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Abstract: Nowadays hip arthroplasty is recognized as one of the most successful orthopedic surgical
procedures, even if it involves challenges to overcome, such that lately, younger and more active
patients are in need of total arthroplasty. Wear is still one of the main issues affecting joint prostheses
endurance, and often causes loosening accompanied by implant failures. Actual in vitro wear
tests executed by mechanical simulators have a long duration, are very expensive, and do not
take into account all the possible daily activities of the patients; thus, the challenge to obtain a
complete in silico tribological and dynamical model of (bio) tribo-systems could give the possibility to
overcome the actual testing procedures and could contribute as a tool for a more accurate tribological
design of human prostheses. This prospective paper is intended to underline actual research trends
toward the challenge of having accurate numerical algorithms to be used both in preclinical testing
and in the optimizations of the prostheses design. With this aim we depicted the possible in
silico approach in artificial joints” wear assessment over time, accounting for contact mechanics,
numerical stress—strain analysis, musculoskeletal multibody, and synovial lubrication modelling
(boundary/mixed, hydrodynamic, and elastohydrodynamic).
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1. Introduction

The number of hip joints, as well as the amount of economic resources dedicated to this surgery,
are constantly growing in Italy [1]. This surgical procedure, thanks to the excellent clinical results
obtained in the last years, hurriedly evolved to solve degenerative diseases on the skeletal joints.
After total or partial joint replacements, the articular functions are fully restored and the patients return
to a pain-free condition [2]. In this framework it becomes necessary to guarantee that new prosthetic
designs (geometry and materials) have to be deeply analyzed and tested before the clinical trials begin.
Joint implants, developed for the human body, require special considerations of safety and accuracy.
A preclinical validation of these medical devices is necessary in order to establish their resistance to
the wear. During these tests, particular attention is devoted to the analysis of the biocompatibility of
the biomaterials used [3], as well as analyzing any undesirable biological phenomena caused by the
interaction of biomaterials used for the realization of the device with body tissues [4]. The validation
of a new joint design is linked to the improvement of performances both from a biomechanical and
tribological point of view. In addition, new medical devices are tested in clinical trials to confirm that
the prototype does not compromise the patient. Moreover, these new medical devices have to provide
the expected results despite the physiological and pathological variability of the target population.
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In recent years, many efforts have been made to improve both biomaterials and the design of
new prosthetic couplings. The fundamental tools for the evaluation of a prosthetic design are the
multicentric outcome registries [5,6]. These registries offer important information regarding any
complications or event related to a joint prosthesis. These registries are an indispensable tool for
analyzing the behavior of prostheses based on the evidence of criticality observed. Considering the
wide range of implants and surgical techniques, the differences in the performances of the different
prosthetic solutions can be observed as statistically significant only if many national centers enrich
their registries.

A new and modern trend for the validation of prosthetic devices is to use biomechanical and
tribological models for the characterization of prosthetic contacts. This approach can be carried
out through the development of theoretical and numerical computational models validated through
in vitro experiments. In recent years, several theoretical and numerical models have been proposed
in order to interpret every possible scenario in vivo; these models constitute a first step toward the
preclinical validation of prostheses with a reduction of budgets and times [7,8].

With the aim of highlighting actual research trends toward the challenge of having accurate
numerical algorithms to be used both in preclinical testing and in the optimizations of the prostheses
design, in this paper we depicted the actual scientific framework on the in silico wear assessment in
artificial joints, focusing on underlining the role of contact mechanics, numerical stress—strain analysis,
musculoskeletal multibody, and synovial lubrication modelling (boundary/mixed, hydrodynamic,
and elastohydrodynamic) in the numerical algorithms.

2. In Vivo Wear Testing

It has just been described how the need to eliminate or reduce wear in joint replacements is of
great importance for the reduction of revision rates. This can be achieved by deeply understanding the
mechanisms of implant tribology using in vitro and in vivo experiments. In vivo (word derived from
Latin meaning “within the living”) refers to the experimentation developed in living organisms as
opposed to those conducted on parts of the organism or in corpses. In vivo tests are often accompanied
by in vitro tests to observe the overall effects of an analysis. Translating these concepts into the
orthopedic field, many wear assessment procedures are used to evaluate the in vivo performance of a
prosthesis [9]. The most used diagnostic methodology for the monitoring of wear and osteolysis is the
radiographic one [10,11]. Radiographs are usually used to determine clinical wear by assessing the
degree of penetration of surfaces in contact. For example, in the assessments concerning hip prostheses,
the penetration of the femoral head into the acetabular cups can be assessed using a compass necessary
to identify the position of the minor eccentricity found. Hence, linear wear is the difference between
the initial postoperative radiography and the most recent radiography measured in millimeters [9,12].

However, traditional imaging techniques such as conventional radiographs, are limited by
poor contrast resolution and specificity [13]. In addition, magnetic resonance imaging (MRI) or
radiostereometric analysis (RSA) could be considered as additional techniques in the orthopedic field.
In particular, MRI is commonly used in body composition research to measure whole body skeletal
muscle mass [14,15]. MRI calculation methods can vary by analyzing the images at different slice
intervals (or interval gaps) along the length of the body [15]. The RSA is used in the orthopedic field
to measure the translations/migration of joint replacement components with respect to the host bone
in vivo [16-18]. This kind of application is able to detect early stages of particle disease before osteolysis
is apparent on radiographs. Obviously, the precision and accuracy of the method should be determined
from time to time when a new anatomical area or a new prosthetic design is considered. In particular,
precision is equal to repeatability and defined as the agreement between two test results under the
same conditions; the accuracy, instead, is the “trueness” of a measurement, and it is defined as the
closeness of agreement between a test result and a known value [17-19]. In particular, Seehaus and
colleagues [20] suggest that RSA is an alternative method for in vivo measurement of implant migration;
they found an accuracy that ranged from —0.048 to 0.037 mm, and —0.057° to 0.078° or translation and
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rotation respectively. In agreement, Onsten et al. [18] found a precision of £0.045 mm by using the
RSA technique in the measurement of THR femoral component translations.

These kinds of applications, including the evaluation of growth plate integrity, joint kinematics,
and implant stability, may be successfully undertaken in patients following total hip/knee replacement,
and are considered as the most accurate in which the magnitude of relative displacements of prosthesis
is determined from radiographic images [21,22].

3. In Vitro Wear Testing

The prevalence of primary and revision total hip arthroplasty is increasing constantly. By 2030,
the demand for primary total hip arthroplasties, performed in the United States, is estimated to grow
by 174% to 572,000 [23]. According to studies by Kurtz and collaborators [19], the demand for hip
replacement reviews is expected to grow by 137% and 601%, respectively, between 2005 and 2030; this is
linked to an increase in the demand for total hip and knee arthroplasty. The economic consequences of
these demands on hospitals are burdensome [24,25]. Since total joint replacement has been applied to
younger and more active patients, current limitations are related to the rapid wear of the components.
The purpose of research in tribology is, reasonably, the minimization or elimination of wear in joint
tribo-systems. Wear is a phenomenon in which the worn material is expelled from the contact between
two surfaces in the form of debris of particles. The expelled debris can cause unwanted issues in
the tissues and can cause loss of bone mass around the implant with consequent loosening of the
fixation [26]. Testing methods in science are traditionally called by their Latin names: in vitro comes
from the Latin term “in glass” [27]. In particular, the term refers to studies of biological properties that
are done in a tube rather than in a human or animal. This testing method involves experiments on
biological matter (cells or tissues) outside of a living organism. The reference to glass is quite literal:
in vitro experiments were historically conducted in a Petri dish.

However, in vitro studies allow scientists to perform experiments that are also less expensive and
can be done with fewer ethical and safety concerns. In vitro studies play an important role across all
fields of medical research.

In particular, research based on in vitro experiments is important in the preclinical validation of
medical devices. This test must be regulated for the construction of a new medical device, which must
be safe in order to be implanted in patients. The characterization of a new biomaterial can be performed
according to the phases represented in the diagram in Figure 1.

Biological and mechanical screening tests must be performed on the new biomaterials that are
to be used in joint prosthetic implants in order to obtain the required quality control. Furthermore,
wear tests must be performed, before clinical adoption, in order to acquire knowledge on the tribological
phenomena that occur [28]. In experimental measurements, the physical laws govern the system and
the simulation can represent the most realistic conditions of use. In this context, two categories of
laboratory wear test equipment are common [28]:

e  The so-called quick tests, which provide information exclusively on the intrinsic features of the
materials studied. These wear tests can be performed in dry and lubricated conditions and in
different configurations. Measuring friction, wear, and material mechanical properties is a way
for engineers to understand how materials will stand up to the rigors of biomedical application.
These wear tests are fast and cheap but, unfortunately, they do not accurately reproduce the
contact geometries and the kinematics of the real prostheses [29]. A schematic representation is
given in Figure 2.

e Vice versa, the hip and knee joint wear simulators are machines in which real prostheses
are mounted on these apparatuses, as intended in vivo, and tested in an environment that
simulates physiological conditions. These simulators can reproduce a simplified level of walking,
as specified in international guidelines [30,31]. Recently, efforts are devoted to the simulation
of a more demanding task that would reproduce the wear rates of daily living activities [32,33].
A schematic representation is given in Figure 3.



Appl. Sci. 2020, 10, 6312 40f11

iBiomaterials

Biocompatibility test

-i
o
[orsme e |

Figure 1. Flow chart showing the characterization of a new biomaterial.
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Figure 2. Schematic representation of the pin on disk tests. In particular, the pin is pressed against a
rotating disk under the given load. The pin can be of any shape; however, the most popular shapes are
spherical or cylindrical.
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Figure 3. Schematic representation of the so-called knee and hip joint simulators. In (A) a schematic
station of a knee joint simulator; in (B) a schematic station of a hip joint simulator. This picture is a
general view for joint simulators and not a representation of displacement or force control, or anatomical
or upside-down positioning of the prostheses.

Experimental tribological simulation apparatus of knee and/or hip prostheses behaviors have
increased over the years in order to be able to reproduce tribological wear tests in which the biomechanics
of human joints, under controlled conditions, are replicated fairly faithfully [30-33]. The simulators
of the hip and knee joints play a fundamental role in the preclinical validation phase of a medical
device [34]. They simulate, in a controlled environment, what happens on a real implanted prosthesis.
Knowledge of the wear rate and wear mechanisms even in the presence of synovial fluid are of great
importance in the preclinical validation process [35].

The objectives of wear tests are to determine the wear rate and its dependence on the test conditions
(i.e., load, range of motion, lubricant, and temperature). In the last years, efforts have been made by
scientists to better quantify the in vitro wear assessments. From the historical and considered “gold
standard” method to measure the weight loss from bearing systems (the gravimetric method), we have
evolved toward more wear methods that have taken into account the damage on a prosthesis due to its
surface finishing and change of shape by using the coordinate measuring machine (CMM) or the more
recent 3D optical wear assessment. More details are available in international literature [36,37].

4. Toward the In Silico Wear Test

In vitro studies play an important role across all fields of medical research, thus biomedical
manufacturers have started with computer modelling and simulation. In this way they accelerate their
product development processes and reduce the huge cost of bringing a new device to the market. Today,
to maintain the exponential growth of innovation, the medical and pharmaceutical worlds are entering
an era in which a growing number of experiments will be done on the computer to complete and
accelerate in vivo and in vitro approaches. This has the potential to revolutionize science and medicine.
Advanced computer modelling techniques (often referred to as in silico models), is an expression
used to mean “performed on computer or via computer simulation” [38]. The expression in silico
“appears” for the first time in 1989 in the workshop “Cellular Automata: Theory and Applications”
in Los Alamos, New Mexico [39,40]. The experimental tribological devices for the simulation of hip
and knee prostheses have been improved over the years in order to make them able to reproduce
tribological wear tests in kinematic and dynamic conditions very close to the real ones [30-33]. The new
trend of an in silico approach to the evaluation of the articular prostheses” wear represents, nowadays,
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a fascinating scientific challenge, which involves many disciplinary fields and which requires a deep
collaboration between scientists from different areas [41-44].

One of the most current in silico approaches is represented in Figure 4 with reference to the total
hip replacement. With the aim to calculate the hip wear, taking into account the complex tribological
phenomena acting in the artificial synovial joints, the proposed approach follows the scheme in Figure 4.
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Figure 4. Flow chart showing the tribological phenomena acting in an artificial synovial joint.

The in silico procedure starts by evaluating the human motion kinematics in the framework of
inverse dynamic analysis (motion capture) with reference both to normal gait and other desired daily
activities [32,45]. The obtained data are used for the calculation of the unsteady joint forces which are
used as load conditions in joint Finite Element Analysis (FEM) [42—44]. The resulting stress—strain
behavior of the artificial coupling have to be joined with the lubrication model for taking into account
the complex synovial phenomena acting in the joint [41,46]. Once the lubricating film is modelled,
suitable wear models will furnish the possibility to obtain the in silico wear values for the investigated
artificial joint.

Of course this fascinating approach needs more accurate mathematical models in order to
depict in an accurate way the real phenomena acting in the considered tribo-system. Many models
which were proposed in literature are from a synovial lubrication point of view; in these models a
combination of Boundary Lubrication (BL), Mixed Lubrication (ML), Hydrodynamic Lubrication (HL),
and Elasto-Hydrodynamic Lubrication (EHL), are considered [47,48]. The conditions of high loads and
low relative motion could lead to a lubricated contact between the articulated surfaces despite their
deformation, so that in these contact areas the contact pressure rises and Mixed Elasto-Hydrodynamic
Lubrication (MEHL) occurs. Since the gap thickness values reached in this lubrication model are very
low, the lubricant viscosity could be affected by the high pressure developed in the gap, so appropriate
relationships between viscosity and pressure are necessary in the modelling of the non-Newtonian
synovial fluid behavior [49]. The Archard wear equation [50] represents a simple and effective model
for the description and calculation of wear. It does not take into account variations in the properties of
materials on the surface. This equation provides an approximation and assumes that the linear wear
rate is directly proportional to the contact pressure. More recently, Mazzucco and collaborators [51]
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have argued that there is no apparent relationship between the rate of wear depth and the contact
pressure (i.e., independent quantities). The work of Kang et al. [52] argues that there is an inverse
relationship between wear and contact pressure. O’'Brien et al. proposed an interesting theory based
on energy dissipation: the process of wear is inherently dynamically adaptive, and localized high
wear can result in faster deformation in certain locations, thus altering the surfaces of the articulating
geometries and altering the kinematics and contact pressure distribution for subsequent cycles [53,54].

5. Research Directions

The new challenge for scientific research in the tribological and orthopedic field is to improve
preclinical methodologies by proposing integration between computational and experimental methods.
Testing medical devices in their working environments is necessary, and recently new areas of
tribology have emerged, such as nanotribology, wear, and lubrication at the nanoscale level [55,56],
biotribology (which deals with human joint prosthetics [57,58]), and lubrication and wear [59].
Moreover, studies of superlubricity, i.e., the mechanisms responsible for extremely low friction [20-23],
have created great expectations for energy saving, and the creation of graphene is also greatly promising
in this direction [60-62]. However, once the in vitro results have been validated, the in silico methods
could be used more effectively to provide a set of preclinical analysis tools enhanced towards an
optimal tribological design of the artificial joints. For doing this, more and more accurate theoretical
and numerical models have to be investigated and developed, by taking into account all the possible
phenomena acting in the real tribological contact [63]. Even if, in the last decades, the progress toward
this aim has continued, open research problems still exist. Recently, regulatory authorities such as
the U.S. Food and Drug Administration (FDA) have recognized the value of computer modelling and
simulation within their approval processes when simulation is properly applied [64,65]. With reference
to the in silico tribological modelling of total/partial joint replacements, attention should be paid,
first, to the accurate definitions of the acting loads on the joints during several kinds of human daily
activities, which should be obtained by using more sophisticated musculoskeletal multibody models,
as suggested in previous studies [66]. From the lubrication modelling point of view, detailed contact
and wear models should be investigated, also on the micro-scale, and tribo-corrosive phenomena
(if any) should be considered [49], in which the contact surfaces” topographies could play a key role in
the rupture of the thin synovial fluid film, in particular load/kinematical conditions. Connected to this
issue, with reference to ceramic components, also the observed metal transfer phenomena should be
investigated and predicted, allowing the description of the surface modifications during the prosthesis’
life in the lubrication modelling.

Clinical research in the joint prosthetic field, with the aim of evaluating the performance of
new biomaterials from a tribological point of view, is essential to prevent the onset of unexpected
failures [67]. Continuous improvements are needed on the wear tests, which must take into account the
tests performed in vitro (using joint simulators) in order to accurately replicate the behavior in vivo.
Wear tests on simulators are complicated activities, mainly due to the lack of knowledge of the wear
mechanisms in correspondence with the multiple operating conditions. Wear tests can help clarify
the wear mechanisms that must be implemented in predictive in silico models. This new objective
constitutes a scientific revolution towards in silico that will be able to encourage technological, medical,
and pharmaceutical innovation, allowing all interested patients to better conduct their daily activities
at an affordable cost.

6. Conclusions

This work highlighted current scientific scenarios for the in silico modelling of tribological
phenomena in prosthetic joints, with a focus on current approaches, open problems, and future research
trends toward more and more accurate models.

The lack of standardization of prosthetic load profiles for daily human activities constitutes
an important limitation for the in silico wear tests. It is necessary to have better biomechanical,
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kinematical, and dynamical models to accurately calculate articular loads during the different daily
human activities.

The validation of the theoretical/numerical models requires the analysis of the results obtained
in vitro, as well as the measure of typical tribological properties, in order to propose increasingly
approximate in silico models describing in an accurate way the tribological behavior of joint prosthesis.

Given the high multidisciplinary nature of the research field, there is a need for a deep cooperation
between scientists of different areas. In addition, probabilistic methods are able to provide results
related to the variability of the phenomena involved, thus multiple factors can be combined in a single
model and explored in a statistically robust way.
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