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Abstract

This work compares two approaches, Newtonian and non-Newtonian, for numerical modeling of synovial fluid behavior under
deformation conditions. Fluid viscosity and velocity are analyzed, along with the total pressure in the system during deformation.
The Power Law and Carreau approaches are used for addressing the non-Newtonian behavior of the fluid. The results indicate
that lower porosity in the articular cartilage region leads to higher fluid velocity in that region, and in the non-Newtonian case, this
results in a reduction in synovial fluid viscosity. The Carreau model, which includes a relaxation parameter, allows for smoother
transitions in viscosity during deformation. It was found that increasing the deformation distance or decreasing the permeability
in the porous medium raises the total pressure. The proposed model enables control of physical variables that could represent the
behavior of a biological system under normal conditions or with some deficiency.

Keywords: synovial fluid; articular cartilage; non-Newtonian fluid; Power Law model; Carreau model; simulation.

Resumen

Este trabajo compara dos enfoques, newtoniano y no newtoniano, para la modelizacién numérica del comportamiento del fluido
sinovial en condiciones bajo deformacién. Se analiza la viscosidad y la velocidad del fluido, asi como la presion total en el sistema
durante la deformacion. Los modelos no newtonianos utilizados fueron: Ley de Potencia y Carreau. Los resultados muestran que
cuanto menor es la porosidad en la regidn del cartilago articular, mayor es la velocidad del fluido en dicha region y en el caso
no Newtoniano, esto provoca una reduccién de la viscosidad del fluido sinovial. El modelo de Carreau al incluir un pardmetro
de relajacién permitié obtener transiciones mds suaves en la viscosidad durante la deformacién. Se obtuvo que al aumentar la
distancia de deformacién o al reducir la permeabilidad en la regién porosa, la presion total aumenta. El modelo propuesto permite
controlar variables fisicas que permiten representar el comportamiento de un sistema biolégico en condiciones normales o con
alguna deficiencia.

Palabras clave: liquido sinovial, cartilago articular, fluido no Newtoniano, modelo Ley de Potencia, modelo de Carreau.
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1 Introduction

From an engineering point of view, dealing with
biological fluids, especially those associated with the
human body, represents a great challenge due to the
variations in properties associated with degradation
processes and heterogeneity in compositions of
biological fluids (Kumavat et al., 2021; Zambrano
et al., 2018). Despite the above, the development of
synthetic fluids, prostheses, and composites has made
it possible to improve the quality of life of people
affected by chronic degenerative diseases (Abraham
and Venkatesan, 2023). In the case of synovial fluid,
one of the challenges is the evaluation of viscosity
under deformation conditions, which are common in
patients suffering from osteoarthritis and conditions
related to rheumatism (Oliviero and Mandell, 2023).

Osteoarthritis is the most common form of
arthritis, affecting approximately 7.6% of the
worldwide population (Perrucio et al., 2024). This
disease mainly affects the articular hyaline cartilage
in the load-bearing joints such as the knee, hip, and
shoulder (Mirtens et al., 2022). Due to its prevalence
and diversity in terms of progression in different
patients, the analysis of synovial fluid has been the
subject of multiple approaches, including invasive
(Sajan et al., 2022) and non-invasive techniques (Oei
et al., 2022), as well as modeling strategies (Pearce et
al., 2020).

The main functions of synovial fluid are, first,
it participates in the nutrition of articular cartilage
as a carrier in the transport of nutrients. Second,
it supports the mechanical function of the joint by
lubricating the joint surfaces (Brannan and Jerrard,
2006). In both cases, it is necessary to know the
distribution of flow throughout the synovial cavity.
(Sadique et al., 2023) Addressed studies on fluid-
structure interactions, focusing on those associated
with cartilage. In that study, a proportional relationship
between the permeability of the articular cartilage
and the speed of displacement of the synovial fluid
within the cartilage is identified. This means that as
cartilage permeability increases, the rate of synovial
fluid displacement also increases. In other words, more
permeable cartilage allows for greater synovial fluid
flow, which is crucial for cartilage lubrication.

To capture variations associated with health
conditions and conduct contrast studies, research
has been performed based on modeling strategies
in both patients with healthy knees (Hasnain et al.,
2023) and those with varying degrees of osteoarthritis
development (Chhimwal et al., 2023). Another factor
that must be considered when modeling a synovial
joint is the variability in cartilage size, whether in
healthy individuals or those affected by osteoarthritis.
The reported thickness of knee cartilage ranges from

1.15 to 2.60 mm in non-arthritic patients (Giurazza et
al., 2024). Synovial fluid volume in an average knee
varies between (.5 and 4.0 ml. This range depends on
health conditions or age (Kraus et al., 2007). Cartilage
is known to be a viscoelastic, porous, and permeable
tissue, containing 20% solid by dry weight and 80%
fluid phase under healthy conditions (Eschweiler et al.,
2021).

Another important factor to consider is the
geometry of articular cartilage, as it plays a key role in
the phenomenon under analysis. In the work of Pekkan
et al. in 2003 (Pekkan et al., 2003) a geometry with a
curved surface has been proposed because it is thought
to reduce shear stress peaks and improve synovial fluid
circulation compared to flat surfaces. This supports
the proposals of authors who have used this type
of geometry, whether in mathematical or numerical.
The axisymmetric squeeze-film approach, as reported
by P. Jurczak (2006) and other authors (Jurczak et
al., 2006; Ruggiero & D’Amato, 2010; Walicka &
Walicki, 2004; Walicki & Walicka, 2000), provides
a valuable framework for studying hydrodynamic
pressure behavior and the influence of non-Newtonian
rheology under simplified geometric conditions.

The use of simplified models has allowed
the capture of variations in permeability, porosity,
and the relationship between viscosity and shear
rate, among other properties, offering a more
accessible computational framework. In addition to
the axisymmetric squeeze-film configuration, other
geometric idealizations have been used in the
literature to study joint behavior. Among the most
commonly used are the Ball-on-Plane, Ball-in-Socket,
Elliptical Ball-in-Socket, and Spherical Ball-in-Socket
configurations. Other parameters incorporated to
model a synovial cavity include cartilage deformation
(Halonen et al., 2014) or the percentage deformation
of the fluid zone due to joint loading (Martinez-
Gutiérrez et al., 2016).

In contrast to a three-dimensional model, this
two-dimensional axisymmetric model represents an
idealized geometry where the pressure field depends
exclusively on the radial coordinate. This two-
dimensional axisymmetric model does not take into
account the common geometric irregularities observed
in a real knee joint, such as variations in cartilage
thickness, irregular morphologies of the synovial
cavity, and the actual tibiofemoral geometry of the
knee.

Modeling fluid-structure interactions in cartilage
and synovial fluid is highly complex due to the
diverse biophysical factors. It increases the likelihood
of facing alterations associated with health disorders
or diseases (Liao et al., 2020). Therefore, modeling
strategies vary depending on the approach, data
availability, or computational capacity. Consequently,
different authors have used representative models for
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synovial fluid as a Newtonian fluid (Chhimwal et al.,
2023) or as a non-Newtonian fluid (Ouerfelli et al.,
2024).

From a purely modeling perspective, the
Newtonian approach, although idealized, offers
computational advantages, such as eliminating
variables associated with viscous and pressure
effects. Even so, the information it provides can
be exploited to characterize the fluid's behavior
under standard conditions. However, non-Newtonian
models, despite their complexity in terms of solution
and computational cost, can provide a more realistic
representation of the system (Simou et al., 2022;
Hasnain et al., 2023). Despite the efforts outlined
above, it is important to compare the two approaches
to move towards a general and comprehensive
modeling strategy. Considering the current context
of developing computational tools based on the
application of black box and data-driven models,
it is essential to have reference models based
on fundamental physical principles to compare
performance (Botu et al., 2017; Fuentes-Cortés et al.,
2022).

In this work, a comparison between the
performance of a Newtonian model and two non-
Newtonian models for synovial fluid is presented.
These non-Newtonian approaches are based on the
Power Law and Carreau. The Carreau model has
been reported to be helpful in representing fluids
whose viscosity gradually changes with shear rate
and can be approximated to both pseudoplastic and
near-Newtonian behavior at low shear rates (Kren
et al., 2007; Brujan, 2011; Madkhali et al., 2016).
On the other hand, in the case of non-Newtonian
fluids, the Power Law model is one of the most
widely used models currently for the study of
synovial fluid (Hasnain er al., 2023; Ouerfelli et
al., 2024). Therefore, this work contributes to the
discussion regarding numerical modeling of synovial
fluid behavior in a synovial cavity, considering the
following aspects:

The biological system model was scaled with
values corresponding to those of a synovial cavity
found in the literature. The main properties analyzed
were the viscosity of the biofluid, the velocity of the
moving wall, and the properties of the porous medium,
such as permeability and porosity. A comparison is
made between the Newtonian, Carreau, and Power
Law models, which are commonly used independently
in literature. The analysis considers, for comparison
purposes, equal boundary conditions for each of the
modeling strategies presented in such a way that the
convenience of each modeling strategy is elucidated.

In the present work, both Newtonian and non-
Newtonian fluids are analyzed. Although the primary
focus is on biological media, the scope of their
applications extends beyond this field, as they are also
widely used in industry. When used as lubricants,

these fluids play a crucial role in reducing friction
and wear in mechanical systems, thereby enhancing
operational efficiency and extending component
service life. The findings of this study may serve
as a foundation for optimizing the design of
elements operating under severe conditions, such
as industrial bearings subjected to high loads and
low speeds. The incorporation of non-Newtonian
fluid models has been shown to increase load-
carrying capacity, as emphasized by Holmberg
and Erdemir in their analysis of bearing systems
(Holmberg & Erdemir, 2017). These components
are essential in diverse applications, including
turbomachinery, aeronautical engines, mechanical
equipment, and automation, where reliability and
efficiency are crucial. Bearings must also withstand
extreme environments characterized by high loads and
temperatures, ensuring the stability and performance
of industrial systems (Siddiqui et al., 2025).

The objective of this paper is to compare classical
models for analyzing the behavior of synovial fluid
when flows are induced by the application of loads
that deform the fluid region. The Power Law and
Carreau models have been chosen to highlight the
key differences between the Newtonian and non-
Newtonian approaches.

2 Methodology

The numerical model is based on the geometry
commonly used in the literature (Jurczak, 2006;
Walicki and Walicka, 2002; Martinez-Gutiérrez et al.,
2016), where a bio-bearing is proposed, which is
composed of two regions: the fluid region for the
synovial fluid (SF) and the porous medium region to
model an articular cartilage (AC). The two regions,
AC and SF, represent the synovial joint of the knee,
specifically the synovial cavity. This cavity is mainly
composed of the femur and tibia bones, articular
cartilage, and synovial fluid. By generating a vertical
movement in the femur bone, synovial fluid is moved,
which allows, on the one hand, the fluid to enter
the articular cartilage. This movement occurs during
cartilage nourishment. On the other hand, it is the
displacement in the same area of the synovial fluid
that contributes to the cushioning of the knee. The
movement described above is the one that occurs in a
usual human displacement. Therefore, the first step is
to apply an initial velocity in the model, which allows
simulating the movement of the femur.

Fig. 1 (a) shows the geometry of the model where
a velocity (V) is applied in a downward vertical
direction, which generates a displacement (e) and a
deformation in the upper region, or SF, causing the
fluid to move both in the SF region and in the lower
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(a)

region, or AC. Figure 1(b) shows the curve called the
moving wall, which moves with a velocity V, and two
selected points to monitor the fluid. These points are
in the central position along the vertical axis, both in
the SF region, identified as Psr and the other in the AC
region, identified as P4c. At each of these points, the
values taken by variables such as pressure, velocity,
and viscosity were recorded over time.

2.1 Governing equations and numerical
model

This section describes the modeling and
computational aspects associated with the problem
addressed. First, the expressions governing the physics
of the fluid-cartilage system are presented, followed
by linear and nonlinear computational approaches.

2.1.1 Hydrodynamic considerations

As shown in Fig. 1, the proposed model comprises
two regions: SF and AC. To describe flow velocities,
the continuity equation, based on the conservation of
mass, is used. It leads to considering the principle that
the mass in a control volume remains constant. For
simplicity, it is assumed that the system can be studied
as a two-dimensional domain as a first approximation.
Therefore, if a two-dimensional system and an
incompressible fluid are considered, the continuity
equation is as follows:

V-u=0 6]

where V-u is the divergence of the velocity field, which
must vanish for an incompressible fluid.

2.2  Momentum equations

The equation of momentum is one of the fundamental
equations of fluid mechanics. It is derived directly
from the second law of Newton applied to a control
volume within the fluid and describes how the velocity
of a fluid changes in time and space due to the action

Synovial Fluid (SF)

Articular Cartilage (AC)

(b)

Figure 1. Geometry of the numerical model: (a) Bio-bearing, (b) numerical meshing.

of forces. These forces can be surface forces (such
as pressure and viscosity) or body forces (such as
gravity). For a Newtonian fluid, by having a control
volume in two dimensions. The momentum equation
for the system can be expressed as follows:

9
p(a—‘; +u~Vu)=—Vp+/1V2u+pf 2)

where p is the fluid density, %—‘t’ is the local (temporal)
acceleration, u - Vu represents the viscous diffusion
of momentum, p is the pressure, uV?u represents
the viscous diffusion of momentum, u is the velocity
vector, and f are the external forces.

Equation (3) establishes the basis for the
subsequent numerical formulation, where non-
Newtonian constitutive models are incorporated to
describe the rheological behavior of synovial fluid.

As outlined in the introduction, synovial fluid
exhibits non-linear behavior between viscosity and
shear rate; therefore, for non-Newtonian models, as
the viscosity is not constant, the momentum equation
is modified as follows:

p(i)—l;+u~Vu)=—Vp+V~T+pf 3)
where T is the viscous stress tensor.

The Power Law model is widely used to describe
the rheological behavior of non-Newtonian fluids. This
model has been applied to characterize the behavior
of synovial fluid due to its ease of implementation in
simulations (Hasnain et al., 2023). Therefore, it could
model nonlinear behavior in shear rate ranges for
physiological values. The apparent viscosity (17qpp) of
a non-Newtonian fluid depends on the shear rate. For
the Power Law model, apparent viscosity is expressed
as follows:

Napp = k(G 4

where « is the consistency index, n is the Power Law
index and ¥ is the magnitude of the shear rate.

One advantage of using the Carreau model is to
capture a gradual transition in viscosity between low
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and high shear rates. For the Carreau model, 74pp is
expressed as:

n—1
Napp = Teo + (M0 —110) [1+ W | 7 (5)

where 7. is the viscosity at the limit of high shear
rates, 19 is the viscosity at rest (or viscosity at the limit
of low shear rates), A is a characteristic time parameter
that determines the transition range between low and
high shear rate behaviors, and n is the Power Law
index, which indicates the nature of the fluid. In this
case n < 1, it represents a pseudoplastic fluid.

To introduce permeability, an additional term was
included to account parameters for viscous resistance
and inertial resistance, as shown in the following
equation:

du u
—+u-Vu|=-Vp+V.7 - = f (6
p(at+u u) p+V.-T ﬁu+p (6)

where £ is the permeability of the porous medium.

In the AC zone, the model uses the Superficial
Velocity Porous Formulation to account for the
porosity of the medium (Bear Jacob, 1972; Ingham
Derek B, 2003). The porous medium is modeled
as a continuum using the concept of Representative
Elementary Volume (REV), which ensures that
macroscopic properties are independent of the size of
the analyzed volume. Based on this idea, volumetric
averages allow for the consistent definition of
Darcy velocity and the average fluid velocity. This
formulation provides a relationship between the
microscopic behavior of flow in the pores and its
effective representation on a continuous scale. This is
expressed in equation 7 (Nield et al., 2013):

up
u=— @)
where up= Darcy velocity, u = Intrinsic average
velocity, and k = Porosity.

Since the physical phenomenon exhibits variation
in porosity within the cartilage, the current model
proposes two fixed porosity values, k = 0.2 and k =
0.8, for low and high porosity respectively, in the
articular cartilage zone (AC).

2.3 Boundary conditions and physical
properties

The dimensions of the system were obtained from
an anthropometric study (Ziylan et al., 2002) and
adapted to the numerical model conditions (Martinez-
Gutiérrez et al., 2016). An interface was defined
between the articular cartilage (AC) and synovial
fluid (SF) regions to establish a boundary condition.
Through this interface, the synovial fluid flows into the
articular cartilage zone.

Initially, a comparison was made between
the proposed models and experimental data
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Figure 2. Smith's experimental data and the
adjustments made to derive the parameters for both
the Power Law and Carreau models.

from a synovial joint study by Smith, who examined
the apparent viscosity of synovial fluid (LS) as a
function of shear rate (Smith et al., 2014). These data
were used to determine the parameters for the non-
Newtonian fluid models, specifically the Power Law
and Carreau models, as shown in Fig. 2.

e To model the viscosity of SF, two values
were considered for the Newtonian case:
0.001003 Pa-s for water (considered as an
initial reference value) and 0.6 Pa-s for synovial
fluid (Moghadam et al., 2015). Two non-
Newtonian models were also adapted based on
the experimental data reported by Smith et al.
(2014).

e For the Non-Newtonian Power Law model: « =
0.8695 (kg's)1/m, n=0.412.

e For the Carreau model: 1 =0.8679 s, n=0.412,
no= 0.8 Pa's, and 7, = 0.01 Pa-s.

o The speeds (V) of the moving wall considered
in this study are 35, 40, 45, and 50 mm/s.

e For the AC region, two porosity values were
used: k = 0.2 and 0.8; three permeability values:
B=10"1%,107"10,2.6x1078, and 1077 m~2. The
synovial cavity was modeled as an open system,
with a pressure boundary condition of Py = 0 Pa
at the ends.

e The curvature radius of the moving wall, R =
38.62 mm (Ziylan T & Murshed K.A, 2002); the
thickness of the initial semicircular-shaped fluid
zone, d= 0.1062 mm; the cartilage thickness,
D=6.0 mm; and the density of the synovial fluid
was considered to be 1000 % (Moghadam et
al., 2015).
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e Two values for the dimensionless displacement
of the moving wall, & = e/d, were proposed: 0.1
and 0.5; e represents the ratio of displacement of
the moving wall regarding the thickness of the
fluid region: 0.1 indicates a 10% displacement
of the thickness of the synovial fluid region
(SF), and 0.5 indicates a 50% displacement of
the thickness of the synovial fluid region.

2.4  Computational model

To solve the numerical model based on the geometry
in Fig. 1, a triangular mesh with 132593 nodes was
used, and mesh refinement was performed in the SF
zone. To validate the mesh, Richardson extrapolation
(Phillips & Roy, 2014) was applied. For this purpose,
three meshes with different densities were proposed:
mesh 1 (66,276 nodes), mesh 2 (132,593 nodes),
and mesh 3 (264,547 nodes). The three meshes
were systematically refined with a refinement ratio
of 2. Initially, the average recovery pressure was
calculated at the interface as a reference zone between
the synovial fluid and the articular cartilage for
evaluating the numerical model. The values obtained
for the recovery pressure for each mesh were: mesh
1 (156.56863 Pa), mesh 2 (157.38852 Pa), and
mesh 3 (159.75201 Pa). The Richardson extrapolation
obtained during the analysis was 157.132 Pa, which
is close to 157.38852 Pa; therefore, the number of
nodes selected for the model was that of mesh 2. A
safety factor of 1.25, a mesh convergence index of
GClIj; = 0.347% (mesh refinement ratio) and GCIp3 =
0.996%, and a convergence range of 1.5. These results
confirm that the selected mesh guarantees numerical
independence, with an uncertainty of less than 2%.

Remeshing and smoothing techniques were
implemented during the movement of a moving wall
in the SF region (see Fig. 1b). The displacement of
the moving wall was generated using a connecting
rod-crank mechanism for the movement of a piston
(Norton, 2009). The displacement of the moving wall
was based on equation 8 expressed as follows:

2
y:r—rcos@+;—lsin26’ ®)

where: r = crank radius, / = connecting rod length,
6 = crank angle, y = piston position, in our case is
the moving wall position. The assessment was carried
out for a 6 range from 0 to 90°, to indicate that the
displacement made is only a quarter of the cycle.

A user-defined function (UDF) was programmed
to indicate the conditions of the displacement. The
proposed model was executed in Ansys Fluent, which
uses the finite-volume method to discretize the partial
differential equations that govern fluid flow (Ansys®).
For the finite-volume method, the domain is first
divided into control volumes (mesh generation). Then
the equations are integrated over the control volume,

applying Gauss's divergence theorem, which is a
vector equation for the time, convective, diffusive, and
source terms, generalized to any conservative transport
property. See Eq 9.

%+V~(pu/l)=V-(FV/l)+si )
where the first term is the temporal term, the second is
the convective term, the third is the diffusive term, and
the last is the source term. (Yeoh & Yuen, 2009)

Finally, the discretized general equation is applied
at the centroid of each cell. The simulation was
carried out using a Semi Implicit Method for Pressure
Linked Equations (SIMPLE), a first-order method.
SIMPLE estimates a pressure field and then solves
the momentum equation using that pressure to obtain
approximate velocity fields. Next, it calculates the
mass flow rates and solves the equation to obtain
corrected pressure. Subsequently, it calculates the
corrected velocity, resulting in corrected velocity
fields that satisfy the continuity equation. Finally, it
solves the continuity equation using the corrected
velocity field. If the solution has not converged, it
will recalculate the momentum equation using the new
pressure, making it an iterative process.

The proposed numerical model was validated
for Newtonian fluid conditions by comparison with
the analytical solution proposed by Jurczak (2006).
Jurczak’s work employed a dimensionless pressure
expressed in equation (10) as follows:

(p-po)d®

10
R (10)

i{:
where p = p(¢) is the angular pressure, pg is the
pressure at ¢ = +90 (the angular ends of the fluid
zone), u is the fluid viscosity, and R is the curvature
radius of the moving wall, & is the deformation rate
of the fluid zone; d is the thickness of the initial

semicircular-shaped fluid zone (see Figures la and
1b).

40 } t t t t t t t
354 — Jurczak’s model with €= 0.5 | |
* + + Numerical model with ¢= 0.5
30 —— Jurczak’s model with &= 0.1 |+
- --- Numerical model with &= 0.1
25 1
B 20 +
15 1
101 TN 1
5- 1
0 = .-

0 10 20 30 40 0 50 60 70 80 90
Figure 3. Dimensionless angular pressure obtained
with the numerical model and the analytical model by
Jurczak (2006), with £ = 0.1, and 0.5, k = 0.2.
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Fig. 3 shows the behavior of the model of Jurczak,
compared to the model proposed in the present study,
for Newtonian behavior. The similarity in the pressure
profiles indicates that the governing equations,
boundary conditions, and numerical discretization
capture properly the hydrodynamic behavior predicted
by the analytical model. This validation ensures
that the computational framework can be extended
with confidence to non-Newtonian conditions, where
analytical solutions are limited. A more detailed
explanation of the validation of the numerical model
can be found in a previously published work
(Martinez-Gutiérrez et al., 2016).

In addition, the Reynolds number was calculated
for three initially proposed viscosity values, using
water as the reference. The Reynolds number was
calculated as shown in equation 11:

_pvd
u

Re (11)

where p is the density of synovial fluid, u is the
dynamic viscosity, d is the characteristic length of the
system, which corresponds to the initial thickness of
the fluid zone, and V is the velocity of the moving
wall. According to the system's geometry, the initial
thickness value considered was d= 0.1062 mm, which
remains constant (Martinez-Gutiérrez et al., 2016).
Furthermore, for the viscosity values used, 0.001003
%, 0.6 %, and 0.8 %, the range of Reynolds
numbers obtained were from 4.6E-03 to 5.29. In
this model, heat transfer within the system was not
considered; only changes in viscosity as a function
of shear rate were taken into account. According to
the values obtained for the Reynolds number and the
flow lines of the velocity fields, the results are within
a laminar flow regime.

3 Results

This section shows and discusses the results of the
numerical model and addresses the relevant aspects
that differentiate the Newtonian and non-Newtonian
approaches. In the first part, the comparison between
Newtonian and non-Newtonian models is addressed.
Subsequently, the details of the non-Newtonian
models are discussed.

For comparison between Newtonian and non-
Newtonian approaches, emphasis is placed on the
behavior of apparent viscosity. Fig. 4 shows the
behavior of the Newtonian cases for both regions,
SF and AC in which the viscosity remains constant,
with values of 0.001003 Pa-s and 0.6 Pa-s. The non-
Newtonian models, Carreau and Power Law, present
a fast decrease in viscosity in a short period of time
in the SF zone. The abrupt reduction in viscosity
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Figure 4. Viscosity vs time in SF and AC regions
using: Power Law model, Carreau model, two
Newtonian fluids (high and low viscosity), V=50
mmy/s, e=0.5, k=0.8, 5=2.6E-8.

is a consequence of the dependence of viscosity on the
shear rate.

Non-Newtonian models represent a pseudoplastic
fluid. In the case of the Power Law model, as the
shear rate () increases, the shear stress increases at
a lower rate (see Eq. 4), which means that the apparent
viscosity of the fluid decreases rapidly. Considering
the Power Law index, for low values of n, the fluid
becomes less viscous as the shear stress increases (see
Eq. 5). In the case of the Carreau model, when the
shear rate is low, the viscosity is close to 7, for this
model, its value corresponds to 0.8 Pa-s. It is consistent
with the behavior observed in Fig. 4. When the shear
rate increases, the viscosity decreases sharply until it
reaches values close to water viscosity. On the other
hand, in the case of the AC region, it can be observed
that the model of Carreau registers viscosity variations
smoothly compared with the model of Power Law.
Due to its mathematical formulation, the Carreau
model includes a characteristic time parameter, which
allows for describing the transition between viscosity
at low and high shear rates. The Carreau model is
designed to represent a gradual transition, not an
abrupt one.

Fig. 5 shows the results of the total pressure
behavior for three models: two Newtonian and one
non-Newtonian. As the moving wall moves, the fluid
region undergoes greater thinning in the direction of
displacement, as shown in Fig. 1(a). This thinning
corresponds to the maximum value of total pressure
in the system. For the Newtonian case with the
highest viscosity (0.6 Pa-s), the highest total pressure
is obtained, reaching values up to 100 MPa. In this
case, the fluid shows greater resistance to moving in
its environment. In the case of the Carreau model, as
it is a function of the shear rate, the apparent viscosity
varies, and its maximum pressure is close to 10 MPa.
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Figure 5. Total pressure vs time for two Newtonian
fluids and one non-Newtonian fluid in the SF region,
V=50 mm/s, £=0.5, k = 0.8, f=2.6E-8.
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Figure 6. Speed vs time comparing the two non-
Newtonian models for different porosity values in the
SF region, V=50 mm/s, £=0.5, §=2.6E-8.

In the Newtonian case with low viscosity
(0.001003 Pa-s), the lowest total pressure value is
obtained because it generates low resistance to flow,
reaching values less than 1 MPa.

Fig. 6 shows the velocity results as a function of
time when the porosity in the AC zone is varied. The
velocity results were measured at the point Pgr located
in the central part of the SF region, as shown in Figure
1(b). The results show that, at a low porosity (k=0.2),
the velocity has a more uniform behavior for both non-
Newtonian models. Velocities in the SF region reached
values of approximately 60 mm/s. On the other hand,
in the case of high porosity (k=0.8), the velocities
fluctuated around 0.1 mmy/s in both models. Therefore,
no significant differences in velocity were observed
when comparing both non-Newtonian models when
porosity was varied.

The fluid velocity in the two regions under study is
shown in Fig. 7. As mentioned above, fluid velocities
were measured at two reference points: Psr is located
at the centroid of the SF region, and Pac is located
at the centroid of the AC region (see Fig. 1(b)).
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Figure 7. Velocities vs time using the Power Law
model and the Carreau model in the SF and AC
regions, V=50 mm/s, £=0.5, k=0.8, 5=2.6E-8.
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Figure 8. Total pressure vs time in the SF region using
the models of Power Law and Carreau, V=50 mm/s,
& =0.5, k=0.8, 5=2.6E-8.

The highest velocities are found in the SF zone for
both non-Newtonian models (see Fig. 5). In this area
the fluid moves without restrictions, and it develops
freely and can reach velocities close to 0.1 m/s in
this case. Being a non-Newtonian fluid (pseudoplastic
one), the viscosity decreases with increasing shear
rate, allowing higher speeds to be reached in the SF
region. In the case of the AC region, only a percentage
of the volume is fluid; for these results, k = 0.8, which
is equivalent to 80% of the volume being occupied by
fluid. Therefore, the available effective area is reduced
as viscous resistance increases. It reduces the velocity
of the fluid, as it must be distributed through a smaller
space. In this region, velocities reached values of
around 1.0E-4 m/s.

Fig. 8 shows the total pressure measured in Pgp
as a function of time for the two non-Newtonian
models. In this figure, it can be observed that
the highest-pressure values were obtained using the
Power Law model, where maximum pressure values
of approximately 17 MPa were reached, unlike the
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Figure 9. Viscosity vs time when varying the velocity
of the moving wall in the SF region from 35 mm/s
to 50 mm/s, £=0.5, k=0.8, 8=2.6E-8, for the Carreau
model.

0.8 4 B

e=0.5

- ==-s=0.1

o o
ES >
1 1

Viscosity (Pa s)

o
N
1

00 T T T T
0.0000 0.0004 0.0008 0.0012 0.0016

Time (sec)

Figure 10. Viscosity vs time in the SF zone varying the
dimensionless displacement (&), V=50 mm/s, k=0.8,
B=2.6E-8, for the Carreau model.

Carreau model, where maximum values of 8 MPa
were obtained. This pressure variation can be assumed
to be due to the functional form of the Carreau
model, which involves a relaxation parameter (1),
allowing for smoother viscosity variations. Therefore,
the Carreau model can capture a wider range of
fluid behaviors, from low to high shear rates. This
means that during shear rate transitions, the Carreau
model adjusts viscosity and significantly reduces flow
resistance. This ability of the Carreau model to adjust
more dynamically to different flow regimes results in
a lower pressure generation in the system.

The fluid dynamics using the Carreau model are
analyzed, with the velocity of the moving wall (V),
the dimensionless displacement (g), the porosity (k),
and the permeability (8) varied. Fig. 9 shows the
viscosity results in the SF region as a function of time
when varying the moving wall velocity. According
to experimental data obtained by Smith (2018), the
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Figure 11. Total pressure distribution throughout the
system (SF and AC), V=50 mm/s, k=0.8, 5=2.6E-8,
Carreau model, for: (a) € = 0.5; (b) € = 0.1.

viscosity values decay rapidly, reaching a minimum of
approximately 0.05 Pa - s. Afterwards, the viscosity
oscillates around the minimum and remains with
values below 0.1 Pa-s. It can be observed that as the
speed of the moving wall increases, the total time for
displacement decreases as expected.

Fig. 10 shows the behavior of apparent viscosity
when making two dimensionless displacements of the
moving wall (¢ = 0.1 and & = 0.5) using the Carreau
model. A dimensionless displacement of & = 0.5
means that the moving wall was displaced by 50% of
the thickness of the SF region, and & = 0.1 represents
a displacement of 10%. It was observed that greater
displacement of the moving wall results in a lower
apparent viscosity because the fluid can reach higher
velocities. At a moving wall displacement of £ = 0.5,
the viscosity rapidly decreases to values of 0.05 Pa-s,
which corresponds to the minimum value defined in
the Carreau model. For a dimensionless displacement
of £ = 0.1, the viscosity reached values around 0.1 Pa-s
at the end of the displacement.

Fig. 11 shows the total pressure contours reached
at the end of the moving wall displacement when
¢ varies. The figure on the left shows the pressure
distribution reached throughout the system (SF and
AC) when & = 0.5. Therefore, the thickness of the
SF region is reduced by 50%. The highest pressure is
obtained in the lower part of the geometry, where the
greatest deformation occurs. The maximum pressures
reached are on the order of 8 MPa. On the other hand,
when & = 0.1, the maximum pressure reached is 2
MPa. Since the thickness ratio between SF and AC
regions is much less than 1 (d/D « 1), on the order
of 1E-2, the scales do not allow the entire pressure
distribution to be visualized only in the LS region.
However, the pressure values are remarkably similar
to those observed in the AC region near the LS
region, as evident from a zoomed-in view of a small
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Figure 12. Viscosity vs time for different porosity values in the region of a) AC, b) SF, using the Carreau model,

V=50 mm/s, £=0.5, =2.6E-8.

section of the interface within the synovial cavity.
For displacements generated by the moving wall, the
highest risk area is located along the axis of symmetry,
where the maximum pressure value coincides with the
greatest thinning in LS thickness. This behavior may
be related to rapid or high-impact joint movements,
such as those occurring during jumping actions,
where the sudden increase in load and the temporary
reduction in synovial fluid thickness promote stress
concentration in that region (Eschweiler et al., 2021).

Two porosity values with k=0.2 and k=0.8 were
studied in the synovial cavity. Fig. 12 shows the
influence of porosity on viscosity for non-Newtonian
behavior for the Carreau model. Fig. 12(a) shows the
results obtained in the AC region. For the case of low
porosity with k=0.2, it can be observed that viscosity
drops drastically until reaching a value close to 0.1
Pa-s. While for high porosity with k=0.8, the viscosity
remains in a range of 0.6 - 0.8 Pa-s. Fig. 12(b) shows
the viscosity behavior in the SF zone, where for both
porosity values the viscosity rapidly decays in a very
short period. The lowest viscosity values are reached
at a porosity of k=0.2, quickly reaching the value
of 0.05 Pa-s. On the other hand, for a porosity of
k=0.8, after the rapid drop in viscosity, there is a less
abrupt decrease until the value of 0.05 Pa-s is reached.
In media with lower porosity, fluid flow is more
restricted, which increases the local shear rate. The
Carreau model is more sensitive to these changes and
therefore predicts a remarkable reduction in viscosity.
As the model captures the transition from the apparent
viscosity at the maximum viscosity value (9 = 0.8)
to the minimum viscosity value (7= 0.052), under
high deformation conditions, which are more common

in porous media with smaller pores, it is possible to
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Figure 13. Total pressure vs time in the SF zone,
varying the permeability, V=50 mm/s, £=0.5, k=0.8,
using the Carreau model.

appreciate the viscosity reduction in detail. Therefore,
the effect of the change in porosity is more noticeable
in the cartilage region, as can be seen in Fig. 12(a).

Once the variation in viscosity regarding porosity
in the AC zone was obtained, the influence
of permeability on the system was analyzed.
Permeability in the AC zone was varied with three
values (8 =1.0E-14, 8 =1.0E-10, 8 =1.0E-07), and
the total pressure in the SF zone was monitored. Fig.
13 shows the variation in permeability and shows that
decreasing permeability reduces the fluid's ability to
move freely, which affects the pressure profile and the
local shear rate. Therefore, pressure and permeability
are related: the lower the permeability, the higher the
total pressure.
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Figure 14. Distribution of velocity vectors in the whole system (SF and AC regions), V=50 mm/s, £=0.5, k=0.8,
B=2.6E-8, for: (a) Carreau model, (b) Power Law model, and (c) Newtonian model with viscosity of 0.6 Pa-s.

Fig. 14 shows the distribution of velocity vectors
for the Carreau, Power Law, and Newtonian models,
the latter for a viscosity of ¢ = 0.6 Pas. It is
observed that the highest velocity values across the
whole system are obtained with the Carreau model.
On the other hand, very similar behavior was obtained
in the velocity vector distribution for Power Law
and Newtonian models. In all three models, the
highest velocities are found in the SF region, reaching
magnitudes of up to 0.5 m/s. It is also observed that
there is a region of low mobility in the central part of
the AC region, with velocities of the order of 0.05 m/s.

The distribution of velocity vectors shown in Fig.
14 illustrate a fluid film lubrication mechanism typical
of a healthy joint, where minimum velocities are in
the cartilage zone and increase in the fluid region.

This behavior reflects the ability of synovial fluid to
absorb mechanical loads and dissipate energy through
shear stresses. (Lin & Klein, 2021; Farnham et al.,
2021). From a biomechanical perspective, this flow
helps protect the joint, ensuring smooth movement and
reducing wear (Klein, 2013).

Fig. 15 illustrates the flow of synovial fluid
throughout the synovial cavity, which can be related
to the cartilage nutrition process by modifying the
fluid distribution in the cartilage. Tissue porosity
significantly influences fluid transport capacity within
the porous matrix. A low porosity (k = 0.2) limits fluid
movement, restricting nutrient exchange. In contrast,
a high porosity (k = 0.8) allows for greater penetration
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Figure 15. Distribution of velocity vectors in the whole system, V=50 mm/s, £=0.5, §=2.6E-8, using the Carreau

model, for: a) k =0.2; b) k = 0.8.

and longer contact time of synovial fluid, enhancing
tissue nutrition and regeneration. These findings
support the idea of “exudation lubrication,” where
load-driven fluid movement helps provide nutrients
to cartilage (McNary et al., 2012). When cartilage
porosity decreases, fluid transport is restricted,
compromising joint lubrication and increasing
friction and contact stresses. This is associated
with osteoarthritis, a degenerative disease in which
cartilage degradation and rheological changes in the
synovial fluid lead to poor lubrication and increased
joint degeneration (Rajankunte Mahadeshwara et al.,
2024).

4 Discussion

The results obtained from numerical modeling of
synovial fluid, using Newtonian and non-Newtonian
models, provide a better understanding of how fluid
rheology affects intra-articular dynamics, especially
under deformation conditions. The observed decrease
in viscosity for non-Newtonian models, particularly at
high shear rates, is consistent with the pseudoplastic
nature of synovial fluid reported in the literature
(Rebenda et al., 2020; (Rinaudo et al., 2009) et al.,
2009; Roskar et al., 2025; Simou et al., 2022) This
effect is more remarkable in the Power Law Model,
due to its mathematical simplicity and the absence of
transition terms; in contrast, the Carreau model offers
a more gradual and physiologically realistic response,
due to the implementation of the relaxation parameter.

A notable observation is the behavior of synovial
fluid at different porosity values in the cartilage region.
A porosity of k=0.2 leads to a significant increase
in fluid velocity, both in the synovial fluid (SF)
and articular cartilage (AC) regions. This, in turn,
contributes to a rapid decrease in apparent viscosity,
especially with the Carreau model (Bowers & Miller,
2023). This phenomenon can be explained by the
concentration of flow lines in a small space. This
increases the local shear rate and intensifies the fluid's
non-Newtonian behavior. These results are consistent
with the expectations derived from the literature. (de
Boer et al., 2020; Jithin et al., 2018; Martin-Alarcon
et al., 2024).

The highest pressures were recorded in systems
with higher viscosity or lower permeability,
suggesting greater resistance to flow and, therefore,
a possible increase in joint loading during movement.
These results could be related to pathologies such as
osteoarthritis, where cartilage permeability may be
reduced due to degenerative processes. However, this
topic will be discussed in future work.

Another significant result is the impact of the
moving wall's displacement velocity and deformation
distance on the fluid's rheological behavior. At higher
velocities and deformations, a more pronounced
decrease in viscosity and an increase in total pressure
were observed. These results highlight the sensitivity
of synovial fluid behavior to dynamic mechanical
loads, reinforcing the importance of modeling these
systems under transient conditions rather than steady-
state conditions.

It could be observed that although the Power
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Law model exhibited abrupt changes in viscosity and
pressure, the Carreau model exhibited more moderate
behavior, making it more suitable for simulating
synovial fluid. The distribution of velocity vectors
confirms the advantage of the Carreau model in
allowing higher peak velocities without compromising
flow continuity, thereby improving predictions of
articular cartilage lubrication.

Compared to a 3D model, the two-dimensional
model provides an initial approximation that enables
analysis of the hydrodynamic and rheological behavior
of synovial fluid and articular cartilage with minimal
computational effort. It captures general trends, such
as the relationships among porosity, permeability, and
velocity, as well as the fluid pseudoplastic behavior,
thereby approximating real-life behavior. In the 3D
model, due to its more complex curved geometry
and stress distribution (which includes spatial
gradients, anisotropic deformations, and localized
shear rate zones affecting lubrication mechanisms),
the computational times will be significantly longer.
Therefore, the 2D approach is valuable for preliminary
studies and numerical validations. Furthermore, it
establishes a computational foundation for transferring
the principles of biological lubrication to engineering
design. The numerical results derived from the
analysis of synovial fluid can guide the development
of high performance lubricants, prosthetic materials,
and mechanical systems that operate under extreme
conditions, promoting greater efficiency and durability
through optimized designs. Taken together, these
findings underscore the importance of integrating
physical modeling and computational simulation
to understand biological lubrication processes. By
linking rheology, biomechanics, and engineering
design, this study contributes to a broader
understanding of how nature-inspired principles can
lead to more efficient and sustainable technological
solutions.

In a three-dimensional configuration, curved
joint surfaces generate spatial pressure gradients and
localized regions with high shear rates that cannot be
captured in a two-dimensional model. Furthermore,
the inherent asymmetry in a real geometry of
joints (Freeman & Pinskerova, 2003) accentuates
these effects, resulting in more complex and non-
homogeneous pressure distributions. Consequently,
although the 2D model used in this study qualitatively
agrees with the central pressure trend, it may
underestimate the maximum stresses and the
pressure and velocity distributions observed in
realistic geometries. The two-dimensional formulation
employed in this study should be interpreted as
a computational approximation that preserves the
essential hydrodynamic behavior, subject to the
limitations noted above.

Conclusions

In this work, the fluid region of a synovial cavity,
composed of a thin layer of synovial fluid (SF)
attached to articular cartilage (AC), was modeled.
Different Newtonian and non-Newtonian models for
representing synovial fluid were compared.

The non-Newtonian Carreau model, with a
relaxation parameter (1), yielded smoother viscosity
transitions during deformation. The Carreau model
produced higher fluid velocities in SF and AC
compared to the Power Law or Newtonian models.
However, both non-Newtonian models showed similar
viscosity behavior over time when porosity is
varied. The maximum pressure value increased as
permeability decreased in AC. A larger dimensionless
displacement (¢) caused significant viscosity
decreases when higher fluid velocities occurred during
moving wall displacement. This displacement thinned
the central SF area, increasing total pressure. Over
a range of moving wall velocities (35 to 50 mm/s),
viscosity decreased dramatically from 0.8 to 0.05 Pa-s
for all cases.

The power-law model is widely used to simulate
biological fluids, such as synovial fluid, due to its
simple mathematical expression. However, it lacks
temperature-dependent terms, limiting its realistic
representation of rheological behavior. The Carreau
model, an extension of the power law, provides a more
complete description of shear values and better fits
experimental data. Further work will compare the two
non-Newtonian models studied here in greater detail.
Another issue to consider as future investigations
will take into account the distribution of velocity
vectors and pressure concentrators in a more realistic
geometry that will involve aspects of dissymmetry,
such as the difference in the radii of the condyles or
wear in the thicknesses of the cartilage derived from
some disease.

This work contributes to a better understanding
of synovial fluid behavior. Modeling SF as a non-
Newtonian fluid in porous media using numerical
tools enables the simulation of biological systems
and a wide range of industrial processes involving
rheological studies.
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