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Abstract

New lubrication events can be predicted using improved pathological non-Newtonian physio-
logical fluids coupled to phospholipid-based bilayers in variable time-dependent magnetic
fields under random non-steady conditions. In this study, we investigated nanofluid lubrication
systems for synovial joints. The particles of PSPMA-g-HSNPs were used as nanoparticles. The
hydrodynamic interaction between the knee bones separated by a nanofluid film was consid-
ered here for various nanofluid concentrations. The simulation indicated solid mechanics on
the bones being pushed by 45 kg-force. The lubricant layer was squeezed by the approaching
bones, which increased the pressure on the lubricant. The calculated maximum lubricant pres-
sure and the change in film height with time were compared to analytical solutions. The results
showed that the application of the nanofluid technology on non-conventional lubrication sys-
tems for synovial joints was feasible. Finally, we also found that with an increase in the nano-
particle concentration, the maximum pressure on the squeeze film decreased, which intro-
duced a new type of bio-fluid to non-conventional lubrication systems for synovial joints.
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1. Introduction

Biological surfaces move relative to each other using a water-based mechanism. Hence, various
strategies are needed to maintain uniform wear or friction [1]. Mechanical components wear and
tear due to friction when they are not lubricated [2]. Lubricants and elastic bodies make elastohy-
drodynamic contacts [3]. Such elastohydrodynamic interactions cause mechanical stress near the
contact center and increase the pressure in the lubricant [4]. Hydrodynamic problems are solved
numerically by using Reynold's equation coupled with solid mechanics to model the elastohydrody-
namic interaction [5]. The schematic representations of the problem from the front, side, and top
views are shown in Figure 1. The curvilinear lines depicted on the bone surface near the point of
contact shown in Figures 1a, 1b, and 1c denote the normal mesh on the geometry. Several studies
have been conducted on these approaches in the last few years. We conducted this study focusing
on the synovial joints and the mouth.

(a) (b) (©

Figure 1 Schematic representation of the problem: (a) front view, (b) side view, and (c)
top view.

Cartilage is a white connective tissue composed of chondrocytes. An articular cartilage layer in
human joints varies in thickness from 0.5 to 1.5 mm in the joints of the upper extremity, such as the
hand and shoulder, and from 1 to 6 mm in the joints of the lower extremity, such as the hip, knee,
and ankle. Under normal conditions, the articular cartilage provides a low level of friction and wear.
The porosity of adult joints varies from 68 to 85%, and it is a highly hydrated tissue. There are elec-
trolytes, such as sodium and chloride, in the interstitial fluid of cartilage. A method of ultrasonic
matching layer measurement was described in some studies for measuring viscosity in situ in an
operating journal bearing [6]. Ultrasonic viscometers mounted on journals were used to measure
circumferential viscosity [7]. Four viscosity regions were identified based on the results and included
a low-temperature and no load, a high-temperature and load, a maximum load and temperature,
and a high-temperature and no load [8]. These viscosity regions matched the viscosity field expected
by superimposing the temperature and pressure gradients [9]. By quantifying the loss of power in
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the bearing, the viscosity results became even more valuable [10]. In the small area where the film
thickness was minimum, and the load was maximum, most of the losses were localized. Simulations
of journal-bearing hydrodynamic lubrication were compared to experimental results [11]. According
to the results of the comparison between the ultrasonic viscometer and the model, the maximum
load occurs at the same angle and loaded region. Because the numerical model does not take ther-
mal effects and shear heating into account, the maximum viscosity measured with the numerical
model is different from that obtained by using viscometers [12]. The findings of this study might
contribute significantly to the advancement of the automotive and lubricant industries. They also
might provide a deeper understanding of the complex lubrication conditions present in engine con-
tacts and strengthen the validity of existing lubrication models [13].

Alzahrani et al. [14] investigated the flow of micropolar fluids over a unique form of vertical
stretching sheet. They focused on studying temperature-dependent properties. Gao et al. investi-
gated the effects of various initial temperature and pressure conditions to predict the thermal con-
ductivity and the duration of phase alteration of water-based carbon hybrid nanofluids based on the
MD approach. [15]. They found that the initial condition plays an important role. Human and Eco-
logical Risk Assessment of a new type of textile was investigated by Mahmood et al. [16]. They in-
vestigated the bioremediation of textile industrial effluents by Fomitopsis Pinicola IEBL-4 for envi-
ronmental sustainability. Nayak et al. [17] studied the nonlinear radiative flow of hybrid nanofluids.
The system was optimized based on entropy. Qi et al. [18] studied extended surfaces during the
melting and freezing of phase-changing materials in cylindrical lithium-ion battery cooling. They op-
timized the system and performed a sensitivity analysis. Ramadan et al. [19] studied the thermal
creep effects on fluid flow and heat transfer via microchannel gas heating. Due to thermal creep, gas
temperatures increase in the developing region, and the exchange of fluids and wall heat increases
at the entrance. Increasing the Knudsen numbers intensifies the thermal creep effect significantly
on gas-to-wall heat exchange. Tlili and Alharbi [20] studied the effect of changing the air quality and
stream incident on the Trombe wall for two different arrangements of rectangular blocks of phase
change materials in the wall. On cold days, solar sources can reduce energy consumption (EC) for
buildings, but in the summer, they increase EC. Tlili et al. [21] conducted a flat sheet direct contact
membrane distillation study to decrease the energy demand for solar desalination. Solar energy was
better utilized by using two techniques in their study. Zhang et al. [22] investigated the effects of
Al;03 and TiO2 nanoparticles to reduce the energy demand in conventional buildings by integrating
solar collectors and phase change materials. The effects of Brownian motion on the activity of na-
noparticles were discussed in some studies [23, 24] but neglected in this study.

This study might contribute to the development of advanced lubricant formulations by providing
numerical techniques and fundamental knowledge. We investigated the elastohydrodynamic
squeeze-film interaction in synovial joints with nanofluid lubrication and presented the benefits of
the new lubricant.

2. Mathematical Model

As an extension to the knee case, this study included elastic deformation and stress on the con-
tacting wall. This occurs when a solid joint interacts with a wall separated by a lubricant film. In the
model, an external force was applied to push a solid knee toward a solid knee wall. As the knee
approached, the lubricant layer was squeezed, increasing its pressure. The analytical solutions were
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compared to the calculated maximum lubricant pressure and film height over time. The fluid conti-
nuity was evaluated using Equation (1):

Vv=0 ¢Y)

Here, v denotes the velocity of the lubricant [m/s]. Equation (1) is related to the stationary flow of
bio-fluids around the bones in the joint. This equation is valid only for incompressible and time-
independent fluids but not valid for the compressible and time-depended (non-stationary) fluids
and squeeze films, which are described in this study. Assuming fully flooded conditions, laminar flow,
Newtonian rheology, smooth surfaces, and an isothermal steady-state regime, the lubricant equa-
tion can be expressed as:

d
V. (0fmiav) = 3 (Privia) 2)

Here, pryiq denotes the density of the fluid [kg/m?]. For non-slip boundary conditions at the wall
and the base, the Reynolds equation can be expressed as:

d
E(Pﬂuidh) =V, (pfluidhvave) 3)

Here, V, denotes the tangential temperature gradient and results from the difference between the
gradient and its normal projection (V — (n.V)n). Nabla vectors V and V; have a unit of 1/m. For
non-slip boundary conditions at the wall and the base, the Reynolds equation can be expressed as
Eq. (3) where v,,,, denotes the average velocity of the lubricant relative to the top and bottom sur-
faces [m/s] and can be calculated using Equation (4).
1 h?

Vave = E (Vw,t + Vb,t) - mvtpf 4)
Here, u denotes the viscosity, ps (a dependent variable) denotes the pressure developed because of
the flow, and h denotes the film thickness, which can be evaluated using Equation (5).

h = h,, + hy (5)

with two components separated by a reference surface between wall and base with the name of
the wall height

hw = hwl — Wy M — Wy, - vthwl (6)
and base height
hp = hpy +up - Mg — Uy - Vehy,. (7)

The normal orientation of the reference surface is from the wall to the base surfaces (z from -h;,
to h,,). When modeling the laminar flow in thin gaps or channels, the total gap height is assumed to
be considerably smaller than the typical lateral dimension of the reference surface. The height of
the wall above the reference surface (h,,) and the height of the base below the reference surface
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(hp) are determined by the components of h,,; and h;;, which are the initial distances to the wall
and base, respectively. The Eulerian wall height changes from an initial value of h,,; to a final value
of h,,. The geometrical localization of uw, nref. hw, and h, are shown in Figure 2a. To determine the
geometrical parameters shown in the figures that were present in the system, a schematic repre-
sentation of the orientation of the wall and the base surfaces associated with the reference surface
in the thin-film flow was depicted. A vector from the reference surface to the corresponding point
on the wall always points in the —nef direction, where nrt is the reference surface normal. Similarly,
a vector from the reference surface to the corresponding point on the base points in the + nrer direc-
tion. The height of the wall above the reference surface (hw) and the height of the base below the
reference surface (hy) are also shown in the figure. The geometrical localization of uy and vy, are
shown in Figure 2b. The displacement of the wall and the base from the reference surface, and the
corresponding change in the height of the channel are shown in Figure 2b.
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Figure 2 (a) A schematic representation of the orientation of the wall and the base sur-
faces with respect to the reference surface in the thin-film flow. A vector from the refer-
ence surface to the corresponding point on the wall always points in the —nrf direction,
where nrt is the reference surface normal. Similarly, a vector from the reference surface
to the corresponding point on the base points in the + nrr direction. The height of the
wall above the reference surface (hy) and the height of the base below the reference
surface (hy) are also shown in the figure. (b) The displacement of the wall and the base
with respect to the reference surface and the corresponding change in the height of the
channel are shown.
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Similarly, the base height changed from an initial value of hy; to h,. The absolute pressure
(p4) consisted of py (the pressure resulting from the fluid flow) and p;..; (the reference pressure

level)
Pa = Pref + Dr (8)

The compression of the fluid resulted in an excess pressure above the reference pressure and a
fluid velocity in the gap. The three-dimensional equilibrium bone solid material was modeled using
Equation (9).

0%u _
Psolid F = Div Sso1ia + Fsotia 9

In the bone solid material tensor equation of the equilibrium bone material, S denotes the solid
stress tensor [N/m?], u denotes the solid displacement vector [m], and F denotes body force [N/m3]
(volume force). Each term in Equation (9) has a unit of [N/m3].

In Eq. (9), the proper constitutive relationships between stress tensor Ssoiig and strain tensor for
hyper-elastic bone material were put. We substituted the geometrical relationships between strain
tensor and covariant derivatives of the displacement vector components in the material of the bone.

A range of 0.29 to 0.63 was found for Poisson's ratio [25]. Here the value of 0.33 is used. The bone
elastic modulus is considered 13 Gpa [26]. The tensor equation for the equilibrium of the lubricant
liquid material with inertia forces, i.e., with nonlinear substantial terms, can be expressed as follows:

dv
Priia 3¢ = VStiia + Friuia (10)

Here, v [m/s] denotes lubricant velocity vector (for bio liquid material), pauia [kg/m3] denotes the
lubricant density, S¢;,,;4 [Pa] denotes the stress tensor in the lubricant, and F;;q [N/m®] denotes
the body force vector in the lubricant. In Eq. (10), the proper constitutive relationships between
stress tensor Squig and strain (shear rate) tensor for non-Newtonian bio-lubricant were put. Next, we
substituted the geometrical relationships between strain tensor (with shear rate components) and
covariant derivatives of the bio-lubricant velocity vector components. The boundary condition of
stress transfer across the fluid-solid surface was expressed by the quality of the pressure [Pa] at the
boundary:

Priuia = Psolia (11)

The external force, F, is counterbalanced by the pressure in the lubricant and is imposed as a
constraint. The behavior of lubricants under pressure is most significant when there are concen-
trated contacts (a large normal force over a small area, usually distorted). Barus showed how the
lubricant viscosity varies with pressure at a constant temperature. The pressure field of the fluid was
then used to predict the viscosity change in the fluid based on the Barus equation.

0 = n,e (12)

The Barrus formula in contemporary Bio-EHD scientific research (problem) is sufficient. The pres-
sure viscosity coefficient a (0.01 mm?2/N) in the Barus equation is used to describe the variation of
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viscosity with pressure. The pressure coefficient a in the Barrus formula was adjusted to the non-
Newtonian bio-lubricant, and hence, depended not only on the pressure but also on the wettability
in bio-contact and power hydrogen ion concentration (pH) of the bio-fluid. Both the roll and the strip
surfaces were rough. The squeeze film models over the knee bone on the top bone, bottom bone,
and the squeeze film boundary are shown in Figure 3. The curvilinear lines on the bone surface near
the point of contact are shown in the squeeze film model in Figures 3a, 3b, and 3c. denoted the
mesh divisions used here. The black areas in Figures 3a and 3b indicate a solid material of the bone,
while the blue area is related to the squeeze film surface. The blue line in Figure 3c indicates the
free surface of the pressure field in the squeeze film.

(a) (b) (c)

Figure 3 The squeeze film model over the (a) knee bone, (b) top bone, and (c) bottom
bone squeeze film boundary.

3. Validation

A finite difference algorithm was used to compare the experimentally measured viscosity around
the bearing circumference to the well-known analytical solution derived from a semi-iso-viscous
Reynolds equation model for hydrodynamic lubrication of journal bearings. The construction of an
elastohydrodynamic model of film formation and viscosity was beyond the scope of this study. We
used a simplified approach to determine where the pressure variation in the bearing gap increases
viscosity the most. The results of the data obtained from the experiments were then compared to
this value. We provided a chart for calculating the bearing gap. The Raimondi-Boyd charts provide
solutions for the Reynolds equation for different parameters (e.g., film thickness) for one-dimen-
sional flow. The comparison between the calculated and analytical values of maximum change in
film height is shown in Figure 4. The Sl unit ([m]) used to plot the values of the maximum changes
in film height is shown on the vertical axis of Figure 4.
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Figure 4 The comparison between the calculated and analytical values of the maximum
change in film height.

4. Results and Discussion

The results of pressure measurements along the bearing circumference are shown in Figure 4. As
shown in Figure 5a, four distinct pressure regions were identified. As shown in Figure 5b, these were
visualized as uniform plots for the bone. The data were recorded at the corresponding bearing po-
sition when the pressure in the different zones was reported. The bar unit (1 bar = 100,000 Pa) is
the pressure value shown on the vertical axis of Figure 5a. The pressure units are shown via the von
Mises stress plots at the boundaries of the bone or cartilage elastic solid, as shown on the vertical
axis of Figure 5b.
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Figure 5 (a) The pressure distribution in the lubricant. (b) The von Mises stress plot at
the boundaries of the elastic solid.
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The synovial fluid (also called synovia) in the synovial joints is a non-Newtonian viscous fluid. The
synovial fluid, which resembles the egg white, reduces friction between the articular cartilage and
the synovial joints during movement. As a part of the extracellular fluid, the synovial fluid makes up
a small component.

The lubrication in bionic joints cannot be explained by such specific mechanisms. To explain the
tribology of bionic joints, all lubrication mechanisms are necessary, as shown in Figure 6. Bionic
joints have an extremely low friction coefficient of 0.002, which is due to the interaction between
the synovial fluid and the articular tissue. The bionic joint is lubricated by boundary lubrication
mechanisms, especially during long periods of standing and heel strikes. The pressure (in Pa) is de-
picted on the vertical axis of Figure 6a. The maximum pressure (Pa) of a heel strike is plotted on the
vertical axis of Figure 6b. In general, a gait cycle of one leg can be divided into a stance phase (60%)
initiated by a heel strike and terminated by a toe-off and a swing phase (40%). During the stance
phase, the knee flexion angle increases from 0° at heel strike to a maximum of 15°, while during the
swing phase the flexion angle increases to approximately 60°.

Maximum Pressure (Pa)
o
Maximumn Pressure (Pa)
- o

0 05 1 15 2 25 3 0 1 2 3 4 5 6 7
Time (s) 10° Time (s) os

(@) (b)

Figure 6 The maximum pressure was applied to the film for lubrication to describe the
knee joint tribology (a) weight transfer and (b) heel strike.

The hollow silica nanoparticles with core/shell charged polymer brushes (PSPMA-g-HSNPs) were
used here as nanoparticles. By using charged polymer brushes to form shells, the functional nano-
particles showed a positive lubricating effect in agueous media via hydration lubrication. Under high
stress, cartilage and menisci in the knee joint are elastically deformed. The elastohydrodynamic of
the synovial fluid is the study of these elastic deformations related to the dynamics of that fluid.
Biological Consider now the tribological behavior of the elastic cartilaginous tissue and meniscal
tissue are pressed against a spherical condyle with the radius of curvature shown in the figure, in
this case, the thickness of the synovial fluid film is calculated. The relationship between various
nanofluid concentrations and the change in the film height and maximum pressure is shown in Fig-
ure 7. Various concentrations of PSPMA-g-HSNPs are shown in Figure 7. The change in the film height
(in meters) and the maximum pressure (in pascal) are shown on the vertical axis of Figures 7a and
7b. Sub-atmospheric fluid pressure was present in every joint (mean —2.8 £0.4 cm Hx0, in the elbow,
and —=5.7 £0.3 cm H20, in the knee) and many other interstitial spaces. Approximately 40-46% of
serum levels were represented by colloid osmotic pressure (mean 11.4 +0.9 cm H,0, in the shoulder,
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and 13.1 £1.0 cm H;0, in the elbow). The mesoporous hollow silica cores of PSPMA-g-HSNPs facili-
tate drug-loading and release.

.

t

1 height (m)

in file
e

hange
Maximum film pressure (Pa)
o= B m ot w

=
=

Figure 7 The relationship of various nanofluid concentrations with (a) the changes in the
film height versus time and (b) the maximum pressure versus time.

5. Conclusion

In this study, we investigated protein film formation mechanisms in artificial hip joints. New lu-
brication events can be predicted using improved pathological non-Newtonian physiological fluids
coupled to phospholipid-based bilayers in variable time-dependent magnetic fields under random
non-steady conditions. In this study, we focused on nanofluid lubrication systems for synovial joints.
The hydrodynamic interaction between the knee bones separated by a nanofluid film was consid-
ered here for various nanofluid concentrations. The simulation indicated solid mechanics on the
bones being pushed by 45 kg-force. The lubricant layer was squeezed by the approaching bones,
which increased the lubricant pressure. The calculated maximum lubricant pressure and the change
in the film height with time were compared to analytical solutions. Our conclusions are listed below.

1. The results showed that the application of nanofluid technology on non-conventional lubrica-
tion systems for synovial joints was feasible.

2. Film formation obeys iso-viscous, incompressible fluid predictions.

3. Anincrease in time decreased the film height and increased the pressure.

4. An increase in the nanoparticle concentration decreased the maximum pressure on the
squeeze film, which introduced a new type of bio-fluid in the non-conventional lubrication
systems for synovial joints.

5. An increase in the nanoparticle concentration increased the film height on the squeeze film.
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