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Abstract;

Synovia joints form the most important

feature of the human body as they represent the
centers of the most essential and basic activity
in the human beings, which is motion. Starting
from the role that are played by the lubrication
regimes in effectiveness and maintenance of
the joint this study was initiated. It investigates
the lubrication systems that are operative in
synovia joint. Depending on the loading
conditions and sliding velocity during one gate
of the walking cycle the profile of the synovia
film thickness and the pressure developed in
the knee joint when the hydrodynamic and
elastohydrodynamic lubrication regimes are
operative was determined.
For the hydrodynamic and el astohydrodynamic
lubrication analysis a mathematical model
obtained by solving the governing equation
using numerical methods. Results showed that
for the hydrodynamic action the minimum film
thickness determined was between (0.365-1.8)
pum and the pressure developed ranged
between (20.6-860.449) kN/m® While for
elastohydrodynamic action the minimum film
thickness ranged from (2.5-3.57) um and the
developed pressure ranged between (97.68-
146.5) kN/m” Finaly, it was shown that in
specific  conditions  hydrodynamic  and
elastohydrodynamic lubrication mechanisms
gave a good explanation to how the joint
functions.

Keywards: hydrodynamic,
elastohydrodynamic, joint lubrication, knee
joint

I ntroduction:

Despite being subjected to very varied and
sometimes very high loads, the articular
surfaces in synovia joints of the human body
undergo minimal wear. This is due to the
lubrication processes occurring within the
joints. To understand these processes, the basic
engineering principles of lubrication should be
considered.
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There are two basic mechanisms of lubrication in

engineering: -
1.Boundary lubrication mechanism.
2.Fluid-film lubrication mechanism.
Each mechanism complements the other and
depends on the tissues involved and the load
imparted to the joint [1,2].

Surfaces that contact each other
during joint motion and give rise to frictional
resistance have been defined as:

1. Cartilage-on-Cartilage type

The mechanisms of cartilage-on-
cartilage lubrication have been attributed to the
boundary lubrication effects and the presence
of fluid-film lubrication.
1.1. Boundary lubrication

The term boundary lubrication refers
to the situation where a lubricant film is present
between two rubbing surfaces but its thickness
is insufficient to prevent asperity contact
through the film [3]. The boundary effect of
synovial fluid in a cartilage-on-cartilage system
is that the synovial fluid readily adheres to the
cartilage surfaces, helping to keep them apart
and decreasing frictional forces. The contact
lubrication mechanism is governed by
glycoprotein fraction of synovia fluid, which
sticks firmly to the articular cartilage surfaces
[2]. The thickness of the surface film varies
from (1 to 10) nm depending on the molecular
sizee The frictional characteristics are
determined by the properties of the solids and
the lubricant film at the common interfaces [4].
It was shown that the fat in the surface layer of
articular cartilage was important, since
removing it chemically without apparent
damage to other structures increases the
coefficient of friction [5]. Boundary lubrication
of articular cartilage is extremely effective in
preventing wear due to motion but loses its
protective abilities under high loads [2].
Therefore, other lubricating mechanisms must
be at work.

1.2. Fluid-film lubrication

An important geometrical feature of
fluid-film contacts is that the films are many
times thicker than the height of the
irregularities on the surfaces of the solids [6].
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Load on the bearing surfaces in fluid-film
lubrication is supported by the pressure in the
film. The excellence of the lubrication system
in this tissue is reflected from the value of the
coefficient of friction, where its value is 0.002
compared with 0.03 for ice on ice lubricated by
water and 0.2 for steel on steel lubricated by oil
[7].

1.2.1 Hydrodynamic lubrication

Hydrodynamic lubrication is generally
characterized by conformal surfaces [4]. If the
bearing is of convergent shape in the direction
of mation, the fluid adhering to the moving
surface will be dragged into the narrowing
clearance space, thus building-up a pressure
sufficient to carry the load. Thisisthe principle
of hydrodynamic lubrication [3].

The viscosity of the fluid, the
geometry and relative motion of the surfaces
may be used to generate sufficient pressure to
prevent solid contact [3]. The magnitude of the
pressure developed is not generaly large
enough to cause significant elastic deformation
of the surfaces. The minimum film thicknessin
a hydrodynamically lubricated bearing is a
function of normal applied load, surface
velocity, lubricant viscosity and geometry [4].
Most lubricating films operating under
hydrodynamic conditions have a thickness of

the order of (10 4—10 3)cm [6].
1.2.2 Elastohydrodynamic lubrication
Elastohydrodynamic lubrication
(EHL) is defined as hydrodynamic lubrication
in which the fluid-film pressure causes €elastic
deformation of the bearing solids, which in turn
influences the development of pressure within
the film. In genera, the elastic distortion
provides a greater geometrical conformity than
normally exists in the contact region, and this,
in turn, provides a much thicker lubricating
film for a given load. Furthermore, this high
pressure may cause a substantial increase in
lubricant viscosity. This viscosity effect further
increases the thickness of the lubricating film

[7].

In human joints the viscosity of
synovia fluid varies negligibly with pressure
over the pressure range encountered in synovial
joint [4,58,910] where the modulus of
elagticity of the articular cartilage are very
small, the articular cartilage deforms readily
under physiological loads, and the lubrication
regime can, thus, be regarded as isoviscous-
elasticc. The most significant feature of
elastohydrodynamic action is that the minimum
film thickness becomes almost insensitive to
load. The film thicknessis almost constant over
most of the effective contact zone, with
arestriction providing the minimum separation
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near the outlet end .It should be noted that the
term ’contact’ is used to describe a region of
load transmission between lubricated solids; it
does not necessarily imply that the solid touch.
Anincrease in load flattens out the elastic solid
and increases the size of the contact zone
without having much effect upon the minimum
thickness of the film [6]. The minimum film
thickness is a function of the same parameters
as in hydrodynamic lubrication with the
addition of the effective elastic modulus [4].

1.2.3 Squeeze-film lubrication

Squeeze-film lubrication occurs when
the  bearing surfaces are  moving
perpendicularly towards each other. The
viscosity of the fluid in the gap between the
surfaces produces pressure, which tends to
force the lubricant out. This mechanism is
capable of carrying high loads for short lengths
of time. As the fluid is forced out, so the layer
of fluid lubricant becomes thinner and the joint
surfaces come into contact. The height of the
film can be measured under certain
circumstances, and a ’squeeze-film time’
determined as the time taken for the film to
diminish under load from a given height to
zero. The mechanism of squeeze film
lubrication can be summarized as follows: as
the load is applied to the undulating surface of
the cartilage layers, the synovia fluid
separating the surfaces becomes pressurized.
This pressure forces the lower molecular
weight constituents from between the surfaces
and possibly into the pores of cartilage, and the
remaining fluid becomes rich in hyaluronate,
which increases the viscosity of the fluid.
When the surfaces become very close the
trapped pools of enriched fluid help to support
the load and alow easy sliding of one surface
relative to the other. Asthe load is reduced the
lower molecular weight elements are sucked
into the joint interface by the hydrodynamic
action, thereby recharging the joint for the next
load cycle. The loading of cartilage against a
flat sheet of glass with synovial fluid between
provided a glimpse of the trapped pools when
examined on the scanning electron microscope.
These trapped pools appeared to consist of
mucine, highly concentrated into the
depressions on the surface of the cartilage with
two or three layersin the deep depressions [5].
1.2.4 Weeping lubrication

Weeping lubrication represents a
specia form of self-acting hydrostatic bearing
mechanism, which has been advanced by
McCutchen (1967) [8]. He believes that when
cartilage is pressed against an opposing surface
it wrings fluid from its structure to the interface
and in this way provides a film of fluid on
which the joint rides. This wept fluid is
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composed mainly of water and small ions. Pore
size in articular cartilage has been measured to
be approximately 60 nm. This small pore
diameter restricts the passage of large
molecules such as the mucopolysaccharide of
the cartilage matrix and hyaluronate and
synovia fluid protein while allowing passage
of interdtitial fluid of the cartilage [2]. The
process is essentidly the building up of
pressure in the fluid within the porous €elastic
cartilage by the application of load to the
surface of the cartilage. The effect is produced
and governed by the resistance to flow in a
direction perpendicular to the load and the
elastic properties of the cartilage [6]. Fluid flow
onto the cartilage surface probably occurs at
the periphery of the area of impending contact
where the pressure is lower rather than at the
center of the contact area where the pressure is
highest. Fluid flow out of the cartilage toward
the subchondral areais blocked by subchondral
plate, and sideways flow is retarded by the
relatively poor perfusion characteristics of
cartilage [2]. Weeping lubrication term was
used because bearing materials, which do it,
weep liquid when compressed [8].

Figure-1: A Simplified Joint,
Showing How Cartilage Remains
Soaked in Service: Wringing Out
Follows a Difficult Path While the

Resoaking is Easy [8]

2. A soft tissue interface (Synovium-
on-Synovium interface or Synovium-
on-Cartilage) Lubrication of synovial surfaces

by synovial fluid requires hyaluronate due to
boundary phenomenon.

2.1. Boundary lubrication

Boundary lubrication occurs when
each bearing surface is coated or impregnated
with a thin layer of lubricant that keeps the
dliding surfaces apart, allowing ease of motion
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with a low coefficient of friction between the
dliding surfaces. Hyaluronate sticks to the
synovial surfaces .The lubricating properties of
synovial fluid in a soft tissue system are
directly related to the concentration and
molecular weight of the hyaluronate, which is
also determined by viscosity. However, it is not
the viscosity of synovial fluid that is
responsible for lubrication of this system but
the sickness or boundary phenomena exhibited
by the fluid. Viscous solutions containing no
hyaluronate do not lubricate a soft tissue
system nearly as well as containing no
hyaluronate of equal or even lower viscosity
[2].

Loads and Motions of Synovial
Joints:

Human joints are specificaly for
transmitting large normal loads from one bone
to another while allowing an efficient relative
motion in a direction tangential to the surfaces.
Loads vary considerably from joint to joint and
from moment to moment and so it is intended
to look at specific joint and activities to
establish the pertinent features [8]. Load acting
on joints of the lower limb during activity are
rarely constant for very long. Figure (2) shows
the variation in load and sliding velocity in the
knee joint for a typical walking cycle. The
maximum loads are about 1750 N and occur
when the hedl strikes the ground and the toe is
leaving the ground. Just before “heel strike”
and shortly after “toe off” the loads reduce
rapidly toward zero. The diding velocity in the
knee aso varies considerably with time in
norma walking. This pattern is followed
throughout the walking cycle, always when the
load is high the diding velocity is low and
when the load is low the dliding velocity is
high.

Toirt Foree

Figure -2: Knee Joint Forces and Surface
Velocities at Different Parts of the Walking Cy

[g].
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Regarding the ways that loads and surface
velocities combine at various instances in the
walking cycle, it seems possible to isolate
specific sets of conditions for independent
study. Two extremes of  conditions
immediately suggest themselves. Firstly, the
lightly loaded portions of the cycle during
which the surface velocities are high and the
heavily loaded regions where the surface
velocities approach zero [8]

Figure -3: Lubrication Mechanism |llustrated
for the Right Knee[8].

The important aspects of human joint
lubrication are depicted in Figure (3). This
shows a diagrammatic representation of the
knee joint above its corresponding position in
walking cycle. During the amost unloaded
“swing phase”, includes a period where a very
small load coincides with a high dliding
velocity, when the foot has left the ground and
the leg is swing freely from its posterior to its
anterior position, a relatively thick film of
synovia fluid can be entrained into the space
between the cartilages. This has been shown to
be able to generate full fluid film lubrication,
specificaly the hydrodynamic lubrication.
When the hedl strikes the ground, the load on
the knee suddenly increases while the
entraining velocity is reduced towards zero.
Here, the thick film generated begins to
squeeze out and the film thickness reduces.
However, since the load is applied for only a
short time in normal walking, the squeeze film
mechanism is able to maintain a viable film of
lubricant throughout this stage. As the cycle
progresses, the load on the knee reduces and
the entraining velocity increases. This is the
phase in the walking cycle where theoretical
and experimental results suggest
elastohydrodynamic lubrication. In this way,
the synovia fluid film separating the joint
surfaces can be maintained. Finally at the “toe
off” position, the load is maximum and the
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entrainment velocity is very low but again
“sgueeze-film” lubrication can maintain a fluid
film and prevent surface-to-surface contact
[1,5] and the probability of boundary
lubrication share the sgueeze film lubrication at
this stage of walking cycle as a lubrication
mechanism [5].

A Model of the Human Joint for

Lubrication Studies:

It is convenient and permissible to
represent certain synovia joints, like knee
joint, by a cylinder near a plane configuration
for the purpose of analysis; the plane solid is
assumed to be rigid and the opposing
component consists of a rigid core
(representing the bone) covered by a layer of
porous, elastic material (representing the
articular cartilage). Synovia fluid was
approximated as a Newtonian lubricant [6,
12,13,14,15].

— porous elastic
Y bearing material

\ N T —— .f.';:"'_'" —
= ‘“‘:‘_-‘..;:,—_‘._s—_ﬁ-"“:_n_uamcauf k.
— b — [SYNOVIAL FLUID}

— e

Figure — 4: Model of Equivalent Bearing [6].

Knowing the velocities of the surfaces and
their geometry, we can calculate the pressures
in the synovial film with Reynolds equation.

e i o 3

1
M S
Hydrodynamic sgueeze local
Term Term

expansion

Where x and y are special coordinates along
the direction of motion and in transverse
direction, respectively; p=p(x) is the pressure
in the contact; h=h(x) is a function describing
the separation between two interacting bodies
(film thickness), p is the density, n is the
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viscosity ;  u®and u” are surface velocities of
the two articulating bones.
For hydrodynamic lubrication the motion is
pure dliding, so that w is zero.
The following usual assumptions are
considered:
Newtonian fluid
I so-viscous fluid
Incompressible fluid
Steady state condition
Isothermal condition
Smooth surfaces
Inertia effect neglected
We need to satisfy the following boundary
conditions:
Attheinlet p=0

At the outlet =—=0
OX

The motion was assumed as pure dliding,
ignoring the sgueeze term, and by applying the
|ast assumptions; equation (1) become

3
ofhop)_gh |2
oxX\ n oX oX
where Uy =u, +u,

This equation can be integrated with respect to
X to give

ldp 6U A
Ty h2 T Rh3 3
ndx h? h
Making use of boundary condition that
oy
dx at
X=X, ,h=h,
- A=-6Unh
Substituting this into equation (3) gives
dp h-h
= —6U 0
x e
dp h—h
=+ _6U 0 4
dx T e

This is the integrated form of Reynolds
equation. The subscript (o) refers to the

condition at all points where dp/dx =0
1. Hydrodynamic lubrication
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To find out whether the
hydrodynamic pressure is high enough to carry
the contact load or not, and what fluid layer
thickness is expected in the contact between
the bearing surfaces. The classica
hydrodynamic theory of lubrication for rigid
cylindrical surfaces lubricated by an iso-
viscous lubricant was adopted and solved by
using Cameron’s solutions [17,18].
Pressuredistribution:

The classical Reynolds equation for
hydrodynamic lubrication is used to find the
pressure distribution in a bearing with an
incompressible lubricant, for the geometry of
figure (4)

Solving €q.(4) and by using boundary and
initial conditions, the dimensionless pressure
(p*) at any point can be found from

p*:.;{yg%ﬂuzzgﬁyﬁjﬂﬂ

2) 2 16

j

Film thickness equation for rigid
body:

Typical line contact of hydrodynamic
solution for minimum film thickness (h,) is
Martin’s solution [16], where formulas for
rigid-isoviscous lubrication are applied to the
case of hydrodynamic pressure.

For a cylinder-plane configuration, the film
2
thickness at position x is: =h O+X—
2R

Where h, represents the minimum film
thickness, which are derived in references [17,
18] as:

h, = 491R |6
W

2. Elastohydrodynamic lubrication

The essential feature of this regime of
lubrication is the elastic modulus of the
bearing surfaces and the pressure-viscosity
coefficient.
For the synovial joint this regime is denoted as
soft (EHL) [4,7] because of its modulus of
elagticity is very small. The viscosity of
synovia fluid varies negligibly with pressure
over the pressure range encountered in a
synovial joint [8]. The articular cartilage
deforms readily under physiological loads, and
the lubrication regime can, thus, be regarded as
isoviscous-elastic [4].

For this regime of lubrication, the
pressure developed in the joint and thickness
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of the lubricant can be estimated in the next
sections using a combination of direct-iteration
and Newton Raphson techniques for solving
the elastohydrodynamic lubrication system.
Pressuredistribution

Equation (2) is first written in the following
residual form

3
o d(phdo) g, dleh)_ .
dx{ 7 dx dx

Equation (7), solved in dimensionless form at
each nodei:

f, = H, (dpj Kﬁ[H £, |8

dX Pi
06*10°R, * P o
p=1t 5
1+1.7%10 P *P
Where
2
u =4 K:3”L2J w=_"
E'R AN E'R
X hR - n
= — H:_ = e—
b b? 7 n-
P:p/PH
7=1

I soviscous condition
as aresult equation (8) can be written as

- His(d_Pj _K(Hi _po_HOJ 10
dX ), Pi

Film thickness

The film-thickness equation that considers
body surface deformation is used. For line-
contact problems we only need to add a proper
film geometry term in the other direction and
replace the displacement term in the film
thickness equation by the elastic deformation.

The equation of elastic deformation
that are adopted in this study are Okamura’s
approach [19], where he assumed simply that

s 1 Z;:P,,ﬂxﬁx le+x ‘U »

Where o describes the elastic deformation of
the surfaces.

X2

~h=h +—+96 12
2R

The present algorithm is based on both direct-
iteration and Newton-Raphson techniques.
Two main iteration loops are established in this
algorithm. The inner loop, a Newton-Raphson
scheme is used to update the pressure
distribution with equation (8). The pressure
corrections are obtained by using a tridiagonal
pseudo-Jacobian matrix. In the outer iteration
loop, the conventional direct method is used to
adjust the central film thickness.

Finite difference form of the

governing equation:

The method of finite differences is
used to approximate the governing equations at
discrete points; the contact region is divided
into several sub regions, each of which is
discretized with a uniform grid configuration.
Discretization form of the Reynolds

equation
Equation (7) is first written in the following
residual form:

d dp d(pH)
f= H® 120 ——==0
dx(p dx) dx 13

The standard second order central difference
formulas are used to approximate the residual
function; Equation (13) is first expanded to
read

dx dx |dx dx¥ dx

T

14

After discretization, the difference equivalence
of equation (14) is then obtained

P~ P +(,0H3)- P.i—2P + P _

fiR :|:(3PH2)| Hi+j_2;XHi_l + Hi3 pi+1 _pi—l

2AX

12J (/0 H)i+1 —(/0 H)i—l
2AX

|

28% ()° "
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Where the subscript ”i” denotes a grid point,

d d d? H

the grid spacing AX | is constant in a sub- f=—(,0H3) P +pH? & -12) d(p ) 16
region in which uniform grids are used. dx dx dxX dx

A mixed second-order central and first-order

backward differencing scheme is used to
approximate the function from which the
Jacobian matrix is generated. Equation (13) is
rewritten as

After discretization, equation (16) becomes

H?) =(pH), pu-p Pa—2P + P,
f_J — (IO i i-1 M+l i1 H +(pH3) 1Pia i i-1
i AX IAX 2 [(IO )I +1 (10 )I -1l ( AX)Z 17
1&J (pH)I _(pH)i—l
AX
The first-order forward-difference formula is
af,”
used to evaluate Api which is denoted as
(DFJ).
. ((/Q+1KJ—1 '+1+3_L1 A.D I+lj) (IQK H +3qH DH))
DF(,j)= R.R)
2
3 3
IQ+1 I_Ll _IQH
W K,j_l—K,j+1) + .
- 2
(H+1K",1I_I3i+l+ﬁ+13H+1 |+l )+(IQK H +3q H DH i )
J (m; ! (p+l 2p+pl)
3 3 As
AaHa+aH k=2 +k )
AC J- J A AX
where P = dp
x|l * * - * * *

(( K H+g DIT,Ij)_(:Q—1 K,j+1 H.+44 Dlﬂlj» 19
where (Ap) is the correction to the pressure
distribution in the course of an iteration.

A Gauss elimination method is used to solve
This set of equations along with the boundary thi_s Iineaf sygem. .
conditions can be rearranged into the following Discretization form of the elasticity
matrix form. equation
{i}{ . }_ {fiR} . Equatllon iil) ciiiilscrelt;zeijsfollows:
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2
H =H +(X‘) -0 22

Assessment of the Film Thickness
During Different Phases of Walking
Cycle:

A complete lubrication analysis
during one walking cycle requires taking full
account of the loading and cycle of movements
in anatural synovial joint.

Solutions are generated for parameters, have
been chosen for the steady diding conditions,
taken from the previous investigations [20]
which are;

e Radius of equivalent cylinder near aplane R,

0.1m.

e Absolute viscosity of synoviad fluid n,
2107 pgs

o Eeffective dastic modulus E,
107 N/ m2

The load and dliding velocity in the knee joint
for atypical walking cycle was taken from the
curve shown in figure (2) [5, 8], which is
matched with the information presented in
figure (3), to provide a brief description on the
performance of the synovia joint, especially
knee joint, during different phases of the
walking cycle and detecting the maximum load
applied on the joint during each phase of the
cycle.

In the knee joint the period of one
walking cycle is determined as 1.2 sec [5, 8].
Mainly this period is divided into two phases:
swing phase and stance phase.

The swing phase lasts about 0.556 sec

and includes a period where
avery small load coincides with a high sliding
velocity. From figure (3) it is shown that
during the swing phase there is a dliding
velocity of about 0.28 m/s, accompanied by a
load ranging between 40 N to 750 N. under
these conditions hydrodynamic lubrication
mechanism operate to provide a thick film
separate the two bony surfaces.
In this range of conditions al film thickness
calculations tends towards that described by
rigid cylinder and isoviscous lubricant theory
[6, 20, 21], which gives:

492U
W

The values of minimum film thickness (h,) for
the synovial fluid during the swing phase are
presented in table (1).

In the stance phase, which lasts about
0.644 sec of the walking cycle, it includes two

NUCEJ val.11, No.3, 2008

periods: one of the periods occurs when a very
high loads, for about 1750 N, coincides with a
very low dliding speed, at heel strike and toe
off, at this period the squeeze film mechanism
will operate which sgueeze the lower
molecular weight constituents from between
the surfaces into the pores of the cartilage.
Squeeze-film lubrication supports the knee
joint for about 0.144 sec; i.e12% of the
waking cycle, whereas the sgueeze-film
lubrication supports the hip joint for about
50% [11]. This is because that the loads
applied on the hip joint is greater than that
applied on the knee joint as a result the
squeeze-film lubrication occupies a maor
portion of lubrication for the hip joint during
walking cycle. In a squeeze film analysis the
compliant surface squeeze film situation may
be approximated by considering a squeeze film
between rigid surfaces having the same shape
as the elastically deformed surfaces under dry
conditions. The thickness formula [9] may be
stated as follows

1 1
&:(394_5 W e )2
R E'R E't

Using the assumed values for the parameters,
the minimum film thickness of the synovial
joint during the squeeze action is presented in
table (1). The thickness of fluid film separating
the articulating surfaces is reduced with time
as a result the continuity of this loading
conditions for long time lead to contact the
asperities of the articular cartilage. But because
physiological loading do not damage the joint,
the next phase in the walking cycle will reduce
the load result in sucking the lower molecular
weight elements into the joint interface by the
hydrodynamic action. And this redly what
happens in the second period of the stance
phase, i.e. after heel strike, where the weight
transfer occurs. At this period the load is
reduced to that in heel strike but its value is
considerably high about 1350 N, when
comparing this load with that applied during
the swing phase, combined with a dliding
velocity of about 0.17 m/s. as a result of these
conditions elastic deformation of the articular
surface  will occur and the lubrication
mechanism activated at this stage is
elastohydrodynamic lubrication, which support
the joint for about 0.5 sec.

The minimum film thickness calculated under
these conditionsisthat predicted by [21],

13 /2’7_U
R ER

The values of minimum film
thickness for each phase in the walking cycle
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are caculated each with its appropriate
formulaand tabulated in table (1).

One method of assessing the
likelihood if an effective fluid-film lubrication
in bearing is to estimate the ratio of the
predicted film thickness to the composite
surface roughness (R? of the unloaded solids.

h
If (/Ra) is less than unity then boundary
lubrication must be anticipated, the value of
surface roughness of the articular cartilage
seems to range from (2-20)*10® m [6]. This
ratio is caculated for each mechanisms of
lubrication during different phases of walking
cycle to demonstrate the effectiveness of the
|ubrication system.

The calculations related to the knee joint
during walking cycle, as shown in table (1),
indicate that synovia joints are fully fluid film
lubricated. The fluid film is a sgueeze film
under norma loading conditions and
elastohydrodynamic film when dliding or
rolling occurs. the elastohydrodynamic
supplies the sgueeze film. Therefore,
phenomena such as weeping of cartilage and
the boundary lubrication characteristics of
synovia fluid on cartilage play secondary roles
in healthy synovial joints.

The film thickness for both static
sgueeze and the elastohydrodynamic feeding
are affected by critical parameters: (R/E), the
product of conformity and compliance of the
surfaces, and the viscosity of the synovia
fluid. These parameters permit rationalizations
concerning why joints fail with age and why
prosthesis is poor substitutes for properly
functioning natural joints.

Let us consider these parameters and
its effects on the film thickness:

1. The parameter (R/E) appears most subject to
change due to aging, injury, and disease.
Lesions would locally change (R/E) producing
leakage paths from the squeeze film load
support zone and decreasing film thickness. In
addition, they would increase stress on the
cartilage at the edges of the damaged area
Thus, it should be the am of mechanica
engineering and the medical professionalists to
do every thing possible to maintain joint
conformity and compliance (R/E).

2. Changes in synovia fluid viscosity aso
would affect film thickness. However,
pathological changes in synovial fluid cause a
depolymerization  of  hyaluronic  acid
complexes, the consequent decrease in
viscosity and change in rheological type of
synovial fluid will impair lubrication.

When the pathological changes take
place in the articular cartilage, the following
mechanism is possible:
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1. Decrease in resiliency and smoothness of
articular surfaces will lead to direct
contact and conditions of boundary
[ubrication.

2. A decrease in norma and latera
deformations of the cartilage will cause a
large increase in the local pressures
within the joint and lubricant, as the film
thickness will be reduced many times.

Analysis the Performance of
Synovial Joint During the Swing

Phase and Weight Transfer Phase:

An equivaent bearing was specified to
represent the knee joint for the hydrodynamic
and elastohydrodynamic lubrication analysis.
The conjunction between the femur and tibiain
the knee joint can be represented by an
equivalent cylindrical elastic component near a
plane. The load and dliding velocity in the knee
joint for a swing phase and weight transfer
phase of awalking cycle was taken from figure
(2), [5.8].
1. Hydrodynamic lubrication

The hydrodynamic theory of lubrication
for rigid cylindrical surfaces lubricated by an
isoviscous lubricant was solved previously and
gives the following figures for the pressure
distribution and film thickness.

A W=140N
B, W=180 N
C, W=750 N
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Figure-5: pressure Distributions for Different
joint force (w).

Figure (5) represents the pressure
distribution in synovia joint operating under
hydrodynamic lubrication conditions, the range
of loads applied during the swing phase of the
walking cycle with its concerned velocity was
chosen from table (1), which represents the
input parameters for the hydrodynamic
lubrication system. As shown in figure (5), the
value of the applied load on the joint has a
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profound effect on the value of pressure that
are developed, i.e. when the load is low the
developed pressure is low and when the load is
high, the pressure is high. But in general, we
see that the maximum load applied during the
swing phase is 750 N that results in a pressure
distribution with a peak value 860.449 kN/m2.

Figure (5) gives the following indication: as
soon as the surfaces are set in motion, the fluid
becomes drawn into the contact by the action
of purely viscous forces. The hydrodynamic
pressure in the fluid layer will appear in the
inlet of the contact region and propagate
further into the contact
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Figure-6: Hydrodynamic Film Thickness
Profiles

Figure (6) represents the curve of film
thickness. The profile of this curve indicates
that there is a region where the film thickness
is very small, denotes as the minimum film
thickness. It is interesting to notice that the
applied load affects the value of h,, when the
applied load is increased the value of h, is
decreased and the danger of contact may occur.
But because the bony ends in synovid joint are
covered by articular cartilage, which is a soft
material, elastic deformation of the moving
surfaces will occur, which results in increasing
the area at which the load applied to it
resulting in building up a pressure equilibrate
the applied load and providing a film thickness
preventing the contact. In other words another
theory of lubrication will be operated, which is
elastohydrodynamic lubrication theory.

3. Elastohydrodynamic lubrication

For the elastohydrodynamic lubrication
problem the anaysis takes another form. In
such contacts the film formation is strongly
affected by the lubricant behavior and the
elastic deformation of the bearing surfaces.
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It should be pointed out that 131 uniform
nodes were used for the solution of this
system. It took about 15 iterations to obtain a
convergent solution. Great care was taken to
make sure that sufficient nodes were placed to
ensure a smooth profile as was done. It is
found that the grid structure is very important
to the solution. If too course a grid were used,
the film thickness would be underestimated
and some oscillation in the pressure profiles
would be observed.

The location of the outlet, x,, beyond
which the Reynolds equation is no longer
valid, is determined along with the pressure
distribution and film profile. The pressure
value at the grid point adjacent to X, is
monitored. If this pressure value is negative, X,
is moved towards the upstream by one grid
space. If the pressure value is positive, X, is
moved towards the downstream by one grid
space. Thus, the outlet location is determined
to the nearest grid point.

Generally, the solution procedure for
elastohydrodynamic  problems begins by
assuming a starting pressure distribution that
approximately balances the applied load,
hertzian pressure distribution, with a unity
maximum pressure (Py). Then, the initial value
of pressure is determined by the difference
between this assumed pressure and the actual
pressure, the pressure obtained by solving the
Reynolds equation. Then this value of pressure
is updated with the assistance of the relaxation
factor until reaching the convergent solution.
Firstly, the solution of this mechanism of
lubrication is done by using agorithm that
combine the direct-iteration and Newton-
Raphson methods, results are presented in
dimensionless form, figures (8) and (11).
Results presented in figures (8) and (11) give a
good agreement with that presented by
Hamrock et al. [23], where the distribution of
pressure is limited between (-1.5, 1.5). The
pressure reached its maximum value at x =0,
then it decrease gradually until it becomes zero
at x=1, this represents the characteristic feature
for the isoviscous elastohydrodynamic regime
[4, 23].

After examining the algorithm, by comparing
the dimensionless result with that presented by
Hamrock et a. [23], now we can use this
algorithm to estimate the pressure developed in
the synovial joint, knee joint, and the profile of
synovia film thickness during the weight
transfer phase.

Figures (9) and (10) represents the pressure
distribution of the synovial joint for different
loads.

For figure (9), the applied load is 1350 N
results in
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a pressure distribution with a maximum value
of 146.504 kN/m® Figure (10) presents
elastohydrodynamic pressure equa to 97.6801
kN/m? coincides with the applied load equal to
600 N.

Figure (11) represents the profile of film
thickness for an isoviscous compressible line-
contact elastohydrodynamic lubrication
problem. It should be pointed out that the
synovia film was flattened in the load bearing
area, in order to increase the area at which the
load applied.

The film thickness during the Hertzian
pressure distribution, figure (7), can be
described as a flat film (parallel to the x-axis)
at the area limited between (-1, 1), while the
film thickness increased gradualy out of this
limit, at the periphery. This film profile is
updated according to the effect of the pressure
generated within the joint resulting in a
synovia film shape as that presented in figure
(12). For such figure, it should be noted that
the gap was only dlightly present, and this
because that the effect of viscosity on the
pressure developed in the lubricant was
ignored [4,23].

Studying the profile of the pressure
distribution and  film  thickness in
elastohydrodynamic lubrication analysis for
knee joint did not shed light previoudly, so this
study represents one of the preliminary studies
in this field but It should be pointed out that
the solutions presented in this section is for an
isoviscous compressible line contact problem,
whereas synovial joint lubricated by an
isoviscous incompressible elastohydrodynamic
regime, so algorithm that solved isoviscous
incompressible line contact problem was not
available for us, so we assumed the lubricant to
be compressible to achieve the solution for the
problem, but Hamrock e a. [4,23]
demonstrated that the difference in pressure
and film thickness between the compressible
isoviscous and incompressible isoviscous
solutions was so small or negligible.

Conclusions:
For the hydrodynamic lubrication analysis
it can be concluded:

e The position a which the maximum
pressure located is equal to -0.4432959 rad,
which is the same for different loads.

e The loads applied during the swing phase
ranged between (40 — 750) N resulting a
hydrodynamic pressure ranged between
(20.6151 —860.449) kN/m? and minimum
film thickness ranged between ( 0.3658 —
1.8)*10° m.

For the elastohydrodynamic lubrication
analysisit can be concluded:
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The loads applied during the weight
transfer phase ranged between (600 — 1350)
N resulting a hydrodynamic pressure
ranged between (97.6801 —146.504) kN/m?
and minimum film thickness ranged
between (2.5 - 3.57)*10° m.
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Figure -7: Hertzian Pressure Distribution
and Film Shape.

Figure-8: Dimensionless Pressure
Distribution at W=3*10"
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=1350
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Figure-10: Synovia Joint
Pressures at w =600 N.
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Figure-12: Synovial Joint Film Profile at
w =1350 N.

fim thicknessih), m

Figure -13: Synovia Joint Film Profile at
w =600 N.
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Table 1.1. Analysis of the Wal king Cycle

L ubrication

Theories HD Q. EHD Q. HD
""a‘”‘(';‘gcfyc'e 01 | 02 03 | 035 | 04 | 045 | 05 06 | 07 | o084 | 11
Force (N) 40 180 750 1750 1350 680 1300 600 750 1750 140
» i;gQﬂVS) 074 | 23 28 0 175 | 175 | 086 12 11 0 22
h0 ( /Jm) 1.81 1.25 .365 6.26 3.57 3.57 25 2.96 2.8 4.09 1.54
hO
—— 9.05 6.25 1.82 313 17.85 17.8 125 14.8 14 204 7.8
a
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