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Abstract Orthopaedic and dental implant treatments have allowed to enhance the
quality of life of millions of patients. Total hip/knee arthroplasty is a surgical replace-
ment of the hip/knee joint with an artificial prosthesis. The aim of joint replacement
surgery is to relieve pain improve function, often for sufferers of osteoarthritis, which
affects around a third of people aged over fifty. Nowadays, total hip and knee replace-
ment (THR) surgeries are considered routine procedures with generally excellent
outcomes. Given the increasing life expectancy of the world population, however,
many patients will require revision or removal of the artificial joint during their life-
time. The most common cause of failure of hip and knee replacements is mechanical
instability secondary to wear of the articulating components. Thus, tribological and
biomechanical aspects of joint arthroplasty are of specific interest in addressing the
needs of younger, more active patients. The most significant improvements in the
longevity of artificial joints have been achieved through the introduction of more
wear resistant bearing surfaces. These innovations, however, brought about new
tribocorrosion phenomena, such as fretting corrosion at the modular junctions of hip
implants. Stiffness mismatch between the prosthesis components, non-physiological
stress transfer and uneven implant-bone stress distribution are all involved in prema-
ture failure of hip arthroplasty. The development of more durable hip and knee pros-
theses requires a comprehensive understanding of biomechanics and tribocorrosion
of implant materials. Some of these insights can also be applied to the design and
development of dental implants.
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1 Introduction to Orthopaedic and Dental Implantable
Devices

Orthopaedic and dental implants are surgical components that replace or inter-
face with the bone. The most important implantable orthopaedic devices are total
joint replacements, primarily total hip (THR) and total knee replacements (TKR),
Fig. 1(left).

The aim of joint replacement surgical procedure (arthroplasty) is to relieve pain,
improve function, and enhance quality of life, often for sufferers of osteoarthritis,
which affects around a third of people aged over 50. Worldwide, more than one
million THR surgeries and about two million TKR surgeries are performed every
year, approximately 50% of which are done in the US. The rapidly aging population
and a high prevalence of degenerative bone conditions in the elderly drive the demand
for joint replacements even higher. According to American Academy of Orthopaedic
Surgeons, the number of primary THRs in the US is projected to reach 635,000 in the
year 2030 (171% increase vs. year 2014) and 1.23 million in the year 2060 (330%
increase). Similarly, the projections for primary TKR are 1.28 million in the year
2030 (189% increase vs. year 2014) and 60 million in the year 2060 (382% increase).

Total joint arthroplasty is considered one of the most successful surgical interven-
tions performed today. The reported survivorship after 15 years is above 90% for total
hip replacements [1] and ranges between 82 and 98% for total knee replacements [2].
Despite this success, failures of joint replacements do occur, in which case the patient
is required to undergo a revision surgery to replace the failed implant. In fact, the
number of revision procedures is increasing faster than the number of primary arthro-
plasties. The projections of American Academy of Orthopaedic Surgeons for the US
are 72,000 revision THRs (142% increase vs. year 2014) and 120,000 revision TKRs
(190% increase) in the year 2030 and 110,000 revision THRs (219% increase vs.
year 2014) and 253,000 revision TKRs (400% rise) in the year 2060. The rising rates
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of failure are not surprising given the fact that patients currently receiving THR/TKR
are ~20% heavier, more physically active, and live more than 25% longer compared
with several decades ago. According to the latest study, approximately 42% of THRs
will not last more than 25 years [3, 4]. This means that some artificial joints will need
to be replaced at least once during a patient’s lifetime. For younger patients (under
60 years of age), the lifetime risk of revision is around 30%, with the highest revision
rates reported for males between the ages of 50-55 [5]. These clinical data indicate
that the ultimate goal of joint arthroplasty—long-term pain-free function for the rest
of the patient’s life—has not yet been achieved.

Another important class of bone-interfacing prostheses are dental implants,
Fig. 1(right). A dental (or endosseous) implant is a surgical replacement of the tooth
root that interfaces with the with the bone of the jaw or skull to support a dental
prosthetic (e.g. crown or bridge). The main objective of implant supported dental
restoration is the permanent replacement of missing teeth. Every year, more than
800,000 dental implants are placed in the United States and more than 1.8 million
in the European Union. As population is aging, the demand for dental implants will
rise significantly in the next decade. Projection models suggest that among the US
adults missing teeth, the prevalence of dental implant use could reach as high as
23% by the year 2026 [6]. Dental implants are designed to last a lifetime and have,
according to different sources, a success rate of over 90% at 10-15 years follow-
up [7]. However, failures do happen, especially in medically compromised patient
population. It has been suggested that failure patterns and mechanisms behind bone
loss around dental implants have much in common with joint replacements, and
that biomechanical under- or overloading and synergy between friction, wear and
corrosion are responsible for the majority of dental and orthopaedic implant system
failures [8—10]. Therefore, a total hip replacement will be used throughout this paper
asitis arepresentative example of an orthopaedic implant and because the knowledge
from the discipline of orthopedics can be applied to oral implants.

2 Tribology of Total Hip Replacement

2.1 Charnley Low Friction Arthroplasty

The hip is one of the body’s largest weight-bearing joints. This geometrically simple
“ball-in-socket” joint consists of the head (top of the thigh bone, or femur) articulating
inside the acetabular socket of the pelvis. The layer of articular cartilage covering
the bone surfaces lubricated by the synovial fluid provides the joint with exceptional
tribological properties. Total hip arthroplasty consists of replacing both the acetab-
ulum and the femoral head with artificial components. The first total hip replacements
were performed by Wiles (1938) and McKee (1951) [11]. In those early designs, both
bearing surfaces (acetabular cup and femoral head) were made of stainless steel and
were fixed to the bone with screws and bolts. These historical implants experienced
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high incidence of early failure associated with the component loosening, typically
of the acetabular cup. The unsatisfactory clinical performance was primarily due
to elevated friction, jamming and wear within the bearings. It turned out that the
main limitation of the early THR designs was that they mimicked normal hip joint
anatomy. Large femoral heads coupled with inconsistent manufacturing tolerances
generated high frictional torque (turning force) on the articulating surfaces leading
to high shear stresses and loosening at the acetabular cup-bone interface.

Realization of the tribological nature of failure of early hip replacement designs
brought Sir John Charnley to introduce his revolutionary concept of “low-friction
arthroplasty” (LFA) [12]. LFA follows the principle of low-frictional torque based
on the largest possible difference between the radius of the femoral head and that
of the outer aspect of the acetabular component [13]. Charnley and his colleagues
concluded that in order to minimize frictional torque and protect the cup-bone inter-
face, the head diameter should be not greater than half of the external diameter
of the cup. Consequently, the head diameter of THR was reduced from the earlier
used 41.5-22.2 mm, less than half anatomical femoral head diameter (48—55 mm on
the average). Charnley also recognized that in addition to the low frictional torque
design, it is important that the acetabular cup material had a low friction coefficient
against the material of the femoral head (stainless steel in Charnley prosthesis). The
first material used was a self-lubricating polymer polytetrafluoroethylene (PTFE).
PTFE sockets, however, wore out disappointingly fast causing “intense foreign body
reaction” to wear debris and gross destruction of bone. The next polymeric mate-
rial used—ultra-high molecular weight polyethylene (UHMWPE) [14] proved much
more successful. UHMWPE had excellent wear resistance, low friction and high
impact strength, and no problems were observed with metal-on-UHMWPE (M-PE)
bearings in the early years post-implantation. Thus, the biomechanical concept of
low friction arthroplasty combined with the use of a low-wear acetabular cup material
(UHMW polyethylene) started a new era in joint replacement surgery. Very soon, a
more biocompatible and corrosion resistant cobalt-chromium alloy (CoCr) came to
replace stainless steel in the femoral component of Charnley prostheses. From then
on, arthroplasty has known considerable evolution, but metal-on-UHMWPE (CoCr-
PE) articulation remains the gold standard for artificial hips and other artificial joints,
including the knee and shoulder. It is definitely Sir John Charnley to be credited with
advancing our understanding of tribological effects as they apply in orthopaedics,
and the significance of friction, wear and lubrication of implant materials for their
longevity and function, and particularly the body’s reaction to the particulate debris
produced as a result of implant wear [15].

Another breakthrough made by John Charnley was the introduction of a self-
curing acrylic resin (bone cement) as a grouting agent to secure the implant compo-
nents to bone. The cement is injected as a dough-like mass and hardens around the
implant to ensure its anchorage in the bone [16]. The use of bone cement allowed for
the firm fixation of hip replacements unachievable with the previously used screws
and bolts. Charnley cemented THA rapidly gained widespread popularity and became
one of the most successful orthopaedic procedures with reported survivorship rates
greater than 90% at 15-20 years. In young, physically active patients, however, failure
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rates were significantly higher. The main mode of failure was aseptic loosening (loss
of fixation) of one or both implant components, secondary to periprosthetic osteol-
ysis—resorption of bone surrounding the implant [17, 18]. At the time, osteolysis
was thought to be caused by biological reaction to bone cement described as “cement
disease”. This led to the erroneous conclusion that the problem of aseptic loosening
can be solved if the use of bone cement is avoided. Consequently, the innovative
concept of cementless fixation was developed. In the cementless approach, implant
components are stabilized within the bone by bone ingrowth into the porous surface
layer or by bone ongrowth onto the textured surface. The material of choice for
cementless prostheses are titanium alloys (mostly Ti6Al4V) due to their superior
biomechanical compatibility: Ti6Al4V is capable of osseointegration (establishing
direct contact with bone) and has a low modulus of elasticity, half that of CoCr alloy
(110 vs. ~230 GPa) [19]. The latter is important for minimizing periprosthetic bone
resorption due to stress shielding caused by stiffness mismatch between the implant
and the bone (elastic modulus of ~20 GPa) [20]. Against early expectations, cement-
less fixation did not eliminate the problem of aseptic loosening of hip replacements
and the outcomes were no better than with cemented THA.

2.2  Wear of Polyethylene—The Main Culprit of Aseptic
Loosening

Once it became clear that not “cement disease” was the problem, the proposition that
aseptic loosening is related to particulate wear debris from the UHMWPE acetab-
ular component was put forward. The hard metal femoral head can produce wear
of the polyethylene surface during articulation through both abrasive and adhesive
mechanisms. Positive asperities on the hard counterface can abrade the polyethylene
surface, which is relatively softer, producing abrasive wear debris. Friction between
the articulating surfaces shears off particles, producing adhesive wear debris. Hard
particles present in the joint space (cement, metal, bone) can enter between the artic-
ulating surfaces, embed in the polyethylene and abrade the metallic counterface—
“third body” wear mechanism. In total knee replacements, the dominant form of wear
is delamination of polyethylene which occurs as a result of cyclic compressive-tensile
loading that leads to subsurface cracking. Wear particles migrate into tissues and are
phagocytosed by macrophages which become activated and release pro-inflammatory
cytokines that stimulate bone resorption (osteolysis) around the implant leading to
prosthesis loosening [21-23]. Typically, billions of submicron UHMWPE wear parti-
cles (average diameter of 0.3—0.5 pm) per year are released into periprosthetic fluids.
Two main factors affecting the volumetric wear of UHMW polyethylene are diam-
eter and material of the femoral head that articulates against the polyethylene. CoCr
alloy is a metal traditionally used for the femoral head. Meanwhile, titanium alloys
exhibit poor tribological behavior under abrasive and adhesive wear and should not
be used for manufacturing femoral heads. Titanium is much softer than CoCr and is
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easily scratched by hard “third body” particles that intrude between the articulating
surfaces which results in increased friction and abrasive wear of the polyethylene.
For CoCr heads articulating against UHMWPE, larger heads are associated with
greater volumetric wear of polyethylene and high revision rates. The popular 28 mm
diameter is a compromise between wear performance and risk for dislocation of the
implant.

3 Alternative Bearing Surfaces

Since the inflammatory response to wear debris was established as the main cause
of aseptic loosening, efforts at extending joint replacement longevity have focused
primarily on development of more wear resistant bearing surfaces. Two major direc-
tions included (i) improving the quality of UHMWPE and (ii) avoiding the use of
polyethylene bearing altogether. Alternatively, attempts were made to improve the
wear resistance of metallic components by providing them with a hard, wear resistant
surface.

Prior to being introduced into clinical practice, new artificial joint materials must
be submitted to realistic preclinical tests. The tribological performance of novel THA
bearing couples is tested in hip joint simulators designed to mimic the biomechanics
of hip joint in a simulated physiological environment. Despite the reported discrep-
ancies between in vitro simulation results and wear data from explanted devices, joint
simulators are instrumental in predicting clinical wear performance of new bearing
surfaces and identifying the risk of clinically relevant wear [24].

3.1 Cross-Linked Polyethylene

Radiation cross-linking significantly decreased the wear rate of UHMWPE against
CoCr in simulation studies, Fig. 2.

In total hip arthroplasty, this has translated into better long-term outcomes and a
significant reduction in the rate of revision for younger patients [25]. Furthermore,
highly cross-linked polyethylene may allow use of large-diameter femoral heads
without concern about increased polyethylene wear [26]. The biomechanical ratio-
nale for using large-diameter femoral heads is that they allow for a greater range of
motion and limit the risk of dislocation by increasing jump distance—distance the
head has to “jump” before leaving the acetabular cup [27]. For total knee arthroplasty,
however, clinical evidence has been inconclusive, and no distinctive improvement
was observed when highly cross-linked polyethylene (HXLPE) was used compared to
conventional UHMWPE [28-30]. This could be attributed to distinct biomechanical
environments and different relative contributions of polyethylene wear mechanisms
in the two types of joints: adhesive and abrasive wear in the hip versus fatigue wear
and delamination in the knee. In addition, the reduced fatigue strength and toughness
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Fig. 2 In vivo linear wear rates of different bearing couples.: Me—metal, PU—UHMW polyethy-
lene, Ce—ceramic, XPE—cross-linked polyethylene. https://www.ceramtec.com/biolox/clinical-
experience/wear-osteolysis/

of cross-linked polyethylene may cause the cracking of HXLPE knee replacement
components.

3.2 Ceramic-on-Polyethylene Articulation

The wear of polyethylene acetabular components has been further reduced by
replacing the femoral head material from the CoCr metal to a ceramic. The first
ceramic used was aluminum oxide (alumina). Alumina is oxidation resistant, biocom-
patible, very hard and scratch resistant. Furthermore, the fine grain structure allows
alumina to be polished to a very low surface roughness (Ra < 0.05 pm) resulting in
reduced wear of the polyethylene countersurface. In addition, the high wettability
of alumina positively affects the lubricating film thus decreasing the coefficient of
friction [31]. Due to the brittle nature of alumina, however, a few (but potentially
devastating) fracture failures of the early ceramic heads (Biolox® forte, CeramTec,
GmbH) were reported. To reduce the risk of brittle fracture of femoral heads, an
alternative ceramic material—yttria stabilized zirconia (Y-TZP) was introduced. Y-
TZP is a metastable material that exhibits an extremely high (for a ceramic) fracture
toughness due to a unique transformation toughening mechanism. High fracture
toughness combined with excellent tribological behavior against polyethylene made
zirconia femoral heads very popular in the last decade of the past century. It turned
out, however, that when exposed to body fluids, the metastable tetragonal phase
may transform to the stable monoclinic structure [32, 33]. This aging process occurs
in vivo on the surface of zirconia heads, leading to their roughening and microc-
racking. The problem became apparent in the year 2000 when an unusually large
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amount of failures was reported following a change in the manufacturing process of
zirconia heads. In 2001, the company St. Gobain Desmarquest (Vincennes, France)
issued a voluntary recall, and the use of zirconia femoral heads in hip arthroplasty
came to an end.

An important step towards enhancing the resistance of ceramic femoral heads
to brittle fracture was the introduction of zirconia-toughened alumina—a composite
ceramic (Biolox delta) whose fracture toughness is twice that of Biolox forte [34]. The
volumetric wear of polyethylene acetabular cups articulating against ceramic femoral
heads is several times lower than that of their metal-on-polyethylene counterparts,
Fig. 2. The absence of allergic reaction to alumina makes ceramic-on-polyethylene
articulation especially suitable for patients suffering from immune hypersensitivity
to metals such as nickel, chromium and cobalt.

3.3 Hard-on-Hard Articulations

Notwithstanding the improved wear resistance of cross-linked polyethylene, the
most spectacular reductions in volumetric wear of articulating joints (by one-two
orders of magnitude) are achieved with hard-on-hard (metal-on-metal and ceramic-
on-ceramic) bearings, eliminating altogether the soft polyethylene component,
Fig. 2.

3.3.1 Ceramic-on-Ceramic Bearings

Ceramic-on-ceramic (CoC) articulations exhibit by far the lowest wear rates and
are considered a viable option for young, active patients. Excellent mid-term
clinical outcomes are reported for modern CoC hip replacements using zirconia-
toughened alumina (Biolox delta), and component fractures are extremely rare [35,
36]. One well-recognized and annoying complication of ceramic-on-ceramic THA
is squeaking—a high pitched, audible sound that occurs during movement, often
related to a specific activity [37, 38]. The reported incidence of squeaking in CoC
THA lies between 0.5% and >20%. A likely cause of squeaking is adverse tribolog-
ical conditions caused by the loss of fluid film lubrication and high friction between
the ceramic components. Friction generates forced vibrations that cause the metallic
parts to resonate and convert vibrational energy into an audible noise. The incidence
of squeaking is strongly affected by implant- and patient-specific factors.

3.3.2 Metal-on-Metal Bearings

Metal-on-metal (MoM) total hip arthroplasty almost totally abandoned in the mid-
1970’s in favor of Charnley’s metal-on-polyethylene THA, made its comeback in the
very beginning of the twenty-first century [39—41]. By that time, it became clear that
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the failures of fist generation metal-on-metal implants were not due to the bearing
surface material but were mainly caused by design errors and inadequate manufac-
turing. Survivorship analysis of hip replacements implanted between 1965 and 1973
revealed a surprisingly great longevity among some of the original all-metal designs.
At long-term follow-up, the wear of the long-lived metal-on-metal McKee—Farrar
prostheses was by at least one order of magnitude smaller compared to the metal-
on-polyethylene Charnley prostheses. Novel CoCr-on-CoCr devices designed with
the standard small femoral head diameter (22 and 28 mm) exhibited very low wear
rates in hip simulator tests, only slightly higher than those of ceramic-on-ceramic
couples. At the same time, they possessed an obvious advantage of not being brittle.
An important observation from the simulation tests was that more effective fluid film
lubrication and correspondingly low wear rates were achieved with larger diameter
femoral heads. Based on these results, large diameter (>36 mm) MoM articulations
were developed and quickly gained a big share of the market, both in the USA
(approx. 30% in 2006-2007) and worldwide. It took only a few years to realize
that MoM THA was associated with higher revision rates and lower patient satisfac-
tion. In addition to the well-known phenomenon of aseptic loosening), a new mode of
failure was observed—adverse local tissue reaction (ALTR) [42, 43]. ALTR included
periprosthetic soft tissue inflammation, soft tissue necrosis, and pseudotumor forma-
tion. Some patients were asymptomatic but those presenting with pain and elevated
metal blood levels had to be revised.

The final blow for metal-on-metal designs came in 2010 when DePuy, J&J’s
orthopaedic branch voluntarily recalled its ASR MoM hip system due to an unaccept-
ably high failure rate (~13% after 5 years) [44]. The use of metal-on-metal devices
declined rapidly to less than 1% of all the THR systems being implanted today.
The analysis of failed implants revealed that wear particles from MoM articulations
are approximately 50 nm in size, much smaller than the 0.3-0.5 pm UHMWPE
debris particles. Thus, despite the low volumetric wear of MoM bearings, the actual
number of released particles is considerably higher than for conventional metal-on-
PE bearings. Moreover, these metallic nanoparticles are more biologically active and
corrode rapidly in the body fluids releasing large amounts of potentially toxic cobalt
and chromium ions. The unfavorable outcomes of large diameter metal-on-metal
hip replacements are the result of their complex and not well-understood tribology.
From the biomechanical and tribological point of view, MoM articulations were
found to be extremely unforgiving to positioning and manufacturing mistakes: slight
deviations from the optimal alignment, sphericity and radial clearance could lead
to adverse lubrication conditions and excessive wear. To date, there are no FDA-
approved metal-on-metal total hip replacement devices marketed for use in the US,
the only available options being ceramic-on-ceramic, ceramic-on-polyethylene and
metal-on-polyethylene bearings.
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4 Bearing Materials in Total Knee Replacement

In total knee arthroplasty (TKR), bearing surface options have been much more
limited. Practically all state-of-the-art knee replacements use a CoCr alloy femoral
component articulating on polyethylene. The knee joint has a complex noncon-
formal geometry and is subjected to high contact stresses. Polyethylene is sufficiently
compliant to accommodate stress concentration caused by misalignment or surface-
to-surface contact of asperities. The rigid nature of ceramics makes ceramic-on-
ceramic articulation much less forgiving of surface irregularities and slight malpo-
sition thus leading to increased risk of brittle fracture. Therefore, transferring the
benefits of excellent tribological properties of ceramics to the complex geometry of
knee prostheses remains challenging. At the present time, all-ceramic knee endo-
prosthesis is not a feasible option. Several TKA designs having a ceramic femoral
component articulating on polyethylene are available for clinical use or are under
clinical trial [45-47]. These devices represent a promising alternative for patients with
a known hypersensitivity to metals, but it is still early to draw conclusions regarding
their long-term outcomes in terms of longevity, wear damage and incidence of brittle
fracture.

5 Surface-Modified Bearing Materials

The desired alternative to existing articulating materials for joint implants would
combine the fracture toughness of metals with the wear performance of ceramics
[48]. One approach for achieving this is to deposit or overlay a ceramic coating
onto a metallic substrate. The bond created between the deposited coating and the
substrate is only physical (rather than chemical) resulting in relatively weak coating
adhesion. Given the significantly different mechanical properties of the ceramic film
and the underlying metal, adhesive failure between the two materials occur under
load or during articulation. Diamond like carbon (DLC) and titanium nitride (TiN)
are the most extensively studied wear resistant coatings for artificial joints. Despite
their high hardness and excellent biocompatibility, delamination and spalling of
such coatings has been observed in clinical trials and some wear simulation tests.
Insufficient adhesion and inadequate load bearing capacity of the underlying softer
metallic substrate are believed to be the major obstacles on the way to successful
implementation of hard coatings into clinical practice [48]. It is believed that these
shortcomings of externally applied ceramic layers can be alleviated by diffusional
surface hardening—reactively diffusing a non-metallic element into the substrate at
elevated temperatures thus transforming the surface from metal to ceramic.
Oxidized zirconium (OXINIUM, Smith & Nephew Orthopaedics) was devel-
oped for orthopedic applications to provide improvements over CoCr alloy for resis-
tance to roughening, frictional behavior, and biocompatibility without the mechan-
ical limitations of brittle monolithic ceramics [49]. The ceramic surface is formed
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by heating a zirconium alloy in air to allow oxygen to diffuse into the substrate
and to transform the metal surface to zirconium oxide (zirconia) ceramic. Despite
the consistently lower wear of polyethylene components articulating against the
ceramic surfaced OXINIUM in knee and hip joint simulator tests, clinical studies
have shown no statistically significant differences in mid-term implant survivorship
between OXINIUM and CoCr components [50-52]. Additional research is needed
for the clinical performance of OXINIUM to better understand long-term outcomes.
Meanwhile, OXINIUM contains no detectable nickel or chromium, which makes
such implants a safer choice for patients with metal allergies.

6 Fretting Wear Damage of Total Joint Replacements

6.1 Modular Connections of Hip Prostheses

In early hip replacement devices, the femoral stem and head were produced as a
single-piece, monolithic component—a so-called monobloc design, Fig. 3a. Nowa-
days, almost all hip joints are modular and consist of a separate femoral head that
fits on the stem, Fig. 3b, c. The reliable joining of modular components of total joint
replacements is based on the concept of a Morse taper, i.e. that of the cone in the cone
[53, 54]. The two components of the Morse taper form a firm fit that relies on friction
and mechanical interlocking. Modularity provides many advantages, such as greater
intraoperative flexibility allowing the surgeon to restore the patient’s anatomy and

Fig. 3 Different designs of femoral components of total hip replacement: monoblock (Charnley)
(a) and modular (b, ¢): b—monolithic stem, c—dual-taper stem
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to adjust leg length, decreased implant inventory and potential ease of revision by
exchanging only the failed component. Furthermore, modularity allows the combi-
nation of head and stem made of different materials with specific properties thus
optimizing the clinical performance of the whole assembly. For example, a stem
from titanium alloy that is most suitable for cementless fixation but has an inade-
quate wear resistance can be combined with a hard, wear resistant Co alloy or ceramic
head.

Despite its benefits, the modular design has been associated with higher revision
rates due to adverse tissue reaction, neck fracture and femoral head disassociation.
Modularity creates additional mechanical junctions (neck-head and neck stem inter-
faces having a crevice-like geometry) that become weak points where micromotion
and wear can occur [55]. The hip joint is subject to cyclic stresses from gait loading
amounting to more than one million cycles a year. As a result of cyclic loading, a low
amplitude oscillating relative motion occurs at the taper junction of femoral compo-
nents made of dissimilar materials and having different rigidity. This leads to the
tribological process of fretting causing surface damage of the fitting contact surfaces.
The process is often referred to as “mechanically assisted crevice corrosion”(MACC)
and can be briefly described as follows [56—59], Fig. 4a—d. Rubbing between the taper
surfaces under stress leads to mechanical disruption of the protective oxide film and
corrosion followed by rapid regeneration of the oxide layer (repassivation). This is
accompanied by oxygen consumption, metal ion release and hydrolysis, and voltage
drop. As the mechanical damage to the oxide is continuously repeated, oxygen in
the crevice is depleted while the liberated hydrogen ions acidify the fluid to the
point where repassivation becomes impossible. Given that the corrosion resistance
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of both cobalt and titanium alloys relies on passivity, the inability to rebuild the
passive oxide film results in active corrosion. An additional feature of MACC is
hydrogen gas accumulation below the modular neck and hydrogen embrittlement
on the surface of titanium components [60, 61]. MACC at the femoral head-neck
interface of modular hip replacements is commonly referred to as trunnionosis.

Wear debris and metal ions produced at taper junctions can lead to elevated blood
metal ion concentrations and adverse local tissue reactions. The histological appear-
ance of periprosthetic tissues surrounding corroded trunnions is similar to tissues
surrounding failed hip replacements with metal-on-metal bearings. Some patients
will remain asymptomatic; others will develop adverse clinical symptoms that require
revision: necrosis, pseudotumors, pain, etc. In heavy patients, cases of catastrophic
fatigue fracture of titanium male stem tapers initiated at notch-like irregularities of
the fretted surface were reported [62, 63].

Several modular hip systems are available on the market, differing in design and
femoral stem/neck/head material. As discussed above, the head is typically made
of the wear-resistant cobalt-chromium alloy or ceramic whereas the stem can be
either cobalt-chromium or titanium alloy. The stem can be monolithic (one-piece
design), Fig. 3b, or can have an exchangeable neck (dual-taper stem), Fig. 3c. In
the latter case, an additional stem/neck interface is introduced which only increases
the concern regarding the occurrence of mechanically assisted crevice corrosion. Ti
alloys are the common material choice for cementless stems due to their superior
osseoconductivity and low stiffness preventing bone resorption secondary to stress-
shielding. In this respect, beta-titanium alloys whose elastic modulus is significantly
lower than that of the standard Ti-6Al-4V alloy are most favorable candidate mate-
rials [64]. However, combining beta-titanium with the high-modulus Co-Cr alloy
components has proven disastrous and led to several major Hip Replacement recalls.
The beta-titanium involved is a proprietary Ti-12Mo-6Zr-2Fe (TMZF®) alloy having
the elastic modulus of around 75 GPa that was developed by Stryker Orthopaedics.

When a monolithic TMZF stem (Accolade I stem design) was used in combination
with a Co-Cr alloy head (LFIT V40) supposed to minimize the risk of dislocation,
high incidence of failures due to taper wear and adverse local tissue reaction was
reported [65-68]. The patients experienced pain and restricted motion requiring a
revision surgery. In some cases, tapers were damaged to such a significant level
that head dissociation from the stem occurred. Examples of such gross stem taper
failure (GTF) and head disassociation are shown in Fig. 4e—g. It is hypothesized
that micromotion and fretting corrosion at the taper junction results in the widening
of the gap between the head and the neck which allows the head to turn and move
on the stem. The harder Co-Cr head abrades the softer titanium alloy neck to such
an extent that the head can easily disassociate from the stem. Importantly, GTF has
occurred recurrently with stems made of the low-modulus TMZF alloy, very rarely
with stems from the standard Ti-6Al-4V alloy and never with the high modulus Co-
Cr alloy stems suggesting the influence of the material stiffness. Indeed, numerical
modelling has shown that the deformation and micromotion at the Co-Cr head-stem
taper interface was significantly larger for the TMZF-alloy stem compared to the
CoCr and even to Ti-6Al1-4V alloy stems. The phenomenon of head disassociation
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was most often observed with large diameter Co-Cr heads (36 mm and larger) and
these were voluntarily recalled by the manufacturer in 2016. Other femoral head sizes,
as well as ceramic heads remain on the market however problems with the device
continue to be of concern as failures in implant sizes outside of the recall are being
reported. The Accolade I stem made of the low-modulus TMZF beta titanium alloy
was never recalled but its use declined rapidly. In 2012 Stryker replaced Accolade 1
stem with the standard Ti-6Al-4V alloy stem (Accolade II).

The most well-known case of tribocorrosion of modular hip replacements is the
failure of dual-taper Rejuvenate and ABG II stems launched by Stryker Orthopaedics
in 2009 [69-72]. Both designs combined a low-modulus TMZF femoral stem and
an exchangeable cobalt-chromium alloy neck. Since Co-Cr is harder and stiffer
than titanium, it was suggested that this would allow safer and long-term use of
the modular neck. The femoral heads were either Co-Cr or ceramic articulating on
a UHMW polyethylene acetabular cup. Extremely high revisions rates secondary
to tribocorrosion at the taper connection were reported for both designs, reaching,
for Rejuvenate stem, 65% three years post-implantation. Due to these unaccept-
able failure rates and the ensuing FDA investigation, Stryker was forced to issue a
voluntary recall of both products in 2012. Similarly to the case of Accolade II, the
culprit in the failure of the dual-taper mixed-metal stem was the low elastic modulus
of the TMZF alloy. Following the recall of the Rejuvenate and ABG II, Stryker
discontinued the use of the low-stiffness beta-titanium and replaced it with the stan-
dard Ti-6Al-4V alloy. Current recommendations regarding modular hip replacements
include avoiding femoral stems with low flexural rigidity and reducing the number
of modular junctions, e.g. by using fixed neck stems. Also, substituting Co-Cr alloy
heads with the chemically inert ceramic heads is expected to reduce MACC since
corrosion processes will only occur on the metallic stem taper and will not be accel-
erated by galvanic coupling with a dissimilar metal [73, 74]. From the biomechanical
point of view, smaller diameter heads are typically reported to produce less fretting
damage since they generate smaller head-neck moment arm and correspondingly
smaller torsional forces at the head-neck taper junction [75, 76]. The use of small
diameter heads (36 mm and less), however, is associated with an increased risk of
dislocation of hip replacement and is not willingly accepted by orthopaedic surgeons.

It follows from the above discussion that even if all the guidelines are followed,
tribocorrosion at modular junctions of orthopaedic and dental implants exposed to
cyclic loading cannot be fully eliminated. To overcome the problem of head-neck
taper degradation, different surface engineering approaches are being investigated.
One possibility is to coat a titanium alloy stem taper with a hard, wear-resistant film.
The results of in vitro evaluation of TiN and TiN/AIN coatings suggest that these
coatings provide superior fretting and fretting corrosion resistance to the tapered
interfaces of the Co-Cr-Mo and Ti-6Al-4V alloy components [77-79]. Increasing
the interfacial bond strength between the coating and the substrate could improve
the fretting and corrosion resistance even more.
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6.2 Stem-Cement Interface

Another joint replacement zone prone to tribocorrosion is the stem-cement inter-
face of cemented prostheses [80-83]. Under physiological loading, this interface
experiences a low amplitude oscillatory micromotion. During relative sliding, hard
radiopacifier particles (e.g., ZrO,) within the cement abrade the polished surface
of the femoral stem and induce a tribocorrosive interaction. The effect is most
pronounced for titanium alloy stems that experience larger flexural deflections and
are more easily abraded than the stiffer and harder CoCr stems [84]. Fretting wear
damage results in the formation of gaps/crevices between the cement mantle and the
titanium stem leading to crevice corrosion of the metallic surface. Both the surface
damage and the immunological reaction to released particles and ions compromise
the stem stability and may lead to premature failure of the cemented joint prosthesis.
Similarly to the taper junctions of modular implants, the low elastic modulus of tita-
nium here is a drawback rather than an advantage. Flexural deflections of femoral
stems lead to the cracking of the cement mantle and debonding at cement-stem
interface, and both phenomena are much more pronounced for the low-stiffness tita-
nium stems. These biomechanical and tribocorrosion problems make Ti alloy stems
a much less popular option for cemented hip replacements. Although cemented Ti
alloy stems are still available on the market, it is believed by many that the use of
titanium stems in cemented THA should be abandoned [85].

7 Tribocorrosion in Dental Implants

Despite high success rates, 5-11% of implant-supported dental restorations fail
within 10-15 years and must be removed [86]. The dominant failure mode of dental
implants is peri-implantitis (inflammation of tissues surrounding the implant) and the
associated loss of supporting bone. Tribocorrosion at internal connections between
the prosthesis parts (implant, abutment and crown) and at implant-bone interface
is among the major contributors to peri-implantitis [§7-90]. The implant and the
abutment are made of titanium or titanium alloy, whereas the crown is usually made
of porcelain or zirconia ceramic. Despite very precise machining, there always is
a microgap between the implant and the prosthetic connector. During mastication,
micromotion occurs at the implant-abutment and abutment-crown interface leading
to fretting and crevice corrosion. The situation is obviously similar to mechanically
assisted crevice corrosion at taper connections of total hip replacements. The released
degradation products (metal ions and metal oxide particles) initiate inflammatory
tissue response that can eventually result in peri-implant bone loss. Furthermore,
material loss enlarges the microgap between the abutment and the implant allowing
for rapid gap colonization by oral microorganisms and subsequent bacterial infec-
tion. The combined action of microbiological, mechanical and tribocorrosion factors
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promotes peri-implantitis and the associated bone loss eventually leading to implant
failure.

8 Summary

With the growing demand for orthopaedic and dental implants and expectations of
longer device lifetimes for the younger patients, wear and corrosion of articulating
surfaces and modular junctions of these implantable devices are a prime concern.
Aside from the patient’s activity and physiological state, the biotribological perfor-
mance of a prosthesis depends on the mechanical design and the materials used
(metals, ceramics, polymers). Despite the substantial improvements achieved in both
directions, the ultimate goal of total joint replacements—Ilong-term pain-free func-
tion for the rest of the patient’s life—has not yet been achieved. Currently there are
gaps in our understanding of biomechanics and wear behavior of medical implants.
Closing these gaps will help guide future research in this field and improve the
longevity of orthopaedic and dental implantable devices.
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