edge loading, and cumulative microdamage
to materials persist. This indicates that their tribological behavior remains incompletely
understood. With advancements in multiscale experimental techniques, interface engineer-
ing, computational tribology, and bioscience lubrication, future research can deepen in the
following key directions to propel ceramic-on-ceramic artificial joints toward higher levels
of safety and long-term durability.

First, at the material body level, the controllable design of ceramic microstructures
remains central to enhancing overall tribological performance. The mechanical proper-
ties of existing materials like ZTA and alumina have reached near-maturity, yet their
phase transformation behavior, grain boundary stability, and submicron-scale defects
may still compromise long-term service performance. Therefore, future advancements
can leverage advanced ceramic toughening methods—such as nanocrystalline ceramics,
two-dimensional ceramic reinforcements (e.g., graphene, MXene), and controlled grain
boundary glass phases—to further enhance crack resistance. Moreover, emerging ultra-
high-purity ceramic fabrication methods—such as field-assisted sintering (FAST /SPS) and
templated grain growth—hold promise for reducing surface and volume defects to the
atomic level. This could fundamentally minimize microcrack nucleation, rendering friction
behavior at ceramic—ceramic interfaces more controllable and predictable [86]. Notably,
current research on the threshold for ceramic interface microcracks causing lubrication film
failure remains insufficient. Future work requires more quantitative models to define “safe
defect sizes,” aiding the establishment of material design standards.

Secondly, breakthroughs in interfacial lubrication science will be pivotal in reducing
CoC noise and wear. Natural joint boundary lubrication relies on multiple macromolecules—
such as lubricin, hyaluronic acid, and phospholipids—yet these biological lubrication
mechanisms remain incompletely replicated in artificial joints. Future research should
focus on elucidating the adsorption—desorption kinetics of proteins on ceramic surfaces
and the shear response of protein layers under cyclic loading. Concurrently, enhancing
ceramic surface hydrophilicity, protein adsorption selectivity, or bound water layer stability
through surface chemical modification may effectively prolong lubrication film persistence.
Additionally, developing biomimetic lubricants represents a promising avenue. For in-
stance, recent innovations like superlubricant hydrogels, phospholipid nanocoatings, and
polysaccharide-based lubrication systems have demonstrated significant friction-reducing
effects in simulated joints. However, their long-term stability under mechanical cycling
and in bodily fluid environments requires further validation.

In surface engineering and interfacial structure design, “functionalized ceramic sur-
faces” featuring micro-nano composite structures represent a promising area for focused
development. Nanoscale pits and groove structures hold potential for fluid storage, film sta-
bilization, and shear force reduction under boundary lubrication conditions. Concurrently,
imparting controlled wettability to ceramic surfaces through laser micro-nano texturing,
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ion implantation, or plasma surface chemical modification may effectively minimize lubri-
cation film rupture events. Furthermore, gradient interfaces or flexible interlayers can be
employed to optimize local stress distribution in ceramic—ceramic contact zones, thereby
mitigating cumulative damage from point loads. Regarding composite structures, the key
challenge lies in introducing buffer-like interface layers without compromising the inherent
advantages of ceramic materials—namely high hardness and low wear resistance [87].

In the realm of mechanical and biomechanical optimization, future research must more
precisely elucidate how activity patterns, gait parameters, body mass index, and muscle
strength influence the friction behavior at ceramic interfaces. Current joint simulators
often employ a single standardized gait, whereas real human movement exhibits far more
complex dynamic characteristics, including rapid turns, squatting, alternating slippage, and
asymmetric loading. Future efforts should establish “complex gait tribology models” that
more closely approximate clinical scenarios. These models should integrate real-time gait
data from wearable devices to develop patient-specific tribological risk prediction systems.
Clinically, imaging-based contact trajectory analysis and model reconstruction techniques
can more precisely evaluate the effects of cup inclination, anteversion, and femoral stem
rotation on contact stress and lubrication film thickness, potentially advancing personalized
implant design [88].

Finally, numerical simulation and artificial intelligence technologies will become key
drivers for future ceramic-on-ceramic tribology research. Multiscale simulation techniques
are rapidly advancing, enabling researchers to construct more comprehensive tribolog-
ical evolution models spanning atomic scales (protein adsorption, membrane rupture
processes), microscopic scales (crack propagation, abrasive particle formation), and macro-
scopic scales (contact stresses, lubricant film evolution). Furthermore, artificial intelligence
and machine learning can integrate clinical imaging, patient behavior data, and tribological
simulation results to predict the risk of squeaking, guide material design, and optimize sur-
gical parameters. Al-based “digital twin joint” systems are poised to become a future trend,
enabling preoperative patient simulation, intraoperative decision support, and long-term
postoperative monitoring. This will ultimately enhance the controllability and personalized
precision of CoC artificial joints [89].

In summary, the future development of ceramic-on-ceramic artificial joint tribology
will continue to advance in the following directions: enhancing the intrinsic properties of
materials, biomimetic lubrication at interfaces, improving surface functionality, intelligent
implant structures, and digital simulation techniques [90-92]. Achieving breakthroughs
in these areas holds the potential to significantly reduce squeaking and wear incidents,
elevating CoC artificial joints to new heights in durability, safety, and comfort. This will
lay a solid foundation for the development of next-generation high-performance artificial
joints [93]. In current clinical practice, implant design and positioning play a more critical
role than material composition alone. Even ceramics with similar chemical compositions
may exhibit different clinical performance due to manufacturing-related differences, and
suboptimal designs may contribute to higher-than-expected revision rates [94,95].
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