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Resumo

Recentemente varios materiais e designs biomédicos foram avaliados na tentativa de
melhorar o desempenho mecanico das proteses de substituicdo total da articulacdo
temporomandibular. No entanto, o desgaste do condilo ocorre com 0 movimento de carga
com deslizamento contra o componente da fossa, a base de polimero, levando a perda de
material e libertacdo de detritos. O objetivo deste estudo foi avaliar o coeficiente de atrito,
volume de desgaste, danos de superficie e biomecanica em relacdo a diferentes materiais
e design de condilos para substituicdo total da articulagdo temporomandibular aloplastica.
A pesquisa bibliogréafica foi realizada nas bases de dados: MEDLINE/PubMed (via
National Library of Medicine) e ScienceDirect (Elsevier). Foram utilizados os termos: "
protese  de articulagio  temporomandibular,” OR  “implante articulacdo
temporomandibular" OR " "protese de ATM” OR "implante ATM" OR "ATM
alloplastica” OR "substituicdo ATM™ OR "CoCr" AND "desgaste” OR "friccdo " OR
"dano de superficie" OR "detritos” OR "toxicidade". O estudo foi realizado em dois
grupos de condilos metalicos com materiais e designs diferentes, anatomicos e esféricos.
Os condilos foram preparados a partir de ligas de CoCrMo ou Ti6Al4V que foram
testadas contra um polietileno de ultra-densidade molecular (UHMWPE). Testes de
deslizamento reciproco foram realizados considerando o0 movimento da protese; carga de
30 N, 1 Hz, deslizamento de 4 mm, durante 60 min em solucéo de Ringer a 37° C. As
superficies foram inspecionadas por microscopia eletronica acoplada a espectroscopia
dispersiva de energia. As tensdes de Von Mises foram calculadas atraves de simulacao
3D de elementos finitos, realizada em relacdo ao eixo central da protese. Foram
encontrados 165 estudos no PubMed e 3912 no ScienceDirect, sendo que 48 estudos
foram selecionados para um estudo de revisdo. Estudos prévios revelaram que o atrito
destes dispositivos promoveu a libertacdo de detritos de desgaste, como particulas e iGes.
Os processos de desgaste dependeram dos materiais, design e estabilidade da protese.
Consequentemente, 0s detritos toxicos levaram ao recrutamento de linfdcitos e
macrofagos, induzindo a morte celular. No presente estudo, foram registados valores
médios de coeficiente de atrito variando entre 0,06 e 0,08. Relativamente ao efeito do
design, os valores médios de taxa especifica de desgaste das superficies de UHMWPE
foram superiores contra condilos esféricos (5,53 x10* mm®3/Nm para CoCrMo e 4,54 x10-

* mm3/Nm para Ti6Al4V). Imagens microscopicas da regido central das pistas de desgaste
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no polietileno, revelaram deformacdo pléastica e a existéncia de tribocamadas. Os valores
de Von Mise encontrados nos condilos anatomicos de CoCrMo, em torno de 25 MPa,
foram menores quando comparados aos condilos esféricos tanto para CoCrMo quanto
para Ti6A4lV, aproximadamente 35 MPa e 30 MPa, respetivamente. Achados
experimentais mostraram um baixo desgaste do Ti6Al4V contra superficies de
polietileno, embora a perda de volume registada para as superficies de polietileno tenha
sido menor para o condilo anatdmico. Os danos causados pela carga friccional ciclica e
particulas abrasivas foram mais prejudiciais para as superficies de CoCrMo/UHMWPE
quando comparadas com o par Ti6Al4V/UHMWPE. O céndilo de formato anatémico

diminuiu as tensdes nas superficies de contacto, portanto, a degradacéo e a perda de
material foram diminuidas.

Palavras-chave: articulacdo temporomandibular, prétese de ATM, atrito, desgaste,
biotribologia.
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Abstract:

Recently several biomedical materials and designs have been assessed in attempt to
improve the mechanical performance of temporomandibular joint total joint replacement
(TMJ TJR) prostheses. Nevertheless, the wear of the TMJ TJR condyle occurs with
sliding motion against the polymer-based fossa component during loading, leading to
material loss and the release of debris. The purpose of the present study was to evaluate
the coefficient of friction (COF), wear volume, surface damage, and biomechanics
regarding different materials and condyle design for alloplastic temporomandibular joint
total joint replacement (TMJ TJR). A search was carried out using electronic databases:
MEDLINE/PubMed (via National Library of Medicine) and ScienceDirect (Elsevier).
The following terms were used: “temporomandibular joint prosthesis® OR
"temporomandibular joint implants” OR " "TMJ prosthesis” OR "TMJ implant” OR
"alloplastic TMJ" OR “TMJR” OR “CoCr” AND “wear” OR “friction” OR “surface
damage” OR “debris” OR “toxicity”. The experiment was performed regarding two
groups of metallic condyle materials and two different designs, namely anatomical and
spherical. Condyle specimens were prepared from CoCrMo or Ti6Al4V alloys which
were assessed against ultra-highly molecular weight polyethylene (UHMWPE) samples.
Reciprocating sliding tests were performed considering usual TMJ TJR joint motion; 30
N loading, 1 Hz and stroke length of 4 mm for 60 min in Ringer’s solution at 37° C. Worn
surfaces were inspected by scanning electron microscopy (SEM) coupled to energy
dispersive spectroscopy. Von Mises stresses were calculated using a 3D finite element
model (FEM) simulation performed relatively to the central axis of the TMJ TJR
assembly. The search strategy yielded 165 studies on PubMed and 3912 on ScienceDirect
although 48 studies were selected for a review study. Previous studies revealed that
friction in TMJ TJR promoted the release of wear debris at nano and micro-scale size
such as particles and ions. Friction and wear processes were dependent on the materials,
design, and the stability of the TMJ TJR. As a consequence toxic debris lead to tissue
reactions carried out by fibroblasts, lymphocytes, and macrophages inducing cell death.
On the present study, COF mean values were recorded ranging between 0.06 and 0.08.
Regarding design effect, the mean values of specific wear rate of UHMWPE surfaces
were higher against spherical specimens (5.53 x10* mm®/Nm for CoCrMo and 4.54 x10-
4 mm3Nm for Ti6AI4V). SEM images of the middle region of the wear tracks on
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UHMWPE revealed plastic deformation and the existence of tribolayers. The Von Mises
stress values found on anatomical condyles of CoCrMo at around 25 MPa were lower
when compared with the spherical-shape condyles either for CoCrMo or Ti6A4lV,
approximately 35 MPa and 30 MPa, respectively. Experimental findings showed a low
wear on Ti6Al4V against UHMWPE surfaces although the volume loss recorded for the
UHMWPE surfaces was lower for the anatomical condyle. The damage caused by cyclic
frictional loading and abrasive particles were more detrimental to the
CoCrMo/UHMWPE bearing surfaces when compared with the UHMWPE/Ti6AIl4V pair.
The anatomical-shape condyle decreased the stresses on the bearing surfaces and
therefore the degradation and loss of material was decreased.

Key words: temporomandibular joint, TMJ TJR, friction, wear, biotribology
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Introduction

The human temporomandibular joint (TMJ) is a diarthrodial system of the mandible to
the temporal bone that produces sliding-hinge movements that provides the essential
human functions of mastication, speech, airway support, and deglutition [1-3].
Temporomandibular joint disorders (TMD) involve muscular pain, opening mouth
limitations, migraines, and bruxism that affect around 25% of the world population. In
the treatment of TMD, surgical procedures of temporomandibular joint are seen as a last
resort for some end-stage problems. Thus, surgical procedures for TMJ total joint
replacement (TJR) are recommended for only 2-5% of TMD issues that still corresponds
to a large number of patients with TMJ TJR [4,5].

On the manufacturing of TMJ devices, titanium alloys are used to promote
osseointegration in the mandible ramus and articular fossa. Cobalt-Chromium (CoCr)-
based alloys are used to replace the condyle that is placed in contact with a prosthetic
articular fossa composed of a polymeric material such as ultra-high-molecular-weight
polyethylene (UHMWPE) [4,6]. One major mechanical issue of TMJ TJR is the mismatch
in physical properties (i.e., elastic modulus) of the prosthetic materials and surrounding
bone structures [7,8], that can determine the stress distribution through the TMJ TJR
materials towards the supporting bone [9,10]. A mechanical instability of TMJ TJR can
provide a high stress concentration on materials and bone, leading to an increased wear
of the bearing surfaces [11,12]. On the sliding of the TMJ TJR condyle onto the synthetic
polymeric fossa, a two-body abrasion takes place on the tribological pair (i.e., CoCrMo
versus UHMWPE) [6,13]. The abrasion results in the plastic deformation of the
contacting surfaces depending on the normal (axial) loading magnitude and roughness
(micro/nano-scale peaks dimensions) of the components [3,14,15]. Then, a rupture of
intermolecular bonds take place followed by a subsurface damage caused by the
movement of surface molecules under cyclic loads [16,17]. Micro-cracks and removal of
material such as particles and ions occurs in the wear track leading to the release of micro-
and nano-scale debris to the surrounding tissues [16-19]. Degradation debris at micro-
and nano-scale dimensions do affect the cells of the surrounding tissues such as

fibroblasts, mesenchymal cells, osteoblasts, lymphocytes, and macrophages. As a result,
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the inflammatory reaction can occur with cytokine production, cell apoptosis, and
activation of osteoclasts [7,8].

The present PhD project was structured from a methodical search and selection of studies
followed by an evaluation of relevant previous findings. An experimental study was
designed considering the lack of outcomes on the friction and wear processes on different
materials and design for TMJ TJR. The current PhD thesis is divided in five chapters as
follow: Chapter 1 deals with a literature review on the temporomandibular joint (TMJ)
and related disorders (TMD), TMJ TJR, materials, biomechanics, degradation pathways,
and adverse biological effects of debris. Materials and Methods is described in Chapter
2 that starts with a systematic search and selection of studies published in literature. The
preparation of condyle specimens was carried out from CoCrMo or Ti6AIl4V alloys while
the fossa component was manufactured from UHMWPE. The mean values of COF and
wear volume were recorded on reciprocating wear sliding tests. Then, surfaces were
inspected by scanning electron microscopy (SEM) coupled to energy dispersive
spectroscopy (EDS). Also, the following physicochemical assays were performed:
Dynamic Mechanical Analysis (DMA); nanoindentation, and Fourier transform infrared
(FTIR) spectroscopy. At last, stresses on the condyle to the UHMPE was evaluated by
using the finite element method (FEM). Chapter 3 focuses on the description and
discussion of results from the experimental study. Results were discussed and compared
with the findings reported in literature. At last, Chapter 4 deals with the main outcomes
of the present PhD thesis while Chapter 5 provides suggestions for future work.

Regarding the review and experimental study, four articles were prepared and submitted
in indexed scientific international journals. In 2021, a narrative review entitled “Wear of
temporomandibular joint prostheses” was published in RevSALUS (Ed. RACS) and then
another review entitled “A Preliminary Analysis of the Wear Pathways of Sliding
Contacts on Temporomandibular Joint Total Joint Replacement Prostheses” was
published in Metals (Ed. MDPI). At last, the main original study entitled “Stresses,
friction, and wear on different materials and design for temporomandibular joint total
joint replacement (TMJ TJR” has been accepted for publication in Tribology International
(Ed. Elsevier) in 2022.
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Objectives

The main goal of the present PhD project was to evaluate the coefficient of friction, wear
volume, surface damage, and biomechanics regarding different materials and condyle
design for TMJ TJR prostheses.

Considering the differences in design, a first hypothesis was that an anatomical-shaped
condyle can decrease the friction loading and wear volume of bearing surfaces in TMJ
TJR. A second hypothesis was that CoCrMo and titanium alloys reveal different

coefficient of friction and wear behavior on sliding against UHMWPE surfaces.
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Literature Review
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1. Literature Review

1.1. Temporomandibular joint and related disorders

The human synovial temporomandibular joint (TMJ) has a unique capability of sliding
on a hinge joint that allows movements in various vector planes involved in essential
human actions such as speaking, chewing, airway support, and swallowing [20,21]. TMJ
comprises the mandible condyle, fibrous articular disc, and temporal bone fossa (Figure
1). The mandibular condyle fits into the temporal bone mandibular fossa. TMJ
physiologic actions occur due to the rotation motion of the condyle over the articular disc
and the translation of the disc-condyle complex along the articular eminence, as seen in
Figure 1 [22-24]. Mandibular rotation occurs on the inferior side of the disc, and
mandibular translation occurs at the superior disc surface [24,25]. The articular disc and
cartilage are adhered over the bony surfaces in the TMJ allowing for the dissipations of
shearing, normal, and frictional loads generated by the functional jaw, promoting tissue
remodelling [30,33]. However, high concentration of loading and therefore stresses can
occur on the articular disc being transferred to the surrounding cartilage and bone
structures [26]. The average of the elastic modulus in the TMJ bone structures are
recorded at 25-30 GPa, while the elastic modulus of the mandibular condylar cartilage
is around 5-12 GPa [26-28]. In fact, the TMJ complex is habitually under cyclic loading,
more than any other joint in the body throughout life since the mouth movements of
opening and closing can occur up to 2000 times per day [29]. Essential human actions
such as speaking, chewing, airway support, and swallowing are supported by the shape
and functioning of the TMJ.
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Figure 1- Schematics of the human temporomandibular joint (TMJ). Adapted from [30].

Temporomandibular disorder (TMD) is the second most common chronic
musculoskeletal issue after chronic low back pain, resulting in pain and disability [31,32].
Such group of disorders muscular pain, opening mouth limitations, migraines, and
sleeping issues. That can negatively affect individual’s daily activities, psychosocial
functioning, and quality of life [33]. Overall, the annual TMD management costs in the
USA (not including imaging) has doubled to $4 billion in the last decade [31,34]. Around
25% world population is affected by some degree of TMD, although surgical procedures
are recommended in only 2-5% of TMD cases [35-37]. In the USA, approximately 1
million people per year are diagnosed with a TMD but only around 3000 patients need
surgical replacement of the temporomandibular joint (TMJ TJR). [3,5,38].

TMD encompasses a wide variety of clinical conditions on pain and dysfunction of the
temporomandibular regions. Nowadays, the Diagnostic Criteria for Temporomandibular
Disorders (DC/TMD) is widely accepted for assessment and classification of TMD [31].
According to such recent evaluation protocol, the aetiologic factors for TMD are
multifactorial and can be attributed to both physical and psychosocial factors [39].
Regarding physical factors, TMD can be divided into articular disorders, and the more
common (85%-90%) non articular or disorders [39,40]. Several studies reported that
TMD symptoms of arthrogenous origin may be related to internal derangement of the
TMJ, which can be defined as a mechanical issues of the physiologic TMJ movements
[41-43]. Other causes of TMD can be unilateral posterior crossbite [44], habitual body
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posture during sleep that allows the ipsilateral condyle to displace posteriorly that causes
anterior disc displacement [45]. TMJ adaptability to mechanical demands may be affected
by age, gender, and traumatic injury [46]. A high predilection for the TMD symptoms in
women compared with men has been reported in literature. Also, TMD symptoms has
been often reported during the female childbearing years. Thus, studies suggested that the
female sex hormones may have a role in the pathogenesis of the TMJ disorders [46]. Sex
hormones are known to influence the differentiation, growth, development, and
metabolism of connective tissues. A previous study reported that sex hormones affect the
extracellular matrix of the TMJ disc of female and male rats [47]. Unfortunately, it is not
clear yet whether the female sex hormones or the estrogen receptors are responsible for
the TMD gender paradox [48].

When the TMJ functioning affects their friction free and smooth movements, a disruption
of the internal aspect takes place, usually preceding disc displacement over the articular
surfaces. Previous studies suggested that internal derangement precedes degenerative
joint diseases, namely osteoarthritis [6,39,41,42]. High loading concentration can
promote the damage of cells and tissues over functional or parafunctional movements of
the jaw such as clenching or bruxism [49-51] [49,52]. The damage of extracellular and
cell molecules induces the immune response leading to continuous inflammatory
reactions [49]. The severity of internal derangement has been classified by Wilkes into
five stages regarding the pain, mouth opening, disc location, and anatomy [53]. The
Wilkes’ classification (Table 1) ranges from painless clicking of the joint (Stage I) up to
severe pain of the joint with severe degenerative bone changes (Stage V), as seen in Table
1. Wilkes’ classification has served as an aid to guide treatment options in the

management of arthrogenous TMD [39].



CESPU

INSTITUTO UNIVERSITARIO
DE CIENCIAS DA SAUDE

Table 1- Wilkes’ staging classification of internal derangement of TMJ considering clinical, radiologic,

and surgical findings. Adapted from [53].

intermediate stage

TMD degree Signals and symptoms

I. Early stage Clinical: No significant mechanical symptoms other than opening
reciprocal clicking; no pain or limitation of motion
Radiological: Slight forward displacement; good anatomic contour|
of the disc; negative tomograms
Anatomic pathology: Excellent anatomic form; slight anterior]
displacement; passive in-coordination demonstrable

II. Early Clinical: One or more episodes of pain; beginning major

mechanical problems consisting of mid-to-late opening loud
clicking; transient catching, and locking

Radiological: Slight forward displacement; beginning disc
deformity of slight thickening of posterior edge; negative
tomograms Anatomic pathology: Anterior disc displacement; early
anatomic disc deformity; good central articulating area.

III. Intermediate
stage

Clinical: Multiple episodes of pain; major mechanical symptoms|
consisting of locking (intermittent or fully closed); restriction of
motion; difficulty with function
Radiological: Anterior disc displacement with significant]
deformity or prolapse of disc (increase thickening of posterior
edge); negative tomograms Anatomic pathology: Marked
anatomic disc deformity with anterior displacement; no hard tissue
changes

IV. Late
intermediate stage

Clinical: ~ Slight increase in severity over intermediate stage.
Radiological: increase in severity over intermediate stage; positive
tomograms showing early-to-moderate degenerative changes—
flattening of eminence, deformed condylar head, sclerosis
Anatomic pathology: Increase in severity over intermediate stage,
hard tissue degenerative remodelling of both bearing surfaces
(osteophytosis); multiple adhesions in anterior and posterior
recesses; no perforation of disc or attachments

V. Last stage

Clinical: Characterized by crepitus; variable and episodic pain
chronic restriction of motion and difficulty with function.
Radiological: Disc or attachment perforation; filling defects; gross
anatomic deformity of disc and hard tissues; positive tomograms
with essentially degenerative arthritic changes. Anatomic
pathology: Gross degenerative changes of disc and hard tissues;
perforation of posterior attachment; multiple adhesions;
osteophytosis; flattening of condyle and eminence; subcortical cyst
formation
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Most TMD cases can be improved applying non-invasive management options [6,54].
The initial management of TMD may include conservative options such as analgesics,
non-steroidal  anti-inflammatory drugs, anxiolytics, anti-depressants, and occlusal
appliances [39]. Physiotherapeutic approaches have been suggested for management of
TMD showing beneficial effects on various clinical issues in TMD [55,56]. For
myogenous TMD, Botulin Toxin injection, acupuncture, and dry needling techniques
have been suggested as an effective method to reduce stress in some patients [57-59].
Also shock wave therapy seems to provide positive outcomes for treatment of muscular
disorders [60,61]. For arthrogenous issues which are not responsive to conservative
treatment, procedures like articular injections, arthroscopy and arthrocentesis are
indicated for debridement of damaged tissues (Figure 2) [62]. Also, different
pharmacological agents for intra-articular injection have been proposed such as
hyaluronic acid, corticosteroid, analgesics, platelet-rich plasma, and platelet-rich fibrin
[63]. However, a combined therapeutical approach can be required considering the TMD

degree of the patient [39].

Figure 2- Two needle arthrocentesis treatment. Adapted from [62].
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Common causes for surgical procedures for TMJ TMJR are related to severe trauma or

end-stage joint diseases such as ankylosis (Figure 3), degenerative diseases (i.e.,

osteoarthritis), tumours and congenital/developmental disorders [31,36,64]. A cone beam

computed tomography image (CBCT) of a transarticular bone adhesion namely ankylosis

of a TMJ is shown in Figure 3.

Figure 3- CBCT image on a transarticular bone adhesion (ankylosis). Adapted from [65].

1.2 Temporomandibular joint total replacement

The design process for medical devices is complex, requiring collaboration between
experts in the engineering, medical, material domains and transfer of technologies and
ideas throughout the manufacturing process [66,67]. Long term success of medical
prostheses and devices depend not only on the design but also on the materials [68]. In
1960, Sir John Charnley reported the use of a total alloplastic prosthetic hip replacement
system utilizing an ultra-high molecular weight polyethylene (UHMWPE) articulating
with a stainless-steel femoral head component [6,69,70]. Modifications of such
orthopaedic prosthesis device using titanium, titanium alloy and cobalt- chromium-

molybdenum against the UHMWPE component, have become the first choice for
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achieving a low friction on orthopaedic TJR. The first total temporomandibular joint
replacement (TMJ TJR) method was conceived in 1965 by Christensen and then other

systems have been developed and currently applied [5,71].

Alloplastic TMJ reconstruction increased in popularity in the early 1980's due to the
disadvantages in autogenous reconstruction involving longer surgery, high morbidity of
the donor site, more time to heal, graft micromotion, delayed physical therapy, high

relapse potential when combined with orthognathic surgery [72].

At that time, Vitek Inc. (Vitek, Houston, USA) received FDA approval for the use of their
Proplast-Teflon™ within an interposition meniscus replacement after discectomy to
maintain vertical dimension and prevent degenerative changes of the condyle [20,73].
Despite incomplete testing and warnings given by the supplier company that Teflon™
implants have a high degradation, 26,000 patients across North America were fitted with
those implants (Figure 4) [70,74]. In the early 1990s, negative experiences with patients
experiencing irreversible symptoms related to mechanical failure with the Vitek—Kent

prosthesis brought discredit on all alloplastic TMJ replacements (Figure 4). In January
1991, the FDA ordered Vitek to recall the implants from the market [20,75]

Figure 4 - Foreign Body Giant Cell Reaction to the Vitek-Kent interpositional implant. (A) External frontal
view. (B) Intraoperative view. Adapted from [73]
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In 1995, the TMT TJR system by Biomet was approved by the FDA for use in clinical
trials. TMJ Concepts and NEXUS CMF products were also approved in 1999 and 2001,
respectively. The TMJ TJR system was officially approved as a clinical device in 2005
in USA [75]. Currently, three TMJR TJR systems are approved by FDA as follow (Fig.
5): stock (off-the-shelf) and custom CAD/CAM, patient-matched version of the stock
implant, available only in Europe (Zimmer Biomet, Warsaw, IN, USA); custom (patient-
fitted) prosthesis (TMJ Concepts, Ventura, CA, USA); Christensen stock and custom
prosthesis (TMJ implants Nexus CMF, Salt Lake City, UT, USA) [2,76-78].

Figure 5 - Different TMJ TJRsystems. (A) Stock metal-on- polyethylene device (Biomet, USA); (B) Stock
metal-on-metal device (Nexus CMF, USA); (C) Custom metal-on- metal device (Nexus CMF, USA); (D)
Patient-fitted metal-on-polyethylene TMJ Concepts device (TMJ Concepts, USA). Adapted from [78]
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Total stock TMJ TJR from Zimmer Biomet includes a mandibular component available
in three different sizes (55, 50, and 45 mm) and a prosthetic articular fossa in different
size (wide, medium, small) [79,80]. Zimmer Biomet™ TMJ TJR have a CoCrMo alloy
(ASTM type F799 or F1537) condyle coupled to the mandible ramus component
composed of titanium grade V to promote the osseointegration process [81,82]. The fossa
component consists of an ultra-high molecular density polyethylene (UHMWPE)
component, without metallic support [6,13,81]). Both components are fixed using 2.0 mm
self-tapping screws for the articular fossa and 2.7 mm for the mandibular component [81—
83]. On standard components, the articular fossa and the mandibular ramus have to be
fitted, or the prosthesis itself needs to be bent or shimmed in order to fit the implantation
site [11,84,85]. Although the prosthetic articular fossa can be stabilized without the use
of bone graft materials, anatomic features (i.e., deep articular fossa) can limit the fitting
of the TMJ TJR prostheses [70,75,86]. Since all present stock devices do not have a
posterior stop [70,87], the potential for posterior condyle dislocation can result in a
perforation of the auditory canal resulting in pain malocclusion or infection . It should be
of particular concern for orthognathic cases while setting the condyle into “centric”
during mandibular procedures, and especially in combination with counter-clockwise
mandibular rotation procedures [80,84]. The standard TMJ TJR systems usually involves
a two-step protocol. On the first surgery, the ankylosed bone is removed to provide a
suitable bone space for placing a spacer component. Within the second surgery, the spacer
component is removed and the selected TMJ TJR prosthesis is placed [64,79,88]. In the
treatment of very asymmetric patients with high mandibular angles, which the majority
of patients with TMD, the placement of standard TMJ TJR prostheses becomes more
challenging due to the limited choices of dimensions and design [12,88]. The benefits of
standard TMJ TJR involve low cost and immediate availability [79,89,90].
Biomet/Lorenz (Zimmer Biomet, Germany) is one of the most used standard system with
FDA approval [5,74,91]. In a previous clinical and radiological study of 33 patients, the
VAS scale for Biomet stock prostheses between 2010 and 2016 improved for pain, diet,
incisal opening, and quality of life before and after surgery of the patients [92]. Clinical
studies published between 2005 and 2012 suggested a success rate of standard TMJ TJR
ranging from 84 up to 91% [93].

The Christensen™ prosthesis is a stock or custom [78] full metal-metal device made of

cobalt chromium alloy (ASTM type F75), with a possible choice of 44 size for the
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temporal component, while the mandibular component is available in three sizes (55, 50,
and 45 mm). The fixation is accomplished with three screws in the fossa and up to nine
screws in the mandibular component [80,93]. That TMJ TJR system has not shown high
failure rates in the short term [87] associated with different issues such as excessive wear,
allergy to materials (i.e nickel, chromium), corrosion, chronic infection and systemic
disease [80,94]. A comparative previous study reported differences between the
Christensen™ and the TMJ concepts™ TMJ TJR system [95]. In another comparative in
vitro study, the Zimmer Biomet™ system revealed improvements over the Christensen™
system regarding strain distribution and tensions in the opposite intact disc in unilateral
cases [93].

Custom-made TMJ TJR are designed and developed according to the patient’s anatomic
features, requiring little or no changes on the surgical procedure [84,96]. The custom-
made system had statistically significant improved outcomes compared with stock TMJ
TJR systems relative to postsurgical incisal opening, pain, jaw function and diet. On
custom-maded TMJ TJR, the condyle component is also composed of CoCrMo alloy
while the ramus is composed of titanium alloy (e.g., Ti6AlI4V). Both components are
anchored using Ti6Al4V screws [6,13,71]. The length of the screws can be previously
designed. The articular fossa component can consist of a commercially pure titanium (cp
Ti) mesh or rough framework adhered to the UHMWZPE fossa component which has a
posterior stop to prevent dislocation. Additionally, Cp Ti mesh or rough framework allow
the integration of bone and soft tissues [70,87]. One noteworthy benefit of custom-made
TMJ TJR is related to the fitting leading to a decrease in micro-movements of components
and promoting higher mechanical stability [25,97,98]. From a surgeons point of view, the
use of custom-made device and virtual surgical planning reduce surgical time, and has
advantages over the stock devices regarding the precision and predictability of the screws
positioning, especially when jaw repositioning is required [76,89,90]. Although the long-
term performance of custom-made TMJ TJR prostheses is undefined, a previous study
reported a 20-year follow-up study of 56 patients (52 women and 4 men) with an average
age at 38.6 +10 years who received custom-made TMJ TJR prostheses. According to the
findings, there was an improvement in the function scores of incisal opening
measurement, pain, and diet. None of the prostheses failed, that indicated a high long-
term performance of those devices [64]. There are numerous published articles that

validate the successful use of custom-made TMJ TJR prostheses with an indication of
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significant improvement in the incisal opening, mandibular function, and in pain levels.
Thus, approximately 87% patients reported improvement in their quality of life [2,99-
101].

1.3 Biomechanics of TMJ TJR

The process of designing a TMJ prothesis must take in consideration the natural features
of the TMJ [24,102]. On functional movements, the mandibular condyle rotates relative
to the articular disc, while the condyle-disc complex translates along the temporal
eminence [22-24]. The physiologic translation movement of the TMJ was reported to be
in the order of 16mm [103]. However, the translation capability of TMJ TJR is very
reduced and usually it does not exceed 2 mm as a result of the design and the lacking
attachment of the lateral pterygoid muscle (LPTM) to the condyle [68,103,104]. Previous
studies showed that natural translation movement of the condyle can be mimicked by
placing the rotation center 15 mm lower than the positioning of the condyle
[103,105,106]. The rotation center can be moved vertically to correct the open bite
deformity [105]. In this way, computational modelling and simulations by using the finite
element method (FEM) become interestingly applied to predict the positioning and
biomechanics of biomedical devices including TMJ TJR systems [25,107]. Simulation
using FEM begins with the computer generation of a digital model. On modelling, the
following software are usually reported in literature: CATIA V5™ (Dassault Systémes,
Intrinsys, USA)[108] and SolidWorks™ (Dassault Systemes, Intrinsys, USA. The
geometric models can also be acquired from CBCT images and then processing DICOM
files into 3D models [4]. FEM software programs reported in previous studies were the
following: MSC Marc (MSC Software) [2,12,109], ANSYS, CATIA V5[108], Abaqus
(Dassault Systemes) [87] and COMSOL Multiphysics (COMSOL Inc.) [110]. Before
computational simulation, the properties of the materials, boundary conditions and
loading must be defined in the model. The material properties of the device components
can be established from previous in vitro studies [4,88,93,107]. The transferring of load
transfer between condyle and fossa is one of the most important issues assessed on TMJ
TJR by FEM [111]. Most FEM studies describe different computational parameters and
therefore provide different outcomes [4]. However, there was agreement in the following
issue: the implanted TMJR condyle-ramus components developed high mean stress and

strain values at the posterior and lateral regions of the condyle neck and mandibular
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ramus. That accounted for instability and loosening of the device during vertical
displacement [12,102,107,112]. The values for maximum stress in the posterior region of
the condyle reported in studies are around 75MPa [12], 170 MPa [107], and 200MPa[102],
while some studies have suggested that screws can become loose in posterior region [93]. In
fact, stresses revealed lower magnitude on custom-made TMJ TJR condyles when compared
to standard TMJ TJR ones [112]. In the physiologic TMJ, the higher stress values were
reported at around 33 MPa [113] and were located in the posterior bottom of the condyle neck
although did not reach the mechanical limit of human bone of the order of 130-190 MPa
[114]. Regarding loading and screw fixation in the mandibular component, screws close
to the condyle head revealed the highest strain values (Figure 6) [115-118].

| a

Figure 6- Schematics of the condylar/ramus component of the TMJ TJR system for left side. (A) Lateral
view of the implant with screw holes. (B) Enlarged view of the screw holes, where the first superiorly
located screw hole has threads to incorporate locking-plate-screw mechanism. (C) Image with engineering
dimensions of a specific patient.

The mean values of von Mises stresses on the first fixation screws ranged from 11.8 to
236 MPa [107,119-121]. Regarding fixation, a minimum of three staggered screws has
shown to be required for stable prosthetic condyle and adequate stress distribution in a
TMJ TJR [87,109,120,122,123]. However evidence suggested that the positioning of the
screws was more important than the number [12,120,124]. The parallel design of fixation
screw positioning revealed smaller von Mises and shear stresses than a zigzag positioning

design [119,120]. On the other hand, a previous study showed good results on the use of
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zig zag screw positioning [121]. Some studies suggested that increasing the number of
condyle-ramus component fixation screws may reduce the stress magnitude on the
condyle-ramus component and supporting bone [87,118]. According to the literature,
mean values of von Mises and shear stress were lower for titanium based condyle-ramus
screws than those recorded for CoCrMo based condyle-ramus screws [121]. The mean
values of von Mises stress for the UHMWPE fossa against Ti6Al4V and CoCrMo alloys
ranged from 29 and 50 MPa [125-127]. Other previous studies recorded stress values of
around 16 and 31 MPa [107,128-131] while the Von Mises stress values on the TMJ
condyle-ramus component during the simulated clenching were recorded between 126
and 170MPa [107,121,123,131]. Furthermore, another study reported values of around
284 MPa for the Zimmer Biomet™ microfixation on normal or maximal chewing bite
[132]. Condylar heads of TMJ TJR can be designed in different shapes to offering larger
bearing surface area avoiding stress concentration at small area [24,133,134] that may
lead to higher wear rate of the bearing surfaces as seen in Figure 7 [6,105,134].

Figure 7- Schematics of different shapes of the TMJ TJR condylar heads of the condylar/ramus component.
(A) Spherical condylar head. (B,C) Elliptical head of different dimensions. Adapted from [105].

19



CESPU

INSTITUTO UNIVERSITARIO
DE CIENCIAS DA SAUDE

On the design of the ramus of the mandibular component (Figure 8), a previous study
reported that the anatomical shape of custom TMJR ramus components revealed a proper
stresses distribution and higher mechanical stability when compared to a stock model
[105,112,118]. Lower values of von Mises stress were reported on the custom TMJR
condyle-ramus component and at the surrounding bone compared to the stock component
[118,135]. Changes in condylar component thickness also influences the prosthetic

stiffness and load transferring to the fixation screws [118,133,134].

Straight model (experimental) Semi-anatomic model Anatomic model

Figure 8- CAD models of different implant ramus design. (A) Straight model. (B) semi-anatomical fitting
to the mandible bone with different thickness along its lenght. (C) Customized anatomical fitting and a
constant thickness. Adapted from [118].

The maximum contact pressure on the condyle ramus component is achieved when the
condyle rotates to its fully anterior positioning and in the posterior side of the condyle
[12,87,119,120]. The maximum contact stress in the prosthetic condylar component
increased from 47 MPa at O degrees of anterior rotation to 150 MPa at 15 degrees of
anterior rotation [87]. A previous study reported the function of the natural, contralateral
fibrocartilaginous articular disc was significantly altered by the presence of a TMJR
device [118]. There is consensus that a healthy mandible withstands lower stresses in the
articular disk, than the contra lateral side of the mandible that has undergone TMJ TJR

[136], especially stock prosthetics [112]. A previous study, have reported changes in the
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masticatory pattern and ranges of motion in patients who underwent unilateral and
bilateral TMJ TJR [137]. The dynamic simulation has shown how the load on the TMJ
TJR decreases while the load on the healthy side increases with the opening of the
mandible [25]. Thus, the healthy side is affected by a 15% increase in stress in the articular
disk from FEM studies [2].

1.4 Wear and Degradation of TMJ TJR materials

The degradation of material used for TMJ TJR depends on a series of factors such as
primary stability level, surface conditions, loading, wear resistance, and properties of the
materials [3,6]. Wear is one of the most important causes of failure on bearing contact
prostheses once contacting materials surfaces are subjected to complex loading and
relative motion [1,103,138]. Enhancement of the mechanical properties of the
components in contact with bone is still an industrial challenge and therefore ordinary
materials are currently in clinical use [1,108,139]. Materials with an elastic modulus
closer to that of bone are preferred over the ones with a higher elastic modulus to
preventing micromotion and assuring optimum stability [6,12]. Bone has an elastic
modulus of 4-30 GPa, depending on the type of bone tissue and direction of
measurement. Most titanium-based alloys used in the screws have a elastic modulus of
around 110 and 150GPa [6,24,91,140,141] while CoCrMo alloys revealed a higher elastic
modulus of around 210 GPa [4]. The mismatch in elastic modulus leads to abrupt loading
transference and concentration of stresses at prosthetic interfaces. The transference of
loading through the TMJ TJR prosthesis can cause bone resorption or fibrosis if the TMJ
TJR [9,12]. In fact, a high magnitude of loading at the cranium base has been recorded
ranging from 60 up to 150 N in the anterior region and around 270 N in the posterior
region [4,99]. In the absence of an alloplastic articular disc, there is only a small contact
area between the condyle and the articular fossa. Regardless of the material, a certain load

on a small area results in a high loading concentration on the bearing surfaces [142,143].

On the sliding of the metallic condyle onto the polymeric fossa, a two-body abrasion takes
place on the tribological pair (i.e., CoCr versus UHMWPE) [6,13,144]. Abrasion wear
can occur on both surfaces since they are rubbing away from each other by direct contact
with their asperities under oscillatory loading [19,25]. The resultant plastic deformation

of the contacting surfaces depends on the axial loading magnitude and roughness (micro
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and nano-scale) of the components [3,24]. As seen in Figure 9 and 10, the plastic
deformation occurs by ploughing with the fracture (micro-cracks) regions and ejection
of materials from both contacting surfaces in the wear track [16,18,19]. In fact, fatigue
also occurs within the wear pathways since there is a rupture of intermolecular bonds
followed by a subsurface damage caused by the movement of surface molecules under
cyclic load [23,24] As a result, there is a release of metallic (oxide layer) and polymeric

debris to the peri-prosthetic region [3,78,146].

UHMWPE

Transf
Metal particle dissolution 1—\ :
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«—— ———» CoCr particles
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ejection particle
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Figure 9- Images of the TMJ TJR. (A) condyle and (B) ramus implant. Microscopic images (x93.5)
revealing abrasive scratches on the (C) custom-made and (D) standard condyle surfaces. Adapted from [3].
(Elsevier 2016). (E) Schematics of the wear pathways on CoCr-based condyle against UHMWPE fossa
surfaces.

Then, abrasive particles move along the surfaces in tribological contacts, scratching away
the antagonist surface. If the prosthetic contacts act as a closed tribological system, the
material loss is higher, when compared to the material loss in open environment where

the abrasive particles move away from the tribological contact zone [23,24]. Wear
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adhesion is another related pathway once wear particles can also become attached like
platelet shapes to surfaces forming tribo-layers under friction [145]. However, fracture of
the micro-welds resulting from adhesive wear can occur, leading to an increase in the
wear rate [16,147]. Thus, hard debris such as CoCr-based particles act as third bodies in

the wear pathways, leading to an increased wear rate of the surfaces as illustrated in
Figure 11.

X2.000  10pm e—

Figure 10- SEM images on worn UHMWPE surfaces. Expansion of cracks and ejection of debris.
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Figure 11- Microscopic image (x93.5) revealing bi-directional abrasive scratches on TMJ TJR condyle

after 5 years. Adapted from [3].

Surface wear and consequent loss of contacting volume is one of the main causes of
degradation of TMJ TJR prostheses [3,19]. The surrounding lubricant medium used in
tribological studies also influences the wear behaviour of the contacting surfaces. In the
presence of proteins, the liquid medium acts as a lubricant, decreasing the friction and
consequent wear rate [26,165]. The thin oxide film (passive oxide film) composed of
CrxOy onto CoCr-based surfaces or TixOy on titanium-based surfaces also remain stable
[6,22,23,25]. However, thin oxide films can be destroyed [149,150] under increased
friction and sliding wear [3,23,153]. In acidic medium, the thin oxide film formed onto
the CoCr- and titanium-based surfaces chemically interact with the H* and other ions (i.e.,
CI") leading to a partial dissolution (active oxide film) [6,24,26,27]. As a result, the release
of metallic ions and debris such as nano-particles exposes a fresh CoCr- or titanium-based
surface that promptly reacts with the environment corresponding to an anodic partial
current [6,24,26,27]. It should be emphasized that the bare metal has a high chemical
reactivity to the medium once the thin protective oxide film was removed. Thus, a
galvanic coupling is established during the wear process in the electrolyte, since the bare
(worn area) may act as an anode or a cathode, while the peripheric area, composed of a
passive layer (unworn area), acts as a cathode or an anode [22,23,24]. The current flowing
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between anodic and cathodic areas represents an increased corrosion rate of the metallic
material. Previous studies have reported the simultaneous wear and corrosion
(tribocorrosion) of CoCr- and titanium-base surfaces in different medium such as saline,
artificial saliva, phosphate buffered solution (PBS), biofilms, and protein-rich serum
[22,26,85,101]. Contrarily to hip and knee prostheses, only a few studies are available
that describe the tribocorrosion behaviour and biological response of novel advancements
in TMJ TJR materials [15,19,179,180]. Evidence of corrosion includes, pitting [153,154],
presence of grains with variable size and location, indentations, and bidirectional lines
(Figure 9) [3,86,180,181]. Multi-directional scratches can be seen on TMJ TJR devices
before placement, indicating that those scratches were produced in the polishing protocol
that was applied [157,158].

Therefore, wear properties may be improved by decreasing radial clearances,
smoothening surfaces, and increasing the contact bearing area [3,31,79,108]. Designing
contact surfaces is one way to reduce wear of TMJ TJR materials. A recent approach has
proposed the modification of the condyle surfaces with a deposition of titanium nitride
(TiN) [159] or diamond-like carbon (DLC) layer [160] , that can decrease friction and
wear of the condyle component. The same approach has been utilized in the case of the
condylar structure of hip TJR prostheses [13,161] In fact, veneering metallic surfaces
with DLC or TiN could provide a protective barrier against corrosion and wear, increasing
the long-term performance of the contacting TMJ TJR surfaces. Also, the high-strength
ceramic condyles could be an alternative to avoid the corrosion issue [162,163]. However,
the microstructure integrity (i.e., absence of defects) and low roughness of the modified
surfaces should be controlled to promote such low friction effects. Defects such pores or
rough coating surface are quite common considering the manufacturing processes. The
detachment of coatings can also occur during normal and tangential loading during cyclic
sliding and normal loading. As a consequence, three-body abrasion increase the wear of
the bearing surfaces [163-165]. Despite UHMWPE properties, degradation by wear on
UHMWPE is unavoidable, which requires the consideration of alternative polymers
[13,166]. Many UHMWPE structures are sterilized by gamma irradiation at room
environment. This has subsequently been shown to cause oxidative degradation of the
polymer both in vitro and in vivo leading to an increased wear rate and release of

polymeric debris [166,167]. Some studies have reported a lower friction when a highly
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cross-linked polyethylene (XLPE) counter-body was used instead of UHMWPE against
CoCr-based surfaces [162,168].

1.5 Adverse biological effects of wear debris

The peri-implant environment is a complex system containing several inorganic and
organic components that can have a significant impact on the biomedical materials [91].
The inherent composition of human body environment changes regarding health or
pathologic state of the patient and degradation behaviour of the biomedical materials
[171,172]. Previous studies have reported that the failures of the TMJ TJR structures can
be related to a synergistic effect among friction, wear, and corrosion resulting in the
release of metallic ions as well as metallic and polymeric debris [3,19,31] [151,169-171].
TMJ TJR debris (ceramic, metallic, and polymeric particles) and ions can accumulate
around the peri-prosthetic tissues, promoting adverse local tissue reactions such as
necrosis, osteolysis, and pseudo-tumors [169,170]. The presence of ions and debris into
the tissues activates endothelial cells at the peri-prosthetic region causing the expression
of molecules such as P-selectin, ICAM-1, CAM and CD44 [150]. In this way, immune
cells (granulocytes, macrophages, monocytes and lymphocytes) are stimulated by those
molecules towards the tissue interfaces [169,172]. Then, the immune cells induce the
discharge of a variety of prostaglandins, degradative enzymes, growth factors, reactive
oxygen species (ROS), and pro-inflammatory cytokines including TNF-a, interleukins
(IL-1a, IL-1b, IL-6 and IL-8) [1,169,173]. Several studies reported that primary cytokines
stimulate the release of other mediators. The consequent inflammatory cascade results in
the recruitment of other types of cells and the formation of peri-implant granuloma
[172,174,175]. The fusion of macrophages results in multinucleated-giant cells and
osteoclasts that adhere onto the surfaces of the metallic particles [175,176]. On
degradation, TMJ TJR particles can be released like granules, splinters, flakes, and
needle-like shape (Figure 12) [177,178].
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Figure 12- Different types of UHMWPE debris. (A) Near roundness wear debris, usually below 5 pm. (B)
Splinter like wear debris (10-100 pum In size). (C) Sheet wear debris (20-50 pm). (D) Needle-like wear
debris ( ~100pm). Adapted from [179].

Immediately on implant placement, synthetic materials spontaneously bind to a layer of
host proteins that mediate the interaction with immune cells [180]. For instance,
macrophages interact with wear particles through the layer of adsorbed serum proteins,
including type | collagen, aggrecan proteoglycans, immunoglobulin, fibronectin and
albumin (Figure 13) [167,181].
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Figure 13- Schematics of the toxic effects of metallic debris released from the degradation of TMJ TJR
prostheses. Adapted from [182]

UHMWPE particles in the 0.1-1.0 pum size range have been shown to a higher
biologically reaction when compared with larger particles [183-185]. Submicron-scale
particles have been involved in inflammatory reactions of late aseptic loosening of total
joint replacements [183,186]. Regarding the differences in size, submicron and nano-
scale UHMWPE particles are engulfed by macrophages that attempt to degrade the
polymeric particles, although without success. The macrophages become activated and
release prostaglandins, cytokines (TNF-a, IL-6, IL-1, IL-8), metalloproteinases, and
lysosomal enzymes [180,183,187]. Metallic ions, submicron-, and nano-scale particles
released from surface degradation are chemically active and can interact at the level of
cellular organelles with potential risks of mutagenic reactions [175,188]. The biological
response of cells depends on the chemical composition, size, and amount of the particles
and ions [174,175]. The main CoCr-based alloys used to manufacturing the condyle have
approximately 68% Co, 28% Cr, and 7% Mo, while titanium alloys (Ti grade V) have
around 89% Ti, 6% Al, and 4% V. Metallic particles can be found from micro- (below 1—
50 um) up to nano-scale (1-100 nm) size after tribocorrosion of a CoCr- or titanium-
based condyle againsta UHMWPE [175,181,186,189,190]. CoCr micro- and nano-scale
particles and Co?*, Cr3*, Cr®" ions are the main degradation products from CoCr-based
alloys [3,151,190]. CoCr-based nanoparticles and Cr3* ions can trespass the cell

membrane by diffusion or endocytosis, generating reactive oxygen and nitrogen species
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and disturbing the respiratory function of the cells. Submicron- (0.1-0.99 um) and nano-
scale particles are internalized by the cells via pinocytosis and phagocytosis processes of
macrophages [186]. Also, the nano-scale debris and ions can reach the cell DNA inducing
mutagenic reactions. The saturation of metallic debris has a negative consequence in the
antioxidant mechanism of the cells causing cell wall damage and metabolism disorders
[175,191] Studies have reported apoptosis and inflammatory responses in macrophages
and pneumocytes when in contact with Co?* and Cr¥* [151,175,192-194]. Additionally,
Co?* can influence iron metabolism by interaction with apo-transferrin that might affect
the physiologic hematopoietic tissue metabolism. A previous study reported toxic
concentrations for Co?" at 8-10 ppm and 250-500 ppm for Cr3*[195]. Other study has
shown that normal levels reach 2 ppm Ti while 8.1 ppm Ti found in patient with failed
titanium-based implant [176]. Recently, a retrospective study found that the presence of
adverse local tissue reaction (ALTR) was associated with high levels of cobalt and
chromium (6.2ppb and 3.6 ppb respectively) [170]. Such ALTRs can be source of
excessive pain to the patient and mostly lead to the revision of the implant [3,196,197].
In a pilot study, Mercuri et al, [169] analysed the blood samples from patients with
prosthetic devices (dental implants, TMJ TJR prosthesis, orthognathic intervention). In a
total of 12 patients, 4 showed high levels of these metals in the blood. Detection limits in
serum were set at 0.15 ng/mL for cobalt, 0.1ng/mL for chromium, and 0.3 ng/mL for
titanium. Although there is not a consensus among studies on the amount of particles
required to cause cytotoxicity, the human body contain about 10-20mg of Ti at
physiologic conditions [198]. After implantation surgery, levels of metallic ions increase
in serum concentration and urine [199]. Another previous study reported high titanium
ion levels in patients with implants [171] . The levels of metallic ions reached a high peak
for 36 months while those levels were 18 times higher for 120 months. Furthermore,
systemic toxicity could take place when the debris and ions get into the bloodstream and
reach lymph nodes, liver, spleen, and bone marrow [169,175,176,200,201]. A
relationship between wear debris accumulation and upregulation of metalloprotein I/I1
has been reported that can result in the alteration of xenobiotic metabolism by liver
[202,203]. Erythrocytes which are degraded by the liver contain metal that circulate
throughout the body tissues and amplify the risks of genotoxicity and immunological
effects [175,181]. The metallic debris can trespass different cells and tissues and can also
be transferred among organs. An in vivo study found Co particles in the liver and kidney

of rodents with values similar to those seen in some patients with metal implants (range:
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4-38 ug/L Co in blood). Another in vivo study on rats reported metal accumulation in
liver and kidney tissues after intramuscular placement of a CoCrMo implant for 9 months.
Such findings suggested that metal particles and ions are released from CoCr-based
implants even under non-functional conditions. In fact, TMJR TJR components (condyle,
screws, fossa mesh, and ramus) are sources of metallic debris and ions. Regarding the
titanium-based ramus and screws, many manufacturers use Ti6Al4V alloys due their high
strength and capability of osseointegration [204]. Nevertheless, inflammatory reactions
were also reported for Ti, TiO2 particles and Ti ions as found for CoCr-based debris.
Additionally, the presence of V and Al ions has been associated with potential mutagenic
and carcinogenic response [175,181,186,205]. The development of biocompatible
titanium alloys, without potentially toxic elements like Al or V and the surface
modification methods have been the targets for recent research. Nowadays, TiZr and

TiZrNbTa alloys are alternative materials to replace Ti6Al4V alloys [206,207].
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2. Materials and Methods

2.1. Search and selection of studies

A bibliographical search was carried out using the following electronic databases:
MEDLINE/PubMed (via National Library of Medicine) and ScienceDirect (Elsevier).
The present search of studies was carried out in accordance with previous integrative or
systematic review articles [4,172,186,204]. The following search terms were used:
"temporomandibular joint prosthesis” OR "temporomandibular joint implants” OR
"alloplastic temporomandibular joint" OR "TMJ prosthesis” OR "TMJ implant” OR
"alloplastic TMJ" OR “TMJR” OR “CoCr” AND “wear” OR “friction” OR “surface
damage” OR “debris” OR “toxicity”. A manual search was also performed considering
the references in the selected articles. The inclusion criteria involved English language
articles published up to May 2021, reporting the friction and wear rate of TMJ TJR
components. The eligibility inclusion criteria used for article searches also involved:
meta-analyses; randomized controlled trials; and prospective cohort studies. The
exclusion criteria were the following: narrative review; systematic review; papers without
English abstract; case report with short follow-up period; articles assessing only other
properties of TMJ TJR. Studies based on publication date were not restricted during the

search process.

The articles retrieved by the search process were evaluated in three steps. Studies were
primarily scanned for relevance by title, and the abstracts of those that were not excluded
at this stage were assessed. The evaluation of the potentially relevant articles by review
of the title and abstract were evaluated independently by two of the authors (JCMS, HPB).
A final evaluation of a third author (AR) was conducted in cases of disagreement. The
total of articles was compiled for each combination of key terms and therefore the
duplicates were removed using Mendeley citation manager (Elsevier). Selected articles
were individually read and analysed considering the purpose of this study. At last, the
eligible articles received a study nomenclature label, combining first author names and
year of publication. The review article variables considered for this review were the
following: authors’ names; journal; publication year; purpose; wear test conditions;
surface damage; coefficient of friction; wear volume; debris release. Data of the reports
were harvested directly into a specific data-collection form to avoid multiple data

recording regarding multiple reports within the same study (e.g., reports with different
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set-ups). This evaluation was individually carried out by two researchers, followed by a
joint discussion to select the relevant studies.

2.2 Preparation of the specimens for wear tests

Four different groups of metallic condyle specimens and one group of polymeric flat
surfaces were prepared by computer aid design and computer aid manufacturing (CAD-
CAM). Pin-like condyle specimens were prepared from two different materials: CoCrMo
(Wironium Extra hard™, BEGO, Germany); and Ti6Al4V (TiFast S.R.L, Italy) alloys.
Additionally, two different pin-like condyle design were produced concerning the contact
surface for tribological testing: anatomical- and spherical-shape condyle specimens
(Figure 14 A and B). Anatomical specimens had a radius of 15 mm while spherical
specimens had a radius of 4.25 mm. Anatomical specimens followed the design of a
recent patent on TMJ TJR condyle [12] and the spherical specimens were representative
of commercially available TMJ TJR condyle [99,208]. Polymeric cylindrical plate
specimens with diameter at 15 mm and thickness at 3 mm were machined by CAD-CAM
from UHMWPE rods (Garland, USA).

The surface of the CoCrMo specimens were finished by electrochemical polishing
treatment in electrolytic bath (Dentaurum GmbH 7 Co., Germany) for 10 min. Ti6Al4V
specimens were electrochemically polished in a solution containing 2% HF and 20% HCI
for 10 min. At last, surfaces were ultrasonically cleaned in isopropyl alcohol for 10 min
and then in distilled water for 10 min. Condyle specimens were divided into four groups

considering the type of materials and design.
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Figure 14- Design of the pin-like condyle specimens. (A, C) Anatomical-shape condyle. (B, D) Spherical-

shape condyle.

The chemical composition and properties of the materials provided by manufacturers are
shown in Table 2. Mean values for Young’s modulus and Vicker’s hardness were also
recorded by nano-indentation tests and DMA while chemical analyses were performed to

confirm the chemical composition of the materials.
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Table 2. Chemical composition and properties of materials used for TMJ TJR. Data given by the

manufacturers.
Material Poisson’s  Young Density Hardness Chemical
. . - o
ratio modulus (glem?) (Vickers)  composition (wt%b)
(GPa)

CoCrMo 0.29 230 8.2 345 Co (61), Cr (30), Mo
(5). Mn (2), Si (1)

Ti6Al4V 0.34 110 4.43 340 Ti (~89), Al (5.5-6.7),
V (3.5-4.5), Fe (0.4),
C (0.08), N (0.05), H
(0.012), 0 (0.2)

UHMWPE 0.46 4.5 0.94 6.4-8.3 CaHy

2.3 Reciprocating sliding wear tests

Sliding tests on pin-on-plate set up (n = 12) were performed at a normal applied load (Fn)
of 30 N and at reciprocating sliding frequency of 1 Hz with a stroke length of 4 mm
(Figure 15). Considering the variation of the TMJ TJR motion, normal loading was
recorded ranging from 1 up to 150 N on the anterior region of the articular fossa and
reaching maximum values at 270 N on the posterior region of the articular fossa while
the frequency has been recorded ranging from 1 up to 10 Hz [4,6,14,78,99]. In this way,
tribological parameters were chosen considering usual TMJ joint motion on low
frequency and regular loading magnitude as well as following tribological parameters
performed in previous studies [146,209-211].
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Figure 15. (A) Image of the wear test apparatus (Plint Te76/R, Phoenix Tribology Itd, UK), (B) condyle
specimen coupled to a pin holder, and (C) UHMWPE plate attached to an electrolytical recipient. (D)
Schematics of the wear testing set up.

Reciprocating sliding wear tests were carried out at 37°C in Ringer’s solution using a
wear test apparatus (Plint TE67/R, Phoenix Tribology Itd, UK) to mimic the environment
surrounding the TMJ TJR. Ringer’s solution comprised 8.4 g/L NaCl, 0.3 g/L KClI, 0.3
g/L CaCly, and 0.2 g/L NaHCOs dissolved in distilled water resulting in a pH at 6.4. Even
though Ringer’s solution did not contain protein, the electrolyte properties promoted by
the presence of inorganic compounds is quite similar to that recorded for physiological
body serum [14,19,212,213]. Also, other previous studies performed wear tests CoCrMo
or titanium materials against UHMWPE in Ringer’s solutions and therefore the

tribological outcomes should be compared [212,213].
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Different segments of the plots were analysed to measure the mean values of the steady-
state coefficient of friction (COF) for the tribological pairs. As a result of the reciprocating
sliding motion, a wear track was noticed onto the UHMWPE counterbody. The wear track
was geometrically outlined to measure the contact area, pressure, and wear volume of the
counterbody, assuming the mechanical and geometric integrity of the metallic pins. Mean
values of bearing area and indentation depth were estimated by using the theoretical

model of contact between elastic bodies as seen in Figure 16 [214,215].

Figure 16. Wear Model Schematics of the (A,C) wear track to estimate the wear volume on the UHMWPE
and (B) the theoretical model to estimate the contact pressure. (D) SEM image of the wear track over the
UHMWPE surface.
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After the reciprocating sliding tests, the width at the middle region of the wear track was
measured and related to the condyle design (Figure 16D). The total volume loss of the
wear track, AV, in mm?3, corresponding to the wear of the specimens was calculated using
Equation (1):

AV =L x [Ex R? x sin1 (£) - 2] 4 X 0

Where, L is the stroke length in mm, R is the radius of the pin-like specimens in mm, s is
the half of the width of the wear track (b/2) in mm and h’ is the height of the triangle in
mm, as shown in (Figure 3C). The volume loss values were then converted into specific
wear rate, K, in mm3/N.m, using Equation (2):

AV
~ FnxL 2

where Fy, is the applied load, and L the total sliding distance in m.

The maximum contact pressure between the pin-like specimens and the UHMWPE plate
was estimated at the starting time point of the reciprocating sliding wear following the
representative theoretical model shown in Figure 16B and related equations from the
Hertz theory. Considering the contact between two elastic bodies, the maximum contact
pressure, (oc)max, at the starting time point of the wear test was estimated by using
Equations (3-5).

(3 RF)
a=\2 Ex /1B 3)
1 11—vi 1-—v32
— =5 + )
E. 2% E E,
4)
3 F
(Gc max — SR (5)

where a is the radius of the contact between the sphere and plane, R is the sphere radius
on indenting the specimen (Equation 3), E is the reduced elastic modulus, E1, E> are the
elastic modulus of two materials, and vi, v2 are the Poisson’s ratio associated with each

contacting body (Equation 4). On anatomical-shape condyle design, the contact pressure
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on Ti6AIl4V against UHMWPE was recorded at 91.6 MPa while the contact pressure on
CoCrMo against UHMWPE was recorded at 92.8 MPa. On spherical-shape condyle
design, the contact pressure on Ti6Al4V against UHMWPE was recorded at 212 MPa
while the contact pressure on CoCrMo against UHMWPE was recorded at 215 MPa.

2.4. Mechanical characterization

At first, the elastic modulus and Vickers’ micro-hardness of the materials were evaluated
by nano-indentation assays. Nano-indentation testing was carried out with the loading
axis at angles of 90° relative to the surface plane of the materials. A nano-hardness tester
(Nano Instruments, Inc. Knoxville; TN, USA) operated with a Berkovich diamond
pyramid tip (apex angle of 143°) was used to make nanoscopic indentations in triplicate
along the cross-sectioned test samples (n = 15). Loads of 1 or 20 mN were applied onto
the polymeric and metallic substrates, respectively, during 15 s. Mechanical properties of
the materials were recorded as a function of the position of the indenter axis relative to
the surface. The shape function was determined by the Oliver & Pharr method (1992).
Nanoindentation tests allow evaluating stress/strain fields induced during indentation
considering the displacement axis of the indenter. Young's modulus measurements on the
metallic and polymer materials were also measured by Dynamic Mechanical Analysis
(DMA 242 C, Netzsch Gerdtebau GmbH, Germany) using a three-point bending
apparatus.

2.5. Scanning electron microscopy

The worn UHWMPE surfaces were sputter-coated with a AuPd thin film by using a
sputter-coater (Cressington 108 AUTO, Germany) to provide conductive surfaces for
scanning electron microscopy (SEM) analyses. SEM images were acquired on
backscattered (BS) and secondary electron (SE) mode at 5-10 kV by using a SEM unit
(JSM-6010 LV, JEOL, Japan). Images were recorded at magnification ranging from x25
up to x2000 for each specimen to identify the dominant wear mechanisms. The software
Adobe Photoshop (Adobe Systems Software, Ireland) was used to measure the width of

the wear tracks on the SEM images.
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2.6. Chemical analysis

The elemental chemical analyses of the contact surfaces of the metallic condyle
specimens and corresponding polymeric counterbodies were performed using energy
dispersive spectroscopy (EDS, INCAXx-Act, PentaFET Precision, Oxford Instruments,
USA) coupled to the SEM. Infrared spectra of UHMWPE specimens were recorded on
an FTL 2000 equipment (Bomem, Canada) by transmittance. All spectra were acquired
on 100 x 100 um spot size on the sample surface, on 200 scans at a 4 cm™ resolution at
the 700-4000 cm™* region.

2.7 Finite element analysis

Specimens were modelled using CAD software (SolidWorks 2012, Dassault Systems
SolidWorks Corp., Concord, MA, USA) regarding two designs: spherical- and
anatomical-shape condyle (Figure 17). Pin-like condyle specimens were virtually placed
at the centre of the UHMWRPE. The model on spherical shape condyle corresponded to
commercially available TMJ TJR condyles [99,208], while anatomical-shape condyle
specimens were based on a recent patent [12,93].
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Figure 17. The finite element model mesh built of the pin-on-plate contact with free tetrahedral linear

elements
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In this study, the finite element analysis (FEA) was performed using COMSOL
Multiphysics 5.3 (COMSOL, Sweden). Spherical- and anatomical-shape condyles were
designed to assess the total displacement of the materials and the von Mises stresses
through the tribological pairs. The finite element model mesh was built with free
tetrahedral linear elements as shown in Figure 17. Additionally, the mesh was refined at
the bearing area between the materials by increasing the tetrahedral linear elements to
optimize the computational analysis. A convergence analysis was carried out to examine
the sensitivity of the results to the mesh size. The number of stable mesh elements for the
pairs were the following: 54717 for anatomical CoCrMo (Figure 18) and 55251 for
anatomical Ti6Al4V; 75633 for spherical CoCrMo and 75430 for spherical Ti6Al4V. The
properties of the materials were used on FEA. The elastic modulus of the materials
acquired by nano-indentation and DMA while density and Poisson’ coefficient data were
given by the manufacturer. On FEA, a load of 30 N was applied vertically parallel to the
long axis of the pin-like condyle towards the UHMWPE. Also, the depth of the wear track
after the reciprocating wear sliding tests was considered on FEA. The von Mises stresses
resultant from the loading forces were analysed considering different materials (CoCrMo
and Ti6Al4V) and design (spherical and anatomical) after reciprocating wear sliding tests
against UHMWPE.

CoCr Anatomic in UHMWPE
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Figure 18 - Results on the converge on the number of elements for CoCrMo/UHMWPE
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2.8. Statistical analysis

Results were statistically analyzed by normality test Shapiro-Wilk and two-way ANOVA
to determine statistical differences in COF and wear rate values between groups. The t
student test was used to compare the results regarding the type of materials and design
for TMJ TJR condyle. A probability value <0.05 was considered significant. The power
analysis was performed by t student test or ANOVA, to determine the number of samples
for each group (n), and to reveal a test power of 100% in the present study. Statistical

analyses were carried out using Origin Lab statistical software (Origin Lab, Northampton,
MA, USA).
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3. Results and Discussion

3.1. Reciprocating wear sliding tests

On tribological tests, the ratio between the tangential and normal forces during sliding
provided the coefficient of friction (COF). COF values recorded for both condyle design
(CoCrMo or Ti6Al4V) against UHMWPE are shown in Figure 19. At the starting point
of the sliding motion, plots revealed an increase in COF values followed by a running-in
phase revealing a slightly COF stabilization. The fitting of the bearing surfaces promotes
a stabilization of COF values that is considered as a steady state along the wear testing
[128,145,216,217].
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Figure 19- Evolution of the coefficient of friction (COF) with time for CoCrMo or Ti6Al4V pin-like
specimens against UHMWPE flat surfaces in Ringer’s solution at 37°C (FN = 30 N, L = 4mm, frequency
=1 Hz and time = 3600 seconds). COF mean values for physiologic TMJ are indicated in gray background.

On the other hand, small amplitude fluctuations of COF values can be noticed for the
tribological pairs over the steady-state regime of reciprocating wear sliding (Figure 19).
The frictional behaviour can be explained by the occurrence of periodic localized
fractures and probable materials’ adhesion phenomena. That often occur between bearing

surfaces for such tribological pairs in solutions containing or not proteins. Additionally,
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a possible effect of formation of third bodies at the bearing surfaces corresponding to
debris can also contribute to the fluctuations in COF values [14,26].

On all tribological pairs, the average steady state COF values were very close to each
other as shown in Figure 20. COF mean values were recorded ranging between 0.06 and
0.08 and no statistical differences were recorded between the tribological pairs (p < 0.05).
That validate the null hypothesises founded in this study considering the materials for
TMJ TJR condyle. COF values were recorded at 0.081 for CoCrMo/UHMWPE
anatomical-shape condyle and at 0.078 for CoCrMo/UHMWPE spherical-shape condyle
in Ringer’s solution at 37 °C. COF values for anatomical- and spherical-shape condyle
composed of CoCrMo were not statistically different in this study (p < 0.05). On Ti6AI4V
condyle surfaces against UHMWPE in Ringer’s solution, COF mean values at the steady-
state were recorded at 0.077 independently of the condyle design. In fact, such COF
values at around 0.06-0.08 suggested a lubricant effect of the UHMWPE counterbody in
Ringer’s solution leading to a low friction and wear of the bearing surfaces. Indeed,
UHMWPE reveal a low friction that validate its use as the first-choice material for
manufacturing prosthetic articular fossa component of commercially available TMJ TJR.
Nevertheless, COF values for both CoCroMo or Ti6Al4V against UHMWPE were
slightly higher when compared to those reported for healthy temporomandibular joints (~
0.001-0.04) [26,93].

In a previous study, similar steady-state COF values at 0.06 were recorded for CoCrMo
against UHMWPE on 20 N loading and stroke length of 30 mm in solution containing
proteins [146]. Another previous study reported steady-state COF values at around 0.055-
0.075 CoCrMo against UHMWPE surfaces on 50 N loading and at a stroke length of
17.4 mm in solution containing proteins [146]. Regarding Ti6AIl4V surfaces, steady-state
COF values at around 0.07 were also recorded for Ti6Al4V against UHMWPE surfaces
on 39 N or 20 N and at a stroke length of 4 mm in solutions containing proteins [129,218].
In the present study, COF values were quite similar to those recorded for Ti6Al4V against
UHMWPE in previous studies.
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Figure 20- Steady-state coefficient of friction (COF) for CoCrMo or Ti6Al4V pin-like specimens against
UHMWPE flat surfaces in Ringer’s solution at 37°C (FN =30 N, L = 4mm, frequency = 1 Hz and time =
3600 seconds).

Indeed, COF values reported in previous studies for both CoCrMo or Ti6Al4V against
UHMWPE surfaces in the presence of protein-containing solutions are similar to the
COF values recorded in the present study [129,146,209,218]. It reveals a low friction of
the pairs of materials for both condyle design for composing the TMJ TJR. A low friction
is resultant from low magnitude of tangential forces considering a constant normal
loading as applied in the present study. A decrease in tangential forces over bearing
surfaces of TM TJR reduces the stresses over the surfaces leading a decrease of the wear
rate. Also, it decrease the amplitude of micromovements leading to a mechanical stability
of the system [25]. On alloplastic materials, proteins perform a lubricant effect on the
bearing surfaces since a protein-based thin film can decrease the magnitude of the
tangential forces [219,220]. However, the protein-based thin films are continually
detached due to the tangential forces under sliding movements. Proteins can adhere once
again on the surfaces after detachment whether they were not destroyed due to the shear
and compressive stresses and to an increase in temperature. That is the difference between
alloplastic surfaces and biological materials since biological materials (e.g., fibrous
tissues) possess the capability of self-healing by producing new proteins to maintain a

long term ultra-low friction [26,93].
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3.2 Wear rate and morphological aspects of the worn surfaces

Wear tracks on UHWMPE surfaces were inspected after sliding against the spherical- or
anatomical pin-like condyle design. The chemical composition of UHWMPE was
confirmed by FTIR and EDS. Representative SEM images of the wear tracks are shown
in Figure 21. The width mean values of the wear track were significantly higher for
anatomical-shape condyle specimens since the contact area increased regardless the

material. The morphological aspects of the wear tracks were smoother after sliding

against the anatomical-shape condyle (Figure 21 A and C).

Figure 21. FEGSEM images of the worn surfaces of UHWMPE against (A) anatomical CoCrMo, (B)
spherical CoCrMo, (C) anatomical Ti6Al4V, and (D) spherical Ti6Al4V. SEM images acquired on
secondary electrons (SE) mode at 15 kV.

Representative SEM images of the middle region of the wear tracks on UHMWPE after
sliding against Ti6Al4V or CoCrMo, are shown in Figure 22. The existence of cracks and

layers of materials (tribolayers) was noticeable in the wear track. On the sliding of the
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condyle specimens onto the UHMWPE, a two-body abrasion occurred as noticed in

Figure 21 and 22. The morphological aspects of surfaces for the tribological pairs were

similar to those reported in previous studies [13,221].
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Figure 22. (A,B) Representative FEGSEM images of the middle region of the wear track on the UHMWPE,
after sliding against (A,B) Ti6AI4V or (C,D) CoCrMo. (B, D) Magnification of the middle region of the
wear tracks.

Abrasion wear is represented by wear grooves aligned with the sliding direction due to
the effect of two-body bearing contact and the presence of hard particles detached along
the wear track. Abrasion wear takes place on both surfaces since they are on rubbing
against each other by direct contact with their micro- and nano-scale peaks under
fluctuating and complex loading [3,145]. Plastic deformation, micro-cracks, and
ploughing occurs onto the materials bearing surfaces due to abrasion, depending on the
normal (axial) loading magnitude and roughness of the materials [13,19], as seen in
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(Figure 22A and C). Also, a rupture of intermolecular bonds followed by a subsurface
damage occurs, due to the movement of atoms and molecules under cyclic loads
[145,169] as seen in Figure 22 A and C.

Abrasive particles move throughout the surfaces on the tribological contacts rubbing
away the bearing surfaces. Then, the adhesion of detached material results occurs leading
to the formation of adherent layers of damaged material, named tribolayers, as seen in
Figure 22B. The material loss can become severe when the abrasive particles remain in
the tribological contact region increasing the wear rate of bearing materials
[3,13,222,223]. That can occur mainly in retentive regions as found around TMJR TJR.
In this, a progressive damage of materials by two-body abrasion intensifies the release of
abrasive loose wear particles leading to an extreme overall wear of the surfaces. Tribo-
layers over the surfaces can be easily damaged or detached resulting in the further release

of wear particles.

Representative SEM images of the worn surface of the pin-like condyle specimens
(CoCrMo and Ti6Al4V) are shown in Figure 23. Chemical analyses performed by EDS
did not detect transfer of metallic material to the UHMWPE over the wear tracks. Such
findings were evaluated regarding the mechanical behaviour of the soft UHMWPE
against CoCr- and titanium-based alloys considering the tribological parameters used in
this study. The wear behaviour of the UHMWPE against CoCrMo or Ti6Al4V surfaces
was mainly attributed to smooth abrasion of the surfaces resulting in relatively low wear.
Scratches parallelly oriented along the sliding direction can be detected on the metallic
worn surfaces. Black regions indicated the presence of UHMWPE debris (Figure 23 A
and C) as confirmed by the presence of carbon by EDS (Figure 23 B and D).
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Figure 23- Representative FEGSEM images of the worn surfaces of (A) CoCrMo and (C) Ti6AI4V after
sliding against UHMWPE in Ringer’s solution at 37 °C. Chemical analysis by EDS for both (B) CoCrMo
and (D) Ti6Al4V worn surfaces.

Thus, the titanium oxide film formed over Ti6AIl4V can protect the surface against the
corrosion although the oxide film can involve other chemical elements from the
surrounding medium. On reciprocating sliding motion, the titanium oxide films can be
destroyed under increased friction and sliding wear as found in the present study. It should
be emphasized that the bare metal has a high chemical reactivity to the medium once the
thin protective oxide film was removed. On Ti6Al4V, calcium and oxygen were detected
by EDS that indicate a chemical reactivity of the titanium-based surface to the
surrounding environment. The destruction of the titanium oxide film is the first step in
the degradation of titanium and its alloys leading to the release of Ti ions and particles
composed of TixOy [7,146,158]. On CoCrMo or Ti6Al4V, a galvanic coupling arises
during the wear process in the electrolyte, since the bare (worn area) may act as an anode
or a cathode, while the peripheric area, composed of a oxide layer (unworn area), acts as

a cathode or an anode [19]. The current flowing between anodic and cathodic areas
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represents an increased corrosion rate of the metallic materials. Previous studies have
reported the simultaneous wear and corrosion of CoCr- and titanium-base surfaces in
different medium such as saline, artificial saliva, phosphate buffered solution (PBS),
biofilms, and protein rich serum [19,148,224].

In fact, UHMWPE is the major polymeric material for bearing surfaces of TMJ TJR, due
to the resultant low COF values, high resilience, and high chemical stability [6,13,24,78].
However, UHMWPE has relatively low mean values of hardness, Young’s modulus, and
strength associated with a high magnitude of ductility leading to a plastic deformation by
ploughing and material loss under reciprocating sliding motion against CoCr- or titanium-
based alloys [6,24]. Several commercial brands perform the sterilization of UHMWPE
by gamma irradiation that cause an oxidative degradation of the polymer resulting in
damage of its physical properties. High loading and wear on contacting surfaces increase
the release of debris to the surrounding tissues and consequent adverse inflammatory
reactions at peri-prosthetic tissues [3,14,225]. UHMWPE submicron- and micro-scale
particles can be engulfed by macrophages that attempt to degrade the polymeric particles.
Macrophages interact with wear particles through the layer of adsorbed serum proteins,
including type 1 collagen, aggrecan proteoglycans, immunoglobulin, fibronectin and
albumin. Additionally, the activation of macrophages induces the release prostaglandins,
cytokines (TNF-a, IL-6, IL-1, IL-8), metalloproteinases and lysosomal enzymes [58,60].

That results in the migration of inflammatory cells leading to an osteolysis process [57].

The specific wear rate of UHMWPE surfaces considering both spherical- and anatomical-
shape condyle design and two different materials (CoCrMo and Ti6Al4V) are shown in
Figure 24.
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Figure 24- Specific wear rate of UHMWRPE after reciprocating sliding against CoCrMo and Ti6Al4V pin-
like specimens in Ringer’s solution at 37°C (Fn = 30 N, stroke length = 4 mm , 1 Hz, 3600 seconds of

sliding time). * Statistical differences detected between the tribological pairs.

Regarding the condyle design effect, the mean values of wear rate of UHMWPE surfaces
were higher against the spherical-shape condyle specimens (5.53 x10* mm®Nm for
CoCrMo and 4.54 x10* mm3/Nm for Ti6Al4V) when compared to that one against
anatomical-shape condyle specimens (3.74 x10* mm3/Nm for CoCrMo and 2.84 x10™
mm3/Nm for Ti6Al4V). Statistical differences were recorded between spherical- and
anatomical-shape condyle design regarding each type of condyle material as seen in
Figure 7 (p < 0.05). The results rejected the null hypothesises founded in this study
regarding the condyle design for TMJ TJR. Regarding the condyle materials, the highest
mean values of specific wear rate of UHMWPE at around 5.53 x10* mm3/Nm were

recorded against the spherical-shape CoCrMo condyle specimens.

Other studies reported also low values of wear rate for CoCrMo against UHMWPE in
distilled water [103,226]. On CoCrMo or Ti6Al4V, results of the present study are in
accordance with those recorded in a previous study on the tribological behaviour against
UHMWPE in diluted bovine serum (25%) [227]. However, other previous studies
reported specific wear rate values of UHMWPE 2.04 x10°® mm3/Nm [228] and and 2.7
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x10® mm3/Nm [146] against CoCr-based pin-like specimens. A previous study recorded
specific wear rate values for UHMWPE against CoCr-based surfaces of around 6.70 x 10°
® mm3/Nm in the presence of Hyalgan solution [146] while other studies recorded values
of 11 x 10°® mm?Nm in bovine serum solution[229], 7.6x 10 mm?/Nm in human serum
solution [218], and 4 x10° mm3 /Nm in artificial saliva [145]. Also, different specific
wear rates values were previously reported for UHMWPE against Ti6AlI4V [146,229].
Thus, previous studies have shown that the use of appropriate bearing materials and
design can decrease the wear rate of the materials leading to an adequate long term clinical

performance of the prosthetic and implant structures [24,80].

3.3. Mechanics and finite element analyses

The mean values and standard deviation of elastic modulus and Vicker’s hardness
measured for the tested materials are shown in Table 3. Results were quite similar to those
given by the manufacturer and therefore the experimental mean values of Young’s

modulus were used for finite element analysis.

Table 3- Young’s modulus and Vicker’s hardness of the materials

Material Young modulus (GPa)  Hardness (Vickers)
CoCrMo 225 +6 3538
Ti6Al4V 114 +4 342 +7
UHMWPE 4.8 +0.4 6.8 £0.9

Regarding the finite element analysis performed in this study, the Von Mises stress values
found on anatomical-shape condyle composed of CoCrMo at around 25 MPa were lower
when compared with the values recorded for spherical-shape condyle either for CoCrMo
or Ti6A4lV, approximately 35MPa and 30 MPa, respectively (Figure 25). The highest
Von Mises stresses at around 35 MPa were recorded on the spherical-shape CoCrMo
condyle against UHMWPE. The von Misses stress values recorded for Ti6Al4V against
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UHMWPE in several studies were very similar with those ones recorded within this study
since stress mean values of 32 MPa and 29 MPa were found in other previous studies
[125,126]. Other previous studies recorded stress values of around 16-31 MPa [128-130].
However, higher stress values were recorded for Ti6Al4V against UHMWPE ranging
from 48 up to 68 MPa in other studies [6,146,227]. Also, the Von Misses stress recorded
for CoCr/UHMWPE in several studies exceed the maximum values found in this study.
A previous study recorded a stress contact of 51 MPa [146] while other studies recorded
stress values at around 68 MPa [227] and 75 MPa [12].
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Figure 25- Total displacement for (A) spherical- and (C) anatomical-shape CoCrMo condyle against
UHMWPE. Maximum Von Mises stresses for (B) spherical- and (D) anatomical-shape CoCrMo condyle
against UHMWPE.

In this study, anatomical-shape CoCrMo condyle promoted a significantly decrease in the
Von Mises stresses against the UHMWPE surfaces. In fact, the anatomical TMJ TJR

design provided a higher bearing surface area (Figure 21) leading to lower contact

57



CESPU

INSTITUTO UNIVERSITARIO
DE CIENCIAS DA SAUDE

stresses. That can prevent stress concentration at small bearing area which may result in
increased wear rate of the materials for TMJ TJR. A previous study reported lower mean
stress values around custom condyle—ramus components and surrounding bone when
compared to stock condyle-ramus components and surrounding bone [112]. An increase
in the bearing contact area promotes a distribution of forces on the wear track that resulted
in lower values of von Mises stresses. A lower magnitude of stresses would considerably
decrease the wear of the bearing surfaces. Also, UHMWPE has a low elastic modulus and
high ductility leading to a high absorption of energy from the normal loading. That results
in a proper distribution of forces leading to lower stress on the prosthetic fossa. The
stresses on the bearing surfaces of TMJ TJR play the significant role on the wear and
fracture of the materials. Regardless the material, the loading from occlusal contact or
chewing is located at a small bearing area of the TMJ TJR condyle-to-fossa assembly that
results in high stresses and wear rate of materials [3,169].

Over rotational movement in TMJ TJR, maximum compression forces were recorded
from 90 up to 270 N, depending on patients’ opening angle, loading magnitude, and action
points [230]. An increase in the maximum contact pressure on the condyle—ramus
component was reported when it was anteriorly rotated in the fossa component [87,120].
Indeed, a high concentration of stresses and misfit of the prosthetic joint has been reported
in the literature [4]. Furthermore, patients who are in need of a TMJ TJR most likely
exhibit altered TMJ function, resulting in limited movements and reduced functional
loads [84]. The loading on the condyle to fossa region is resultant from the occlusal
loading that differs on the posterior (molars and premolars) and anterior teeth. Also,
loading on prosthetic teeth involving dental implants quite lower when compared to
natural teeth of the patients. In patients with temporomandibular disorders (TMD)
involving bruxism, the load magnitude from the maxillo-mandibular relationship can be
higher when compared with a non-pathological condition. In TMD issues including TMJ
TJR, the resultant contact pressure between condyle and articular fossa leads to higher
risks of fracture and wear of the related TMJ TJR materials [3,14].

Among several methods of mechanical assessment, the finite element method (FEM) has
been applied to predict displacement and stress distribution through different prosthetic
design and materials [93,231]. Thus, factors related to loading, design, and materials can
be evaluated before experimental mechanical assessment. FEM has become a attractive

tool for studying the stress distribution on the structural materials for TMJ TJR, as well
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as detecting potential issues affecting the prosthetic stability, degradation, and bone
remodelling [4]. Several studies have shown findings from computational simulations
associated or not with experimental tests on TMJ TJR to predict the stress magnitude on
their components [4,12,93,119]. The presence of different materials promotes abrupt
variations of properties (hardness, elastic modulus, yield strength). Also, aspects related
to the design of the TMJ TJR such as length, diameter, and shape can be optimized to
decrease the stress distribution through the materials towards the bone. Some previous
studies utilized similar mean loading values to evaluate the stress distribution, while other
studies varied the loading to study its influence on stress distribution through materials
and supporting bone tissues. Regarding the positioning of the TMJ TJR condyle, high
stresses were detected when the condyle was placed at the outer and posterior regions of
the mandibular ramus [12,93,183]. The Von Mises stress values on the TMJ condyle—
ramus component during simulated clenching were below 160 MPa [123]. In a previous
study, mean values of von Mises and shear stress were lower for titanium-based condyle—

ramus components than those measured for CoCrMo-based condyle—ramus [121].

However, finite element analyses have shown limitations considering the physical
properties of different materials for TMJTJR. Results acquired from FEM depends on the
modeling of the prosthetics, implants, and tissues as well the parameters used for
biomechanical analyses. For instance, boundary conditions on FEM varied widely among
the previous studies. In most studies, constrained regions were located on the lower
incisors and condyles of the models and the constraints were designed in two or three
directions in each region. Generally, the z-axis was fixed for both the lower incisors and
condyles, although there was variation in the x- and y-axes in the previous studies [93].
Also, the properties of soft and bone surrounding the prosthetic and implant tissues varies
regarding the patients’ conditions and methods used for physical characterization.
Limitations on modeling tissues are well-known since the human tissues have inherent
complex structures leading to variable properties. Significant dissimilarities in the
physical properties of the material representing the host bone structures are shown in the
literature [4]. Also, there are variations in the positioning of the muscle insertion and
modelling anatomical issues. Further experimental validation of the FEM models is
required for different patient conditions (e.g., bone quality, sex, age), surgical sites, and
different TMJTJR design [4].
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The present study has also some limitations considering experimental conditions for wear
testing considering clinical situations. In fact, the friction and wear of the materials vary
regarding the load, stroke length, counterbody, and environment [218]. Most studies
assessed mean values for such parameters that can mimic regular TMJ TJR movements.
Some studies attempt to assess similar parameters to perform a comparison of results and
therefore understanding major pathways on the degradation of surfaces by wear
processes. As previously mentioned, the normal loading is not a standard parameter and
that can vary on the condyle-to-fossa bearing contacts. Also, the stroke length and
frequency of reciprocating sliding movements depend on the mastication cycle and TMJ
TJR motions. The environment surrounding the condyle-to-fossa bearing surfaces is not
accurate as found at in vivo situations. In this study, an electrolyte containing distilled
water and inorganic compounds was used to mimic the TMJ TJR surrounding electrolyte
environment. Even though the test medium did not involve proteins, the coefficient of
friction of the bearing surfaces was quite low when compared to results found in literature.
Most of studies utilized solutions containing proteins or bovine serum medium that induce
the coating of the alloplastic bearing surfaces with a protein-based thin film. However,
further studies should provide detailed analyses on the removal of the protein-based thin

film over the reciprocating sliding testing due to the stresses and increased temperature.
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4. Conclusions

Within the limitations of the experimental and theoretical evaluation performed in this
study, the main outcomes of this work can be drawn as follow. On reciprocating sliding
wear, different TMJ TJR condyle design revealed similar evolution on the coefficient of
friction. However, the specific wear rate estimated for the spherical-shape condyle design
was higher when compared with the wear rate values recorded for the anatomical-shape
condyle design. Abrasion, detachment, and adhesion of material were identified as the
dominant wear pathways for both the tribological pair of materials. Plastic deformation,
micro-cracks, grooves, ejection of particles, and formation of tribolayers were detected
by scanning electron microscopy. Also, the transference of the polymeric material was
confirmed by chemical analyses that revealed the progressive degradation of the bearing
surfaces. The damage caused by cyclic frictional loading and abrasive particles were more
detrimental to the CoCrMo/UHMWPE bearing surfaces when compared with the
UHMWPE/TIi6AIl4V. pair. The anatomical-shape condyle decreased the stresses on the
bearing surfaces and therefore the degradation and loss of material was decreased. Such
results bring insights to the development of novel materials and an enhancement in the

long term mechanical performance of TMJ TJR.
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5. Future perspectives

While hip and Knee TJR systems are widely accepted as standard end-stage treatment
options in orthopaedic surgery, the TMJ TJR system is still seen as an obscurity in the
field of maxillofacial surgery, partly due to previous negative experiences with unsuitable
materials or flawed mechanical design. However recent research show that the demand
for use of TMJ TJR devices will increase up until 2030. The bio-mechanical behaviour
of these devices can be improved by optimizing the shape of the articulating surfaces
based on wear tests and confirmation of proper clinical performance on long-term follow-
up studies. One of the major limitations of the existing devices is the lack of translational
movement of the condyle therefore, a future TMJ TJR must allow the anterior movement
of the condyle and fully opening of the mouth and also some mediolateral movement.
Future studies of TMJ TJR are based on the development of design and materials in
combination with tissue engineering. The development of tissues is showing promising
results although further studies are required considering bone substitutes and the use of
stem cells. Advancements have been made to manufacturing different alloys decreasing
the risks of stress shielding, as the elastic modulus of the existent alloys is still very high
comparing to the elastic modulus of the bone. The development of B-titanium alloys that
contains Nb, Zr, Mo, Ta for replacing toxic alloying elements such as Al and V. Also,
there is wide number of surface modification techniques to improve performance. Surface
modification techniques involve altering the surface topography and/or the chemical
composition of the surface by applying thin layers such as TiN or DLC coating. Hybrid
materials involving metal and ceramics can also be designed for enhanced mechanical
and biological outcomes. Another way to generate less wear is replacing the materials for
producing the articular fossa component by using high performance polymers or
composites. Finite element analysis stands out as a powerful tool for the designing of
future generations of TMJ TJR using the correlations between modelling and
experimental studies. A multidisciplinary approach involving medicine, dentistry, and
engineering researchers should improve the knowledge on the TMJ TJR leading to the
development of alternative materials and clinical procedures. Future large-scale
prospective studies involving serial measurements in homogenous groups of patients may

further elucidate the impact of these findings.
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