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Abstract: Synovial joints are unique biological tribosystems that allow a person to perform a wide
range of movements with minimal energy consumption. In recent years, they have been increasingly
called “smart friction units” due to their ability to self-repair and adapt to changing operating condi-
tions. However, in reality, the elements of the internal structure of the joints under the influence of
many factors can degrade rather quickly, leading to serious disease such as osteoarthritis. According
to the World Health Organization, osteoarthritis is already one of the 10 most disabling diseases in
developed countries. In this regard, at present, fundamental research on synovial joints remains
highly relevant. Despite the fact that the synovial joints have already been studied fully, many issues
related to their operating, prevention, development of pathology, diagnosis and treatment require
more detailed consideration. In this article, we discuss the urgent problems that need to be solved for
the development of new pharmacological agents, biomaterials, scaffolds, implants and rehabilitation
devices for the prevention, rehabilitation and improvement of the treatment effectiveness of synovial
joints at various stages of osteoarthritis.

Keywords: synovial joint; synovial fluid; articular cartilage; biotribology; regeneration; regenerative
rehabilitation; joint arthroplasty

1. Introduction

Synovial joints are remarkable biotribosystems with unique properties, thanks to
which a person is able to perform a huge range of motor actions with minimal energy
losses due to friction. One of the factors contributing to this is that the basic elements
of synovial joints, such as: articular surfaces, covered with articular cartilage; articular
cavity; joint capsule; synovium; synovial fluid), are synergistically linked to each other and
form an integral biomechanical system [1]. At the same time, a permanent change in the
properties of at least one of the listed elements leads to a change in the properties of others
and synovial joints in general.

Each of the many joints that form the human skeleton contributes to the preservation
of posture and contributes to the realization of movements of the body and its individual
parts in space, however, from a biomechanical point of view, large synovial joints of limbs
(primarily the lower ones), among other things, perform bearing functions. It is in them
that all the qualities that correspond to the so-called “smart friction units” are most clearly
manifested [2,3], but at the same time they are also most often susceptible to diseases and
injuries that limit the physical activity of people and in many cases lead to disability.

In fact, healthy synovial joint forms a semblance of a cybernetic system functioning
on the basis of feedback with the sympathetic nerve center, which regulates the articular
cartilage lubrication regime, the synovial fluid composition, and the removal of wear
products from the joint capsule [4]. In a healthy body, this system works stably and
provides a very low coefficient of friction of articular surfaces (~0.001), but in the course of
aging of a person followed by development of diseases or injuries, it begins to malfunction
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due to the inability of one or several of its elements to perform their functions. As a result,
synovial joints pathologies develop, the whole variety of which can be reduced to two
forms: (a) arthritis—inflammatory lesion of the joint, regardless of the immediate cause
(infections, autoimmune processes) (~20%) and (b) osteoarthritis—dystrophic-degenerative
joint damage (~80%). It is osteoarthritis that is not only the most common synovial joints
disease, but also the main cause of pain and disability.

The pain that patients with osteoarthritis usually experience is based on two mech-
anisms: nociceptive (performing a protective function and arising from tissue damage
and/or inflammation, due to activation of nociceptors of peripheral or deep tissues) and
dysfunctional (not accompanied by neurological deficits or tissue disorders, and arising
with various neuro-biological changes in the central nervous system) [5,6]. Therefore, pain
might be one of signs that pathological processes occur in the synovial joints: destruction
of articular cartilage, structural changes in the subchondral bone, inflammatory processes
in synovium, tissue repair, etc. However, the manifestation of pain and dysfunction do not
always correlate with the severity of pathological changes in the synovial joints area [5].
Taking this fact into account, it is assumed that, in addition to the severity of the pathologi-
cal process in synovial joints, other factors are involved in the formation of pain, such as
age, gender, race, duration of the disease, body mass index, state of mental health, etc. [7].
Therefore, to assess the real state of synovial joints, only the objective characteristics of a
particular patient should be used, established by various methods with a high degree of
accuracy. In alternative approaches, big data and artificial intelligence technologies can be
used, in which the real state of the synovial joints can be estimated with high reliability
from a set of approximate data and the results of studying approximate mathematical
models. However, in order to develop algorithms for such estimates, a more detailed study
of the synovial joints of each type and the features of its functioning is required, considering
the many factors noted above. In addition, these factors should be taken into account in
synovial joints models, which is especially important for the development and practical
use of technologies for tissue engineering, repair and regeneration of articular cartilage.

For example, the radiographs shown in Figures 1–3 clearly show the differences in the
developmental stages of the osteoarthritis of the ankle, knee and hip joints, respectively,
which, in general, allow a fairly objective assessment of the current state of synovial joints
even without taking into account some personalized patient data.
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There is also a lot of experimental data indicating that, depending on the stage of
osteoarthritis, in the vast majority of patients, the synovial fluid indices change, which
performs a number of important functions in the synovial joints: trophic (articular cartilage
nutrition); metabolic (removal of cells in a state of decay); depreciation (damping the load
on articular surfaces); tribological (low coefficient of friction of articular surfaces) and
protective (delineation of articular surfaces) [10]. This allows, as shown in [11], informative
indicators obtained as a result of cytological studies of synovial fluid to be used for an
objective assessment of the stage of the pathological process in the synovial joints in some
patients. For this, the authors propose using the value of the so-called “cell index”, defined
as the ratio of cells of tissue origin (synovicitis type A and B, as well as their atypical and
decaying forms), which are markers of degenerative-dystrophic changes, to blood cells
(neutrophils, lymphocytes, monocytes), which determines the inflammatory nature of the
pathological process.

The above examples indicate that, in principle, based on objective data on the state
of synovial joints elements, it is possible with a certain degree of accuracy to diagnose a
patient with synovial joints pathology (regardless of much of his personal data) and to plan
its treatment at various stages based on standardized clinical protocols. However, as stated
in the osteoarthritis part of the World Health Organization (WHO) report: “The current
methods of clinical diagnosis and X-rays are not precise enough to effectively measure
status and progression of the condition, which presents serious difficulties in evaluating
both the impact of risk factors and the effectiveness of potential therapies” [12]. This
is one of the main reasons why osteoarthritis remains the most common synovial joints
disease and, according to the WHO, is among the ten most disabling diseases in developed
countries [12]. In this regard, at the WHO level, the need to develop new technologies
for imaging, diagnostics and biomarkers is noted for more effective measurement of the
status and progression of osteoarthritis [13]. At the same time, other issues concerning
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the anatomy, physiology and treatment of synovial joints in general and their structural
elements remain relevant.

It should be noted that the anatomy and physiology of the joints has a long history,
the beginning of which is associated with Hippocrates (born around 460 BC). Since then, a
huge amount of scientific research has been carried out, the results of which have made
it possible to obtain almost complete information about joints (including synovial joints)
at various levels. Despite this, interest in this area of research is constantly growing, as
evidenced by the graphs of publication activity on topics synovial joints, articular cartilage
and synovial fluid from 1950 to 2020, shown in Figure 4.

Figure 4. Dynamics of publications on topics synovial joints (SJ), articular cartilage (ACar) and synovial fluid from 1950 to
2020 (according to Web of Science data).

In our opinion, the reasons for this interest are due to many factors, including: the need
to create effective pharmacological agents for the treatment of osteoarthritis, improving the
technologies of tissue engineering articular cartilage, developing effective technologies for
regenerating damaged articular cartilage, design of biosimilar synovial joints replacements
and new technologies for their implantation, etc.

In this article paying tribute and memory to the outstanding scientist D. Dowson who
made a significant contribution to the development of the science of synovial joints, we
discuss the new problems that need to be solved for the development of new biomaterials,
scaffolds, implants, rehabilitation devices, as well as intelligent diagnostic technologies
with which to prevent and improve the effectiveness of treatment of synovial joints at
various stages of osteoarthritis.

2. Materials and Methods
2.1. Articular Cartilage as a Basis of Synovial Joints

Articular cartilage is a type of connective tissue covering the ends of long bones, which
performs bearing functions into the synovial joints while ensuring high wear resistance and
low coefficient of friction of articular surfaces. It provides the ease of relative movement
of the bones that form the synovial joints and its high durability, provided that the body
remains in a healthy state.

The main cells of articular cartilage are chondrocytes, located in a hydrated extracellu-
lar matrix, consisting mainly of collagen II and proteoglycans. The swelling proteoglycans
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tend to create osmotic swelling pressure in articular cartilage, while collagen II counteracts
this, thereby providing articular cartilage’s functional integrity, its longitudinal (tensile
and compressive) and shear stiffness. Thanks to the combined action of collagen II and
proteoglycans, articular cartilage is able to resist many times the load acting on it during
the operation of a synovial joint.

Articular cartilage is a heterogeneous, anisotropic, viscoelastic material with a porous
structure, in which the density and organization of cells change markedly during growth
and maturation. The biochemical and biomechanical properties of articular cartilage also
change significantly in depth (from the surface to the area of attachment to the subchondral
bone), which is a consequence of cell and extracellular matrix changes. This results in a
non-linear response to external forces [14].

In the process of functioning, the synovial joints elements, contacting along articular
surfaces, are subjected to compression, shear and sliding relative to each other. Since artic-
ular cartilage has a very low permeability, during compression, the hydrostatic pressure
of the interstitial fluid present in it rapidly increases, which allows bearing the external
load. As the compressive load increases, interstitial fluid begins to be released from the
articular cartilage, which leads to a redistribution of some of the load on the solid matrix
and to the consolidation of the cartilage. Once equilibrium is reached, the interstitial fluid
flow from articular cartilage stops and the entire load is taken up by the solid matrix. This
effect is known as stress relaxation in articular cartilage and characterizes one of its most
important features that determine the compression process and bearing functions [15]. This
effect, as well as the viscoelastic properties of cartilage, can be explained on the basis of
a two-phase model [16], in which it is assumed that articular cartilage contains a small
number of cells (~1% of the tissue mass) and its mechanical characteristics are mainly
determined by extracellular matrix, which consists of liquid and solid phases. The liquid
phase (~80% by mass) is represented by interstitial fluid, and the composite solid phase,
as a porous, permeable, fiber-bonded material, is represented by macromolecules, among
which collagen II and proteoglycans predominate.

It should be noted that articular cartilage is a well-studied biological tissue, complete
information about which can be found, for example, in [17], as well as in many other
sources. But even the features of articular cartilage, briefly described above, allow us
to note that its properties determine the normal physiology of synovial joints. Changes
in extracellular matrix, such as collagen II and/or proteoglycans degradation, can lead
to a variety of diseases. At the same time, the low regenerative potential of articular
cartilage, determined by the peculiarities of its histological structure, may lead to an early
development of total osteoarthritis even with local damage.

The mechanisms of articular cartilage damage in osteoarthritis and the conditions for
their occurrence (or non-occurrence) are still not fully understood and require further study.
At the same time, it is known that osteoarthritis is polyetiologic pathology of synovial
joints, the pathogenesis of which can be interpreted in different ways. However, there is
no doubt that the development of osteoarthritis is based on the articular cartilage lesion,
which occurs in stages [18,19].

2.2. Lubrication and Friction in Synovial Joints
2.2.1. Lubrication and Friction Modes

The lubricating medium of synovial joints is synovial fluid filling articular cartilage. It
can be considered as a mobile medium that carries out mass transfer between the synovial
joints elements and unites them into a single biophysical and biochemical system [4].
That is, synovial fluid is a kind of reservoir in which nutrients and signaling molecules
of cell populations are located in synovial joints. In addition, it houses high molecular
weight molecules that are retained in the joint due to their large size, contributing to the
maintenance of synovial fluid volume during synovial joints operating [20,21]. In a healthy
body, the entire complex of molecular components of synovial fluid determines its unique
properties and functions of maintaining synovial joints homeostasis.
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One of the most important functions of the synovial fluid (but not the only one) is
to provide the synovial joints lubrication, which contributes to the low friction and wear
of the articular surfaces, and therefore the locomotion efficiency of the synovial joints. A
number of facts indicate that this paradigm was recognized in ancient times. Therefore, for
example, in one of the treatises published in the middle of the 18th century, the following
is noted: “Human body is a subject so much the more entertaining, as it must strike every
one that considers it attentively with an idea of fine mechanical compositions. Where ever
the motion of one bone upon another is requisite, there we find an excellent apparatus
for rendering that motion safe and free: we see, for instance, the extremity of one bone
moulded into an orbicular cavity, to receive the head of another, in order to afford in an
extensive play. Both are covered with a smooth elastic crust to prevent mutual abrasion;
connected with strong ligaments, to prevent dislocation and enclosed in a bag that contains
a proper fluid deposited there, for lubricating the two contiguous surfaces” [22]. Since then
and until now, many attempts have been made to uncover the mechanisms underlying
biolubrication and friction of synovial joints [23–28].

A significant contribution in this direction of research was made by D. Dowson and
colleagues [29–38]. They were able to prove that elastohydrodynamic lubrication (EHL) is
the dominant lubrication mode in synovial joints [39–41], which led to significant progress
in the study of friction mechanisms in synovial joints. However, it was later shown that
EHL is not realized in all modes, and at high contact pressure or at a decrease in sliding
speed synovial fluid is slowly squeezed out of the intra-articular space. The resistance
forces that arise due to the synovial fluid viscosity do not allow it to free itself from this
space quickly. As a result, the remaining liquid film is compressed and takes up the load
acting on the synovial joints, at least for a short period of time. This process is called
squeeze-film lubrication. Experimentally, its existence was confirmed by R.S. Fein [42] and
then by the method of asymptotic analysis by J.S. Hou and colleagues [43].

In the model used in [43], the following assumptions were made:

• articular cartilage is a linear porous-permeable two-phase material filled with a linear
viscous (Newtonian) fluid;

• synovial fluid is also a Newtonian fluid;
• articular cartilage is a homogeneous layer of thickness H, and the thickness of the

synovial fluid film (h) is significantly less than H; h << H;
• the radius of curvature R of the bearing articular surfaces is much larger than H; R >>

H;
• the compression of the synovial fluid film is provided by a stepped load in the form of

a Heaviside function applied to both bearing articular surfaces.

This allowed the authors to use two small parameters for the asymptotic analysis of the
problem: geometric (ε = H

R ) and physical (δ2 = µa
KH2 ), where µa = (0.01− 1.0)Ns

m2 —apparent
viscosity of the interstitial fluid, K = 1015 Ns

m4 —diffusive drag in articular cartilage and
10−3 < H < 2·10−3, m. For such values at 10−2 < R < 3·10−2, m: ε < 0.2 and δ2 < 2.5·10−8.
As a result, they obtained two coupled nonlinear partial differential equations: one for
synovial fluid (similar to the Reynolds equation) and one for articular cartilage, the analysis
of the numerical solution of which led to the following conclusions [43]:

• articular cartilage material deforms, while the load transfer area increases;
• articular cartilage deformation leads to a decrease in the synovial fluid velocity, thus

increasing the time for the formation of the squeezed film;
• synovial fluid in the gap is forced from the central high-pressure region into articular

cartilage, and expelled from the tissue at the low-pressure periphery of the load-
bearing region;

• tensile hoop stress exists at the cartilage surface despite the compressive squeeze-film
loading condition.

It is these features that correspond to the synovial fluid lubrication.
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It should be noted that the synovial fluid lubrication mode allows simulating the
behavior of synovial joints at different stages of osteoarthritis, which makes it possible
to evaluate various options for its treatment, considering many personal factors inherent
in a particular patient. From this point of view, the studies by M. Hlavachek published
in [44–46] are of interest.

The author used a two-phase articular cartilage model, represented by a mixture of
an ideal interstitial fluid and a poro-elastic homogeneous isotropic incompressible matrix,
which allows one to study the case of early osteoarthritis, when the intact surface zone of
normal articular cartilage, which is more rigid than the base material, is already destroyed
or worn out. He found that under these conditions, under normal displacement of articular
surfaces, the liquid film is rapidly depleted and turns into a synovial gel, which in the case
of sliding motion should behave like boundary lubrication [45]. It was shown in [46] that,
due to the high viscosity of normal synovial fluid, at very low shear rates, the squeezed
film at a fixed time after applying a constant load turns out to be much thicker in a small
central part of the lubricated contact region. The rest of the film is thin, since it corresponds
to a Newtonian fluid with the same viscosity at high shear rate. At the same time, the
filtration is lower for normal articular cartilage with an intact surface zone, due to its lower
permeability and compressive rigidity. But even in the case of zero filtration, the effect
of thixotropy (liquefaction) on an increase in the minimum thickness of the liquid film
appears within a fairly short period of time after the application of a physiological load.

It should be noted that a complete analytical solution to the problem of synovial joints
operating in the synovial fluid lubrication mode cannot be found, due to the complexity
of the model. However, taking into account some conditions (assumptions), the problem
can be simplified significantly. For example, A. Ruggiero managed to reduce the problem
of the synovial fluid lubrication of the human ankle joint with synovial fluid filtrated
by articular cartilage to an approximate analytical model and find its numerical solution
for synovial fluid, represented as Newtonian lubricant [47]. Using the example of the
knee joint, as mentioned above, this problem was solved by J.S. Hou and colleagues [43];
in [34] the results of its solution for the hip joint were presented; in [48] for the case
of contact of two planes (with reference to the lubricant synovial fluid lubrication of
synovial joints). In one of the latest works carried out with the participation of D. Dowson,
the mode of pore-hyperelastic lubrication articular cartilage in natural synovial joints
was considered. According to the authors, this model describes all modes, including
synovial fluid lubrication and boundary lubrication that occurs with increasing load, which
represents major progress in modeling the mechanics of articular cartilage [49].

In [50], a short, but rather informative history of the formation of the science branch
devoted to friction and lubrication of synovial joints was presented. It is noted that in a
natural joint, depending on its state and conditions of operating, various modes can be
observed, including boundary, mixed and liquid lubrication. Therefore, when solving
applied problems, there is a need for a preliminary assessment of the most probable
mode. The most typical synovial joints lubrication mechanisms are shown schematically in
Figure 5.

In this article, we analyze the models of synovial joints operating in synovial fluid
lubrication mode. Solutions to such problems are extremely important for various applica-
tions, such as: development of artificial analogues of synovial fluid, new designs of joint
implants, biomaterials, scaffolds for regenerative technologies, for optimal synthesis of
regenerative rehabilitation devices, etc.
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2.2.2. Mathematical Models of Squeeze Film Lubrication

In [47], considering an approximate analytical model of the synovial fluid lubrication
of the ankle joint with porous articular cartilage, the authors obtained the following
differential equation:

fr
(
e,

.
e
)
= W(t), (1)

where W(t) is a function describing the change in load on a joint over the time in a
walking cycle, fr

(
e,

.
e
)

is a function characterizing the force perceived by articular surfaces,
depending on the size of the gap e(t) and the rate of its change

.
e = de

dt , which has the
following form:

fr = 12R3µ
.
eL


2(c + 12Φ)arctg

[
(c−e+12Φ)tg

(
β
2

)
√

e2−c2−24cΦ−144Φ2

]
e(e2 − c2 − 24cΦ− 144Φ2)

3
2

−
β
e −

(c+12Φ+ecosβ)sinβ

e2−c2−24cΦ−144Φ2

c + 12Φ + ecosβ2

, (2)

The parameter notations used in (2) correspond to [47]: R—effective radius curvature
of the contact of talus (with radius curvature R1) and tibia (with radius curvature R2):
1
R = 1

R1
− 1

R2
; L—length of the cylindrical joint model; c—clearance; θ = ± a

R = ±β—polar
angle; a —tibial length; µ—shear modulus of the cartilage matrix; Φ—permeability of the
cartilage matrix.

In this model, it is assumed that two rigid infinite cylinders, representing the tibia and
talus of the ankle, covered with a thin layers of articular cartilage of equal thickness, are in
internal contact with each other [51]. In this case, articular surfaces of the talus is conven-
tionally immobile, while articular surface of the tibia performs exclusively compressive
movement e(t), which leads to reduction of the gap in the joint filled with a thin film of
synovial fluid.

Equation (1) corresponds to the linear model articular cartilage, in which a geometri-
cally linear (small deformations), homogeneous and isotropic elastic porous matrix is filled
with an ideal (Newtonian) interstitial fluid [16]. The effects arising from the deformation
of articular cartilage are not taken into account in it. The advantages of such a model are
that it is quite simple to use for solving many applied problems, including optimization
ones, without using the complex mathematical apparatus necessary for solving systems of
non-linear partial differential equations. In this case, the numerical solution of Equation (1)
can be obtained by a variety of known methods for various laws of change in the external
load W(t).

Later, a modified version of this model was presented, in which the synovial fluid
was considered as non-Newtonian [52], which led to the need to take into account coupled
stresses [53].
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Indeed, if we consider the movements of the elements of the synovial joint only in the
sagittal plane, then its model in the first approximation can be represented by two rigid
infinite cylinders covered with a porous elastic material and separated by a layer of liquid
that can penetrate into the pores. So, for example, the model of the ankle joint is presented
as a movable joint of the talus and tibia, the surfaces of which, being in internal contact
with each other, are close to cylindrical with radii R1( (talus) and R2 (tibia) and are covered
with thin layers of poro-elastic articular cartilage the same thickness (ĥ1 = ĥ2 = ĥ). In this
case, the talus, which can be conventionally considered motionless, perceives the action of
an external load W(t) applied to the tibia (Figure 6).Lubricants 2020, 8, x FOR PEER REVIEW 9 of 23 
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It is assumed that the external load is set kinematically, by compressing a liquid film
with a thickness h(x, t) located between the articular surfaces’s of the joint, i.e.,:

h(x, t) = h̃(t)− 2ĥ,

where h̃(t)—total layer thickness of synovial fluid.
If we neglect the inertia and mass forces of synovial fluid and assume that the synovial

fluid layer in the joint is a thin film, then the Stokes moment equations in Cartesian
coordinates [53] can be represented as follows:

∂2u
∂y2 − l2 ∂4u

∂y4 =
1
µ

∂p
∂x

, (3)

∂p
∂y

= 0, (4)

∂2w
∂y2 − l2 ∂4w

∂y4 =
1
µ

∂p
∂z

, (5)
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These equations must satisfy the continuity of the liquid medium

∂u
∂x

+
∂v
∂y

= 0, (6)

and boundary conditions:

u(x, 0, z) = 0;
∂2u(x, 0, z)

dz2 = 0, (7)

u(x, h, z) = 0;
∂2u(x, h, z)

dz2 = 0, (8)

where u, v, w are the velocity field components, m
s ; p is a synovial fluid pressure, Pa; µ is

a synovial fluid dynamic viscosity, Pa·s; η is a couple stress synovial fluid constant, kg·m
s ;

l =
√

η
µ is a synovial fluid constant with the dimension of length, m [53].

General solution to Equation (3):

u = l2
(

c1e
y
l + c2e−

y
l

)
+

1
2µ

∂p
∂x

y2 + c3y + c4, (9)

where c1, . . . , c4 are integration constants.
Giving the boundary conditions (7, 8), expression (9) takes the following form:

u =
1

2µ

∂p
∂x

y2 − hy + 2l2

1− e
2y
l + e

h
l

e
y
l

(
e

h
l + 1

)
. (10)

Let us now consider the porous structure of articular cartilage and the filtration of
synovial fluid through it. In accordance with Darcy’s law for synovial fluid (as a non-
Newtonian fluid) [53], we write down the conditions on the boundaries:

v(x, 0, z) =
ΦH

µ(1− α)

∂2 p
dx2 , (11)

v(x, h, z) =
dh
dt

=
.
h (12)

where Φ is a articular cartilage permeability, m2; α = l2

Φ , units. Integrating (6) over y, we
write:

∂

∂x

∫
∂p
∂x

udy + v + C5 = 0,

or

v =
∂

∂x

− 1
2µ

1
3

y3 − 1
2

hy2 + 2l2y− 2l3 e
2y
l − e

h
l

e
y
l

(
e

h
l + 1

)
∂p

∂x

+ C5.

From this expression, using condition (11), we obtain:

C5 =
∂

∂x

[
l3

µ

e
h
l − 1

e
h
l + 1

∂p
∂x

]
+

ΦH
µ(1− α)

∂2 p
dx2 . (13)

In this way,

v =
∂

∂x

− 1
µ

1
6

y3 − 1
4

hy2 + l2y− l3 e
y
l − e

h−y
l + e

h
l − 1(

e
h
l + 1

)
∂p

∂x

+
ΦH

µ(1− α)

∂2 p
dx2 . (14)
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Finally, from (14), using condition (12), we obtain the following expression:

∂

∂x

[(
h3 − 12l2h + 24l3 e

h
l − 1

e
h
l + 1

+ 12
ΦH

1− α

)
∂p
∂x

]
= 12µ

.
h. (15)

To simplify further transformations and the possibility of obtaining an approximate
analytical solution, we go over to the polar coordinate system (x = θR; h(θ, t) = c + ecosθ)
and reduce the differential Equation (15) to a dimensionless form using the following
dimensionless variables:

R = R2; ; L =
L
c

; l =
l
c

; ε =
e
c

; h(θ, t) =
h
c
= 1− εcosθ; p = − c2

µR2 .
ε

p; Φ =
Φ
c2 ; H =

H
c

; (16)

where c is the joint clearance; e is a normal displacement of the articular surfaces of the
tibia towards the articular surfaces of the talus. Substituting (15) into (16), we obtain:

∂

∂θ

h
3 − 12l

2
h + 24l

3 e
h
l − 1

e
h
l + 1

+ 12
ΦH

1− α

∂p
∂θ

 = 12cosθ, (17)

Integrating (17) twice over θ and taking into account the boundary conditions:

at x = −a : θ = β(−a) = − a
R

; at x = a : θ = β(a) =
a
R

we obtain an expression for the dimensionless pressure p = p(θ) synovial fluid inside
the joint:

p(θ) =
12(cosβ− cosθ)

h
3 − 12l

2
h + 24l

3 e
h
l −1

e
h
l +1

+ 12 ΦH
1−α

. (18)

To determine the resistance force to the action of an external load, it is necessary to
calculate the integral:

Fr =
∫ +β

−β
p(θ)cosθdθ. (19)

In order to find an approximate analytical expression for Fr, we expand p(θ) in
Maclaurin Series in θ:

p(θ) =
12
A

[
cosβ− 1 +

(
1
2
− B

A
(cosβ− 1)

)
θ2
]
+
(

θ3
)

. (20)

where

A = (1 + ε)3 − 12l
2
(1 + ε) + 24

e
1+ε

l − 1

e
1+ε

l + 1
+ 12

ΦH
1− α

(21)

B = −3ε(1 + ε)2 + 12l
2
ε− 12ε

l

1−

 e
1+ε

l − 1

e
1+ε

l + 1

2
. (22)

After substituting (20) in (19) and integrating, we obtain the following expression:

Fr =
6L
A2 [2β(A + B)(βsinβ + 2cosβ) + 2A(sin(2β)− 4sinβ)]−

− 6LB
A2

(
2β + 4sinβ + β2sin(2β)− 2sin(2β) + 2βcos(2β)

)
.

(23)

This model is more suitable from a biological point of view. Indeed, it is known that
synovial fluid ingredients such as globulin, lubricin, hyaluronic acid, albumin, mucin,
surface active phospholipids [4] play an important role in synovial joints lubrication, which
contribute to the implementation of various modes of synovial joints lubrication both
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individually and in combination with each other. With a strong load on the joint, the
combination and concentration of lubricant molecules adhered to articular surfaces gives
a synergistic effect that helps to reduce the friction coefficient and the rate of wear of
articular cartilage under boundary and mixed modes of cartilage lubrication [55]. It is
these molecules with a large molecular weight that give synovial fluid the properties of
a non-Newtonian liquid, the viscosity of which decreases with an increase in the sliding
speed. This is especially typical for synovial fluid in synovial joints affected by arthritis
and osteoarthritis, which is explained by a change in the concentration of proteins and
polysaccharides on articular surfaces in these pathologies.

In addition, it was found that the properties of synovial fluid, and, consequently,
the mechanisms of lubrication, change depending on the value of the contact pressure,
temperature, and the rate of protein deposition [56]. This implies the use of methods of
the moment theory of elasticity and non-Newtonian properties of synovial fluid, which
considers the appearance of coupled stresses in a compressed liquid film [53,57,58].

It should be noted that in recent years it has become practically the norm to represent
synovial fluid as a non-Newtonian fluid, since the results of solving most problems become
more plausible even with significant simplifications of other elements and parameters
of lubrication models [52,59–63]. The only problem that arises in this case is a certain
complication of the mathematical side of the problem. However, with modern software,
this problem becomes insignificant.

Note that the models described above are not unique and, if necessary, can be re-
fined/changed by formulating new hypotheses and assumptions. However, as practice
shows, the complication of the initial data that are used in the formulation of mathematical
models does not always lead to a more accurate description of the subject or the modeling
process, which, first of all, is explained by the lack of accurate information about their real
state and change. For example, the shape of articular surfaces, the parameters of articular
cartilage and of synovial fluid differ significantly depending on a large number of factors,
and the coefficient of friction in synovial joints, measured in vivo, can never be detected
in vitro. This prevents synovial joints models from being built with a predetermined accu-
racy. Nevertheless, such models allow reliable qualitative characteristics of synovial joints,
and in some cases, quantitative ones, to be obtained.

2.3. Regeneration and Regenerative Rehabilitation of Articular Cartilage

The morphology of articular cartilage determines its weak ability to regenerate, which,
as a rule, does not allow spontaneous full restoration of defects to be achieved, because in
the damaged area, fibrous tissue or fibrous cartilage is formed, which differ significantly
in architectonics, biochemical composition, and mechanical properties [64]. In addition,
despite the knowledge of the etiopathogenetic mechanisms of articular cartilage lesion,
determining the tactics of its treatment and recovery technology is a difficult task with the
outcome difficult to predict. Nevertheless, all modern surgical technologies recommended
for the treatment of articular cartilage are focused primarily on providing optimal con-
ditions for tissue regeneration, which is close in properties to natural articular cartilage.
Moreover, most of them include postoperative rehabilitation, as a necessary procedure for
the treatment of the disease, the phases of which are recommended to correlate with the
biological phases of tissue regeneration.

This is explained by the fact that articular cartilage is susceptible to mechanical stress,
although to a lesser extent than other biological tissues. Moreover, it has been established
that physiological mechanical stress is a decisive factor for the development of zonally
defined cartilage in adults and vertebrates. This feature of articular cartilage develops
during skeletal maturation in postnatal development and is formed by articular movements
resulting in a combined load, including compression, extension, and shear [65].

Forced external mechanical influences can also have a significant effect on the biosyn-
thesis of extracellular matrix, chondrocytes, and chondrogenic differentiation of mesenchy-
mal stem cells during repair and regeneration of articular cartilage. In particular, it has
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been shown that the type, frequency, magnitude, and duration of mechanical stimuli affect
the response of chondrocytes and mesenchymal stem cells’ differentiation [66].

It was found that a strong prochondrogenic stimulus for the articular cartilage is its
compression in various ways. In particular, dynamic compression causes a reaction of chon-
drocytes, accompanied by enhanced synthesis of extracellular matrix molecules, including
proteoglycans and collagen II [67–69], which largely depends on the rate of deformation,
frequency, amplitude, and loading history. The response to dynamic hydrostatic pressure
is similar to dynamic compression [70,71]. At the same time, it was shown that mechanical
stimuli, the parameters of which exceed physiological ones by more than 20%, do not
enhance the production of the extracellular matrix [67], and static or very low-frequency
load generally suppresses its synthesis [72].

It is also known that articular cartilage responds to mechanical stimuli that promote
the formation of shear deformations [73]. The results of a number of in vitro experiments
indicate that shear loads, applied simultaneously with compressive ones, lead to a signifi-
cant increase in the expression of chondrogenic mesenchymal stem cell genes, including
proteoglycans-4, which leads to the formation of articular cartilage with a high modulus
of elasticity. In this case, the phenotype of the new tissue depends on the frequency and
amplitude of mechanical stimuli that simultaneously contribute to shear and compres-
sion [74–76].

The aforementioned effects of the occurrence of biochemical processes at the cellular
and molecular levels in response to the action of mechanical stimuli, which are commonly
called mechanotransduction, are well known, but the mechanisms of their occurrence are
still poorly understood. There are still no answers to questions regarding the determina-
tion of specific parameters of forced external mechanical influences that would contribute
to improving the quality and reliability of regenerative processes using regenerative re-
habilitation technologies; it is not clear how to apply mechanical stimuli to the affected
tissue area in vivo in order to achieve the course of biochemical processes in the desired
direction, etc. Answers to these questions can be obtained only on the basis of systematic
experimental and theoretical studies, in which studies of tissue regeneration models can
play an important role. In this case, both in mathematical models and in their experimental
analogs, it is desirable to reproduce the loading of articular cartilage in a non-invasive way
by reproducing the natural conditions of articular surfaces contact in different lubrication
modes. It can be assumed that the synovial fluid lubrication model of poroelastic articular
cartilage in combination with EHL will be the most suitable in such cases.

3. Results

Considering the fact that the most dangerous disease of the synovial joints is os-
teoarthritis, characterized by degenerative damage to the articular cartilage, a large number
of studies in this area are focused on solving problems focused on the prevention and
treatment of cartilage diseases, including the development of methods for the regeneration
of cartilage tissue, the creation of artificial analogues of synovial fluid and extracellular ma-
trix. In recent years, increasing attention has been paid to the development of regenerative
rehabilitation technologies which, as shown above, use the targeted action of mechanical
stimuli on the damaged area of the cartilaginous tissue in order to create the best conditions
for its regeneration. Despite the fact that the results of a large number of experimental
and theoretical studies indicate the high potential of such technologies, it has not yet
been possible to achieve significant results in this direction. This is not least due to the
peculiarities of the histological structure of the articular cartilage and the complexity of the
transmission of the necessary stimuli to the local area of the joint using external sources of
their generation. In this regard, the methods of modeling the synovial joints, in terms of
exposure to mechanical stimuli created with the help of external generators, are especially
relevant. In this case, various lubrication modes can be taken into account, including the
squeeze-film lubrication mode.
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As a result of the analysis of such models, such important characteristics as the
components of the velocity field (10, 14), the pressure of interstitial fluid (18) both on the
surface and inside the cartilage, as well as the total force perceived by the articular surfaces
(19) at a certain amplitude of kinematic disturbance. In the future, these characteristics
can serve as initial data for assessing the stress state of the cartilaginous tissue, which is
necessary for the study of models of regenerative rehabilitation. It is clear that they can be
obtained as a result of research and more detailed models, but a possible increase in their
accuracy will be offset by the fact that numerical models of articular cartilage regeneration
are very approximate, since they are based on hypotheses about mechanotransduction and
idealization of the structure of cartilage tissue.

Thus, at this stage, one of the most effective ways of researching and designing
technologies for regenerative rehabilitation of cartilaginous tissue should include at least
two stages: obtaining approximate theoretical data and comparing them with data obtained
as a result of experiments. The final result of such studies should be a refined model of
the regenerative rehabilitation of articular cartilage, which makes it possible to study
the processes of regeneration of cartilage tissue at different stages of the development of
pathology, taking into account the effect on it of different nature stimuli.

The approximate squeeze-film lubrication model described above makes it easy to
estimate the parameters required for the process analysis. At the same time, Equation (2)
obtained on its basis can be solved by many known methods, including those built into
the analytical computing system Maple: dverk78 (seventh-eighth order continuous Runge–
Kutta method), rkf45 (Fehlberg fourth-fifth order Runge–Kutta method), rosenbrock (Im-
plicit Rosenbrock third-fourth order Runge–Kutta method). When using them, practically
identical solutions were obtained, which indicates that the structure of Equation (2) is
relatively simple and its numerical solution does not present any computational problems.

The solutions were obtained for an external load, the graph of the change of which
during a walking cycle in a dimensionless form n(t) = LW(t)/P is shown in Figure 7.
However, in principle, this problem is easily solved with loads of other types, including
oscillating ones. The numerical values of the parameters used in the calculations are given
in Table A1.
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Figure 8 shows graphs of changes in intra-articular pressure at different points in time;
Figure 9 is a graph of the change in the thickness of the squeezed fluid film; Figure 10 is a
graph of the change in the rate of compression of the ankle joint fluid film.
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Figure 9. Graph of the change in the thickness of the squeezed fluid film of the ankle.

The shapes of the graphs shown in Figures 9 and 10 differ in shape from the similar
graphs given in [47]. However, given the small size of the joint gap, these differences can
be considered insignificant.

We also investigated the synovial fluid lubrication model of an ankle joint filled with
synovial fluid, which has the properties of a non-Newtonian fluid. Figure 11 shows a graph
of the function Fr = Fr

(
ε, l
)

, showing the change in the dimensionless distributed load
applied to the elements of the ankle joint during its kinematic loading depending on the
variables ε and l.
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Figure 10. Graph of the change in the rate of compression of the fluid film of the ankle.
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Figure 13. Graphs of the dimensionless pressure p distribution on the contact surfaces of the ankle joint elements at constant
values of dimensionless displacement ε and constant l.

Thus, using an approximate model of the contact interaction of articular surfaces
covered with porous cartilaginous tissue and separated by a thin layer of synovial fluid,
it is possible to determine the law of distribution of fluid pressures in the cartilage and,
therefore, to estimate the stress-strain state at each point. This will allow calculating
the criterion index of molecular differentiation, for example, the osteogenic index (OI)
proposed by D. Carter [77]

OI = ∑c
i=1 ni(Si + kHi)

where i = 1..c is the number of the type of stimulating effect; ni is the number of cycles of
the i-th type; Hi, Si are hydrostatic and tangential octahedral stresses under stimulating
action of the i-th type, respectively. It is noted that at sufficiently large OI values, cells dif-
ferentiate into bone tissue, and at relatively low values, into cartilaginous tissue. Obviously,
as a result of experiments planned based on the results of the study of models of regenera-
tive rehabilitation, criterion indices can be proposed that more accurately determine the
direction of differentiation of cartilage tissue models.



Lubricants 2021, 9, 15 18 of 24

4. Conclusions

Analysis of literature sources shows that the development, condition and regener-
ation of all biological tissues is largely determined by the mechanical loads acting on
them. First of all, these are natural physiological loads characteristic of the daily activity
of a person. Many examples can be cited indicating that the properties of tissues change
significantly when, for various reasons, the effect of external loads on them ceases, for
example: in a state of weightlessness, with post-traumatic and postoperative immobiliza-
tion, with aging and changes in lifestyle, etc. In such cases, the internal structure of tissues
changes along with a change in their cellular structure, physical, chemical and mechan-
ical properties. This indicates a phenomenon observed in nature inherent in biological
organisms—mechanotransduction, in which, as a result of the action of mechanical stimuli
on tissues, a response occurs at the cellular and molecular levels. Taking this fact into
account, it can be reasonably assumed that mechanotransduction can be very effective in
the processes of regeneration of damaged tissues. And, as noted above, these assumptions
are not without foundation. In particular, it was shown that mechanical stimuli applied to
cartilaginous tissues in vitro actually enhance the biosynthesis of the extracellular matrix,
chondrocytes and chondrogenic differentiation of mesenchymal stem cells in articular
cartilage. In the context of health promotion, prevention and treatment of synovial joints,
taking into account and using the effects inherent in mechanotransduction can be very
useful procedures.

When constructing theoretical models of regenerative processes, poroelastic tissue
models are used, the features of which are most often described in the framework of the
theory of consolidation by M. Biot [78–85]. In particular, on the basis of such models,
algorithms for structural rearrangement and regeneration of bone and cartilaginous tissues
can be constructed [86]. They are much more complicated than models based on Darcy’s
law, but they allow one to represent the dynamics of structural rearrangement processes
in two-phase porous media with much higher accuracy. For tissues with a well-studied
microstructure, which include articular cartilage, it is possible to avoid using the methods
of the theory of elasticity for calculating anisotropic effective constants of compliance [87].
This is ensured by directly taking into account experimental data on the structure of tissue
pores in their poroelastic models.

It should be noted that the results of the study of a number of mathematical models of
tissue restructuring, built on the basis of M. Biot’s theory, are currently available for analysis.
Among them, the works of L. Maslov [88–91], D. Carter [92–97] and other researchers are of
interest, in which, among other things, hypotheses and algorithms for the theoretical study
of regenerative processes are presented. However, the use of these and other theoretical
results to create conditions for practical repair or regeneration of articular cartilage presents
serious difficulties. Not least, this is due to the impossibility of creating a stress-strain state
of the desired type in the local area of the damaged tissue.

Information about the pressure in interstitial fluid, on the surface and within the
articular cartilage, obtained from the study of the lubrication and contact models of articular
surfaces, can only be used as an initial condition for the tissue regeneration process. This is
due to the fact that as the distance from articular surfaces increases, the stress-strain state of
the tissue also changes dramatically, since the interstitial fluid is released mainly from the
surface layer of articular cartilage [95,96]. That is, linear poroelastic models are incapable
of assessing the deformations of articular cartilage as a whole, since they are based on the
assumption that there is no interstitial fluid flow inside the tissue. At the same time, such
models describe quite well the behavior of interstitial fluid released in vivo from articular
cartilage under load in the intra-articular space. The interstitial fluid is trapped between
two mating synovial joints elements and maintains a high level of pressure, preventing
high contact stresses and ensuring low friction between the extracellular matrix elements
of the two mating articular surfaces. An experimental confirmation of this effect is given in
references [97,98].
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It should be noted that synovial joints are striking examples of the optimality of
biological systems characterized by high functional efficiency and resistance to external
factors. However, when normal conditions of operating are violated, such systems lose
their unique properties and their structural elements quickly degrade. In synovial joints,
first of all, degradation of articular cartilage and synovial fluid occurs, which, in turn, leads
to joint disease and an increase in the rate of degradation. In the early stages of the disease,
this situation can be corrected by conservative methods of treatment, the stages of which
should be combined with various rehabilitation procedures, including mechanotherapy.
This medical field, which has received the name regenerative rehabilitation, is gaining
increasing popularity and recognition in the medical community [99]. However, the
effectiveness of regenerative rehabilitation is manifested to a greater extent in applications
focused on tissue regeneration. With regard to articular cartilage, this boils down to the
impact on its damaged areas of such mechanical stimuli that would provide an increase in
the biosynthesis of extracellular matrix, chondrocytes and chondrogenic differentiation of
mesenchymal stem cells.

The currently known models of tissue restructuring and regeneration under the influ-
ence of mechanical stimuli cannot be considered sufficient to develop optimal regenerative
rehabilitation technologies on their basis. This is partly due to the fact that they are built
mainly on a mechanistic basis and the biological component is poorly represented in them.
This also applies to the models of lubrication and articular surfaces’ contact interaction.
Such models allow one to perform an approximate assessment of the functional state of the
synovial joints, predict the development of destructive and pathological processes in it, and
also have an idea of the initial conditions of the processes of articular cartilage regenerative
rehabilitation. At the same time, they do not take into account the death and survival of
mesenchymal stem cells inhabited in articular cartilage for the purpose of its regeneration,
changes in the extracellular matrix structure, the qualitative composition of synovial fluid,
and other biological processes. In this regard, in order to increase the efficiency of the
reliability of the regeneration process, scaffolds are introduced into the damaged area
of articular cartilage, which are populated in vitro in mesenchymal stem cell bioreactors,
thereby providing better conditions for cell proliferation and survival. As practice shows,
the combination of this approach with the simultaneous action of mechanical stimuli on
articular cartilage contributes to the emergence of the best conditions for its regeneration.

However, the currently used articular cartilage regeneration and regenerative rehabili-
tation technologies can be considered effective only for the restoration of small areas of the
affected tissue located closer to articular surfaces. Unfortunately, with osteoarthritis at the
last stages of development, it has not yet been possible to ensure the repair or regeneration
of articular cartilage. The most effective medical procedure in such cases is synovial joints
arthroplasty, which consists in replacing it with an artificial analogue—an endoprosthesis.
Despite the fact that modern endoprostheses are made from special biomaterials similar in
properties to biological tissues [100], and their designs create high-tech products [101,102],
they do not fully ensure the functionality of natural joints. First of all, they do not provide
the lubrication conditions inherent in natural synovial joints and the natural coefficient of
friction, which leads to their wear and, as a result, to metalosis, and ultimately to the need
for reprosthetics. This and other potential pathologies that may arise after synovial joints
arthroplasty do not allow this surgery to be considered as a complete replacement for a
natural joint. However, the technical means and technologies of synovial joints arthroplasty
are being perfected, which is achieved by bringing artificial joints closer to the natural ones
by way of their more detailed study both at the level of experiments and on the basis of the
study of new mathematical models.
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Abbreviations

a Tibial length
c Clearance
c1, . . . , c4 Integration constants
e Gap between articular surfaces
.
e Rate change in the gap between articular surfaces
fr
(
e,

.
e
)

Function characterizing the force perceived by articular surfaces
Fr Dimensionless resistance force to the action of an external load
H Articular cartilage layer thickness
ĥ Thicknes of poro-elastic articular cartilage layers
h̃(t) Total layer thickness of synovial fluid
h(x, t) Synovial film thickness
H, h Dimensionless parameters H and h(x, t)
K Diffusive drag in articular cartilage
L Length of the cylindrical joint model

l Synovial fluid constant with the dimension of length: l =
√

η
µ

L, l Dimensionless parameters L and l
p Synovial fluid pressure
p Dimensionless parameter p
R Effective radius of curvature of the contact of talus and tibia: 1

R = 1
R1
− 1

R2

R1 Radius of talus curvature
R2 Radius of tibia curvature
t Time
u, v, w Velocity field components of fluid media
W(t) Law of change of an external load for unit of length
x, y, z Cartesian coordinates of the ankle model
α Parameter: α = l2

Φ
β Polar angle: β = ± a

R
δ2 Small parameter: δ2 =

µa
KH2

ε Small parameter: ε = H
R

ε Dimensionless parameter: ε = e
c

η Couple stress synovial fluid constant
θ Polar angle of the ankle model
µ Synovial fluid dynamic viscosity
µa Apparent viscosity of the interstitial fluid
Φ Permeability of the cartilage matrix
Φ Dimensionless parameter Φ

Appendix A

Table A1. Numerical values used for the calculations [45].

Parameters Numerical Values Units

a 14× 10−3 [m]
L 28× 10−3 [m]
c 7.25× 10−7 [m]
R 3.5× 10−1 [m]
R1 22× 10−3 [m/s]
φ 2× 10−14 [m2]
β 4× 10−2 [rad]
µ 1× 10−2 [Pa s]
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