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ABSTRACT
This paper is introduced the effect of a magnetic field on improving synovial lubrication and boosting the health of actual 3D
model of knee join. The viscosity of synovial fluid is considered as two different Non-Newtonian models. Finite element
method is used for finding the critical region of knee which bears the maximum pressure. The effect of rotational and vertical
velocity on synovail pressure distribution is determined. Simulations show the vertical motion applied four order of
magnitude higher pressure to knee in respect with rotational motion. With inserting a current plate near the critical region,
the intolerable pressure of synovial fluid increases which results increasing the load capacity of knee joint. The results
contribute to determine the optimum angle of current plate around the critical region to obtain the maximum knee load
capacity. This paper shows the maximum pressure increases 11X due to applying an external magnetic force with 10 6-107
A/m intensity. Increasing hyaluronic acid concentration and synovail density for about 0.08 mg/ml and 50 Kg/m3 cause %1.7
and 4.5% increment in the maximum pressure respectively.
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1. INTRODUCTION
Ferrofluid is composed from nanoparticles and fluid. These
particles exert some especial treat under the magnetic field.
This magnetic field can control the flow and pressure of
ferrofluid insofar this material is used in many application
including electronic[1], mechanical and bio engineering[2, 3]
and micro structure[4]. This field can severely affect the
nanoparticles and is use to improve heat transfer rate and
transport of ferrofluid. This method is applied widely in
dynamic fluid, such as porous media[5], blood vessels[3], two
phase flow[6] and synovial joints[7].
Knee articulation is one the most important and complicated
synovial joint which can revolve in all directions. This joint is
prone to be damaged due to exerting large loading to it during
daily activity. In walking and going up stairs a load equal to
3.22X and 4.25X of body weight is applied to knee
respectively[8]. In this joint huge load is disputed in a small
area, so the whole of the articulate is exposed to giant
pressure and different kind of diseases like displacements,
arthritis, ligamentous rupture, meniscal tear, and menisci
separation are more common in knee articulation. The whole
surface of bones that form a movable joint is covered with
layers of cartilage that works as a lubricant and makes
motions more easily besides damping spontaneous shocks.
The thickness of cartilage depends on the types of joints and
it can reaches to 5mm[8]. The gap between cartilages is filled
with secreted fluids by cartilage’s membrane[9] which is
called Synovial Fluid (SF). This fluid is non-Newtonian
material that reduces the friction of joint during movement.
Electrical and magnetic fields can increase the pressure of
knee and improve lubricant efficiency by applying the
external force to SF[10]. The electrical field becomes so

much weaker in the body respect to its external value[7]. But
magnetic field can pass among the body and biologically
affect the joint. The position and value of this field can cause
different results [11]. During last decades a lot of
investigations have been done in this area and numerous two
and three dimensional models for synovial joints were
suggested. In three dimensional simulation, deformed hip
articulate modeled as a ball-socket joint[12]. In [13] SF
considered as a biological bearing and is modeled between
both two dimensional disks and spheres. Four generalized
power-law models for synovial viscosity provided which had
good coincidence with experimental results are developed in
[14, 15].
New researches are focused on analyzing ferrofluid that exists
in different body structures[16] because the injected
ferroparticles in the SF, can decrease the wear and friction
among faces[17]. In paper [7] knee joint is modeled as two
parallel plate and the effect of increasing the magnetic field
on maximum pressure and load capacity is studied. The
innovation of this paper is introducing the effect of external
magnetic field on actual 3D model of human knee joint while
the non-Newtonian behavior of SF is taken into account.
2. GEOMETRY MODEL
The knee joint can be modeled as different shapes. One of
the privilege model is 2D modeling. In this modeling knee
assumes as two parallel plate which SF is stymie between it.
In 3D modeling, knee usually assumes as disk and sphere or
ball and socket. These models estimate the pressure
distribution, velocity and internal force of joint but they are
far from an accurate model and their results can be different
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significantly with real situation. In addition, these models
ignore the SF thickness variation in different points of knee
region. This variation can impact on the amplitude of
maximum pressure and the position of critical point. The
actual model of knee joint is produced by taking the MRI
pictures and concatenates these pictures together. In this
paper, the accurate model of knee is used as our knee
geometry. The overall view of the model is shown in Figure 1.
As it is shown in figure1, in this model just the synovial fluid
which is stymie between up and down cartilages is shown.
This model considers the SF in different thickness and also
non-harmonic model of knee is taken into account.
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μ is the dynamic viscosity of SF. This paper uses two power
law model for non-Newtonian synovial fluid viscosity[19]:
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The tensor D shows the symmetric part of velocity gradient
and n(c) is defined as below where c is the hyaluronic Acid
concentration and   0.44 [14].
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Figure 1. Knee joint (a) the picture of knee joint [23] (b)
proposed accurate model for SF
3. GOVERNING EQUATIONS

3.2 Magnetic field equations
Magnetization property (M) is a feature of biofluid which
determines the impression of magnetic field on the flow.
Various equations for magnetization property in an
equilibrium situation are introduced. In this paper the linear
formula for magnetization is used [20]:
M  H

3.1 Fluid equations
Synovial flow is described by Cauchy equations, which,
together with the equation of flow continuity are as
follows[18]:
u v w


0
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x y z
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Where χ is the magnetic susceptibility.
Figure 2 is shown the current plate with α-slop that sets next
to the critical region.This current pass through the plate in z
direction. The plate is fixed between [x1 y1] and [x2 y2], uper
of the critical region. The components of plate magnetic field
intensity Hx and Hy along the x and y direction are given:
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Figure 2. The current plate with α angle

) is the Laplacian

operator ,ρ is the fluid density, P is the pressure, μ is the
dynamic viscosity. The term 0M H is appeared due to
magnetization force while μ0 is the magnetic permeability of
vacuum, M is the magnetization, H is the magnetic field
intensity, P and .τ Refer to the pressure force and viscosity
effect respectively. For calculation of parameters of tensor 
we have followed equations:
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Where H0 is the magnetic field strength on the current plate.
The normalized components of magnetic field are
demonstrated in Figure 3. As it was clear in bellow figure, the
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Hx peaks near the plate current, also Hy has two peaks around
the edge of plate. The absolute magnitude of these fields
reduces severely, by getting away from the source plate.

3

Base on above assumptions, for a viscous, laminar,
incompressible, steady, three dimensional and non-Newtonian
fluid in the shown geometry, the equations 1 and 2 is written
as:
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In order to solve equations 16-19 with cited boundary
conditions simultaneously COMSOL Multiphasic software
which is based on finite element method is used.

4. PRESSURE DISTRIBUTION
MAGNETIC SOLUTION

(b)
Figure 3. Normalized magnetic field in 3D space, the plate is
located along z axis in x= 0.075 to 0.0 95 and y=0.095 with
α=0

3.3 Boundary conditions
This paper considers three boundary conditions on the
surface:
 The top surface of knee joint (tibia bone) is rigid and
moves vertically along y-axis. (u=0 and w=0) or
rotate around z axis(w=0)
 The below surface (femur bone) is rigid and station
(u=0, v=0 and w=0)
 The free surface of joint has constant pressure (p=
0) [21]
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The pressure distribution on SF occurs by vertical and
rotation motions of tibia joint. Vertical movement can
produce high pressure on the upper plate of joint. This
pressure is extremely destructive and harmful for the knee
articulate because the maximum pressure in SF is limited and
the excess pressure is exerted to the cartilage.
Figure 4 shows the maximum pressure of knee joint during
vertical motion of top bone without considering the body
weight. The front view of pressure distribution in critical
region is shown in the figure. As it is seen, the left side of
knee has higher pressure in respect with right side during
vertical motion. In addition of vertical velocity, rotation of
knee’s bone can produce extra pressure on the knee joint.
Figure 5 shows the pressure distribution when the knee rotates
along the z axis. As it is seen in Figure 5 the critical regions
are different in this state. The comparison of pressure
distribution for vertical and rotational distribution shows that
the vertical motion produce four order of magnitude higher
pressure respect with rotational one. So this motion has the
most effect on knee joint and specifies the critical region.

105
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Figure 4. Pressure distribution on knee joint during vertical motion with velocity equal to 1mm/s
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Figure 5. Pressure distribution of knee joint during rotational motion with velocity equal to 1rad/s
The most important area in the model is the region with
maximum pressure because this region is determined the
maximum load capacity that the joint can tolerate. Using of
the magnetic field is one of the new solutions for increasing
the maximum tolerable pressure in SF, enhancing the load
capacity and suppressing destructive effect on the cartilage.
The magnetic field can produce by different current sources
such as wire, plate, dipole, tube and so on. Passing electrical
current through these wires which are located near the
damaged and crucial area, can intern the force to SF and
increase its pressure. Indeed, magnetic field works as an
external force which increases the maximum pressure that the
synovial fluid can bear. This occurrence improves SF
lubrication and results increasing the load capacity of knee
joint. For having the maximum improvement by magnetic
field, we should set the plate in the place where the effects of
magnetic force become maximize. This can occur when the
maximum multiplying of the magnetic field and its gradient
become coincide with maximum pressure peak. It causes
producing the maximum force in SF and increases the SF
lubrication remarkably.

Pressure distribution in SF is produced because of two
parameters:
 Body weight as an external force
 Motion of tibia joint
α

[x2,y2]

[x1,y1]

Js

Figure 6. Top and front view of current plate across the
critical region of modeled knee

5. SIMULATION RESULTS
In recent papers, different models for synovial viscosity are
suggested. Synovial treat as a non-Newtonian fluid that its
viscosity depends on shear rate and hyaluronic acid
concentration. Figure 7 represents pressure distribution in
critical line of knee for three privileged viscosity models. The
non-Newtonian and Newtonian models are described in
Equation (9), (11) and (20)[14].

Newtonian model:   0.01
(20)
In paper [14] it is represented that model 2 causes higher
viscosity than model 1and model-1 has higher viscosity
respect with Newtonian fluid assumption. Increasing SF
viscosity produces higher pressure which is shown in fig 6
and higher pressure increases the load-bearing capacity of the
joint. It was proven in[14] that model-1 is more adaptive with
actual experimental results. So in this paper model-1 is used
for later simulating and calculation. Also this figure
demonstrates that Newtonian assumption of SF is not logical
and causes remarkable errors in results.

Figure 7. Pressure distribution for different viscosity models
in critical line with vertical velocity = 1mm/s and H0=0

5.1 Body weight
As it is clear, obesity has a direct relationship with articulate
disease especially arthritis. This disease occurs due to the
limited tolerance of SF in bearing pressure and after that the
surplus pressure is exerted to the knee cartilage which causes
cartilage corrosion. The free surface of joint bears the body
weight force. The Figure 8 shows increasing the maximum
pressure of knee respect with increasing in body weight. As it
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is seen for a person about 60Kg, 1Kg gaining weight increase
the maximum pressure in his knee joint about 1.5%. By
comparison Figure 7 and Figure 2 it is concluded that the
maximum pressure in SF becomes 12 times higher if the body
weight is considered as an external force.

5

capacity increase effectively until 10 degree, because the
magnetic field becomes adjacent to the critical area and the
location of maximum magnetic force is coinciding to the
region with maximum pressure. So the peak of pressure
distribution jumps remarkably and also area under the curve
that indicates the load capacity increases significantly. The
pressure and load capacity reduce with rotating the plate more
than 10 degree which refers to incoherence of maximum
magnetic force and maximum pressure.

Figure 8. Maximum pressure versus increasing in body weight
with 1mm/s vertical velocity and H0=0
5.2

Motion of tibia joint

In disparate modes of motion, the tibia bone (upper bone of
knee) moves with different velocity magnitude which can
impact on the synovial pressure. The increment of maximum
pressure respect with higher vertical and rotational velocity is
illustrated in Figure 9. It means that the fast motions can be
more destructive and dangerous for knee joint because the
maximum pressure during these movements can overpass the
SF capability and knee cartilage must sustain the surplus
pressure. So, finding a way to enhance the tolerable load
capacity and pressure of SF for overweighed people is a very
important issue in order to protect their knee joints against
articulate diseases especially during motions that their knees
must move quickly.
Table 1. Maximum pressure (P) and load capacity (LC) for
different angle of current plate and different magnetic field
intensity
α
H0
(A/m)

0
P

5

10

Figure 9. Effect of knee vertical and rotational velocity on the
maximum pressure in a person with 60Kg body weight and
H0=0
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(KPa)

LC
(KN)

P
(KPa)

LC
(KN)

P
(KPa)

LC
(KN)

P
(KPa)

LC
(KN)

1*106

0.41

0.1

0.43

0.15

0.49

0.25

0.46

0.2

5*106

2.23

0.3

2.48

0.34

2.81

0.46

2.62

0.40

10*106

4.79

0.40

4.81

0.47

5.25

0.52

4.96

0.49

Maximum pressure and load capacity of knee for different
angle of current plate and magnetic field intensity
demonstrated in Table 1. As it is seen, through rotating the
plate from 0 to 15 degree, the maximum pressure and load

Figure 10 shows the additional pressure distribution in critical
line for different values of magnetic field intensity. This
additional pressure produces because of magnetization force.
In [22] the same results about the effect of magnetic field on
SF joint are presented. Figure 9 indicates the maximum
pressure can increase 0.5-5.5 KPa due to applying an external
magnetic force with 106-107 A/m intensity. In the other word,
if the electrical current passes through an oblique plate with
10 degree angle respect to the horizontal line above the
crucial area, the maximum pressure and load capacity
increase 1.7% and 3% respectively due to magnetization force
with 107 magnetic field intensity.
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Figure 10. Distribution of added pressure by different
magnetic field intensity and velocity equal to 1mm/s in
critical line
The viscosity and Reynolds variation along the critical line
is represented in Figure 11. The viscosity reaches to 0.017
(Pa.s) and almost 50% of area have higher viscosity than 0.01
(which is equal with Newtonian viscosity), so obtaining
higher pressure for model-1 rather than Newtonian fluid is
acceptable (see Figure 7). In addition, the pick of maximum
viscosity coincides to the critical point that has the highest
pressure (see Figure 10). Thus, the magnetic force increases
the viscosity and this increment, produces higher pressure and
load capacity. In this paper, the laminar formulation is used
and as it seen in Figure 11, this usage is logical since the
maximum Reynolds number is 132 and extremely below the
critical point that the flow has turbulence behavior. The
minimum Reynolds number which indicates the area with the
lowest velocity is occurred when the pressure is maximize
because these parameters act in opposite direction.
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The density of synovial fluid and concentration of acid
hyaluronic are two parameters that vary by aging and
affection of some articulation diseases. By getting older, the
hyaluronic concentration decreases which means lower
viscosity of the SF[14]. The variation of maximum pressure
with concentration and density is shown in Figure 12. As the
concentration increases from 0.1 mg/ml to 0.18 mg/ml the
maximum pressure %1.7 raises. This result is acceptable
owing to the fact that [14] is proved that synovial fluid
becomes more viscous as the concentration of acid hyaluronic
increases. So, the maximum pressure and the load capacity of
the knee joint or any synovial joints decrease with both aging
and articulate diseases and using the magnetic field for
improve this condition is a logical solution. On the other
hand, if the synovial density declines, the maximum pressure
in the SF reduces too. According to Figure 12, 50kg/m3
reduction in synovial density causes the maximum pressure
approximately 4.5% dwindles which is not appropriate.

Figure 12. Maximum pressure respect with concentration and
density of SF in knee joint in velocity=1mm/s and
H0=10*106A/m
6. CONCLUSION
This paper is introduced the effect of magnetic field on
improving the lubrication of synovial fluid. The magnetic
field is applied to an actual 3D model of knee. At first step the
critical region of knee which should bears the maximum
pressure is found out for both rotational and vertical
movement of knee joint. We can conclude that for old people,
over weighted and people who suffer from articulate diseased
applying magnetic field near the critical and damaged area
that bears the maximum pressure can help them because the
synovial viscosity, tolerable pressure in SF and the load
capacity of the joint increase effectively.
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C hyaluronic acid concentraion

p synovial pressure

D rate of deformation tensor

H ( H x , H y ) magnetic field intensity

(x,y,z)

B magnetic field induction

Greek Letters

M magnetization of fluid



Js plate current

 0 magnetic permeability of vacuum

V (u , v, w) synovial fluid velocity



density

H 0 magnetic field strength



dynamic viscosity

SF synovial fluid



plate angle

Component of Cartesian system

magnetic susceptibility

