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This paper presents various kinds of friction forces occurring in a human joint gap. Some main factors
which can change the friction forces in a human joint are indicated. Friction forces for squeezing, boosted
squeezing and weeping in macro, micro and nano leve for porous cartilage are presented here. According to the
author’ s knowl edge the problem of human joint lubrication in unsteady motion has not been hitherto considered
in scientific papers on bio-tribol ogy.
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1.Preliminaries

This paper shows comparisons between friction forces in spherical and other curvilinear orthogonal
co-ordinates for hydrodynamic steady and unsteady unsymmetrical synovial non-Newtonian fluid flow with
variable viscosity and for random changes of human hip joint gap. Similar comparisons but for constant
viscosity of synovial fluid and symmetrical flow only, without numerical calculations, were obtained in earlier
analytical papers (Dowson, 1990; Sieron, 2000; Ahn et al., 2001; Chizhik et al., 1998). According to the
author’s knowledge the friction forces calculation of human joints in unsteady motion have not been hitherto
considered in the scientific papers on biotribology (Ahn et al., 2001; Chizhik et al., 1998; 2004; Mow et al.,
1984; 1990; 1991; Mow and Guilak, 1994).

The roughness of cartilage surface has influence on the values of friction forces (Wierzcholski, 2005
a; b; c; d; f; Wierzcholski and Cwanek, 2005€).

Between two cooperating rough cartilage bodies in human bio- joints various kinds of friction effect
can be observed. Table 1 presents a diagram of friction mechanisms occurring between two cooperating cartilage
surfacesin human joints. Table 1 shows the various kinds of wet and dry frictions occurring in human joints

Table 1. Diagram of friction mechanism between two rough cartilage bodies in bio joint.
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In this paper the friction forces are determined by applying the measured roughness of cartilage
surfaces in human joint, cartilage pores of about 6-10 nm in size, calculated components of synovial fluid
velocity and values of hydrodynamic pressure as well.

Friction forces are caused by the adhesion and cohesion (Ahn et al., 2001; Chizhik et al., 1998; 2004).

The proper description of friction forces in bio-joints enables to estimate and determine quantity of
wear in human joints.

It is easy to see that a numerical analysis of the synovial fluid flow in joint gap and simultaneous
analysis of friction forces and friction coefficients in human hip joints can be possible by using equations of
motion and analytical solutions of synovial fluid velocity components.

2. Geometrical and physical data and kinds of measurements

In order to present the problem, in Fig.1 we show hydrodynamic, boosted, squeezing and weeping
lubrication in bio-bearing joint. In Fig.1 we use the following notations: 1- articular cartilage, 2-synovial fluid,
3-wedge shaped gap, 4- synovial fluid flow in cartilage matrix, 5- squeezed synovial liquid, 6- non- loaded
region of cartilage, 7- loaded region of cartilage. In Fig.1a the geometry of cartilage and synovial fluid flow
create a hydrodynamic kind of lubrication.
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Fig.1. Various kinds of lubrication in bio-bearing: a) hydrodynamic, b) boosted, ¢) squeezed, d) weeping.

In the boosted lubrication (see Fig.1b) the flow of small molecular eements of synovial fluid in a
cartilage pores enables the lubrication of cartilage surface during the joint functioning.

The thickness of squeezed synovial liquid film shown in Fig.1c can achieve dozens of micrometers and
separate the cooperating surfaces completely.

In the weeping lubrication presented in Fig.1d, the liquid is moved away from the cartilage and
produces the hydrostatic pressure which keeps the surface at the distance some micrometers.

Friction forces in the hydrodynamic Iubrication are pointed toward identical horizontal directions (see
Fig.2a). Friction forces in the boosted lubrication are in opposite vertical directions pointing outward the gap
(see Fig.2b). Friction forces in the sgueezing lubrication are in reverse horizontal directions (see Fig.2c).
Friction forces in the weeping lubrication are in opposite vertical directions pointing inward the gap and in
skew directions pointing outward the gap (see Fig.2d).

friction in hydrodynamic lubrication
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Frietion forees in squeezed lubrication friction forces in weeping lubrication

Fig.2. Friction forces in various kinds of lubrication: &) hydrodynamic, b) boosted, ¢) squeezed, d) weeping.

This paper provides a short description of the acoustic emission method (AE) with respect to
orthopedic diagnostics. The application of acoustic emission to surveillance of human knee joint under a
typical daily load, is presented. The typical loads comprise knee bending, climbing the stairs, walking, and
cycling. In this application the AE transducer is fixed at the medial condyle of the human femur (see Fig.3a;
b). Simultaneously with the acoustic emission measurements, flexion measurements of the knee were
performed by utilize an inclinometer fixed at the leg of the patient (Fink and Manthei, 2004; Manthei, 2006).
The measurements are performed in University of Applied Science in Giessen (Germany) and had been
supported by a Marie Curie Transfer of Knowledge Felowship of the European Community's Sixth
Framework Program under contract number MTKD-CT-2004-517226.
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Fig.3. a)Application of an acoustic emission transducer at a human knee joint. b) Principle of location of
defects in articular human joint cartilage by using two AE sensors.

To obtain real values of friction forces we must know real values of joint gap height and geometrical
structure of cartilage surfaces.

Three various types of defects can be identified during the field test. The acoustic emission caused by
cartilage deformation of a healthy knee joint after a sudden change from a two-legs stand- up position to an
one-leg stand-up position, is presented in (Fig.3c).
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Fig.3c. Acoustic emission signal caused by cartilage deformation of a healthy knee joint after a sudden change
from atwo-leg stand- up paosition to a one-leg stand —up position (after Manthel).

The acoustic emission signal generated by a known cartilage lesion is shown in Fig.3d The signal can
be split into two regions. Region 1 of small amplitudes was caused by sliding two cartilage surfaces onto the
slightly sloping edge of the lesion (1% curve) and on the edge with small visco-eastic deformations (2™ curve).
Much greater amplitudes of signals appear in Region 2, caused by sliding out of the lesion from its steep edge
(1% curve), and when departing the lesion with the large visco-dastic deformations (2™ curve). These effects
are connected with acoustic emission signals of a high rise values, representing both the sequence of motion
and the deformation process of the cartilage. The acoustic emission activity process caused by an arthritic
defect is presented in Fig.3e, and Fig.3f. In Fig.3e the first and second region shows signals during the entry
into the lesion and exit from the lesion on the side of its stegp edge in both cases (curve 1). The edge of the
lesion for large visco-elastic deformation are showed in curve 2. In Fig.3f the first region shows no signal
because the cartilage has no lesion (curve 1). The entry into the second region generates large signals because
we have the stegp edge of the lesion ,whereas the exit from the second region occurs on the side of the slightly
sloping edge (curve 1). Curve 2 shows the large visco-dastic deformations on the side of the entry into the
lesion and the exit from the lesion of cartilage, as well.
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Fig.3d. Acoustic emission signal of a known cartilage lesion: 1% curve shows the sloping edge of the lesion in
Region 1 and its steep edge in Region 2, 2™ curve shows small deformations (Region 1) and large

visco-dastic deformations (Region 2) (after Manthei).
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Fig.3e.

Fig.3f.

Acoustic emission signal of an arthritic defect with steep edge on the inlet into the lesion and the stegp
edge on the outlet from the lesion, see curve 1, and with accompanying large viscoelastic deformations
ininlet and outlet the lesion, see curve 2.
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Acoustic emission signal of a defect of knee joint: Curve 1 for the second region only, with sloping
edge on the inlet into the lesion and the stegp edge on the outlet from the lesion; Curve 2 shows the
large visco-dlastic deformationsininlet into the lesion and in outlet from the lesion.

The non-invasive diagnosis is based on the analysis of the acoustic emission caused by day -by- day

motion and load in a well defined manner. The advantages of acoustic emission method, compared with those
of the established conventional methods (e.g. X ray), are:

No pain is caused by this procedure.

This procedure is non-destructive. Mechanical load below the crack initiation threshold is typical for day -
by -day life. Therefore for the physiological bone remodeling to avoid degeneration of the bone and joint
system is necessary.

Thereis no health burden through ionizing irradiation which is unavoidable during X-ray examination.
Thereis no danger of infection since this is a non-invasive examination.

The time necessary for the assessment of the acoustical emission and the data validation anaysis is of the
order of seconds or minutes at the most.

The expenses for an acoustic emission measuring system are small as compared with X-ray systems.

3. Friction forcesin macro, micro and nano leve

During the lubrication the friction forces between two cooperating cartilage surfaces occur in macro-,

micro-and nano-scale. The comparison of two bodies cooperating in macro- micro- and nano-scale in human
joints is presented in Fig.4a; b; c.

The friction forces in macro- scale are located on the external surfaces of cartilage (see Fig.4a).
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The friction forces in micro-scale take place between collagen fibres and between intermediate layers
of superficial layer of tissue (see Fig.4b).

The friction forces in nano-scale are tangential to the lateral surfaces of glycoprotein fibres (see
Fig.4c). The glycoprotein fibres are of the diameter ranging from 3 to 100 nm.

[ e
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Fig.4. a) Macro levd friction forces in human joint, b) micro-level friction forces between two cartilage
surfaces, ¢) Protein Polysaccharide Complex and collagen fibres in nano-scale occurring in cartilage
layer and friction forces in nano-level scale.

4. Contribution of penetrability of cartilagein liquid solid mechanism on the friction forces
The internal liquid is squeezed out from the superficial layer of cartilage during the joint loading.

When the cartilage is more compressed, then it is more difficult a liquid to squeeze out. This fact is presented in
Fig.5.

Loading

Small load Large load

Fig.5. Small and large compression of the superficial layer of cartilage.

The important influence on the friction forces has the penetrability coefficient of cartilage. This
coefficient is defined as: Cp /n in m4/ Ns where c,, denotes the permeability coefficient of porous
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cartilage in m? and n -denotes dynamic viscosity of synovial fluid. Penetrability coefficient attains the

maximum in the same distance from the external surface of the cartilage. The changes of penetrability
coefficients along the height of the superficial layer of cartilage is presented in Fig.6. The values of

penetrability coefficients of cartilage have values from 2° 107 to 4° 107 m*/Ns. If penetrability
coefficient decreases, then friction force increases.

Penetrability, m*/Ns

Fig.6. The changes of penetrability coefficients in gap height direction of the thin cartilage layer.
5. Basic equations

Now we take into account the basic equations for unsteady, isotherm flow of biological viscoelastic
fluid in boundary layer near to the tissue surface, using Rivlin-Ericksen model. We assume continuity equation
and conservation of momentum equation. We show the constitutive stress-strain dependencies of biological
nutrient fluids. Such biological fluids contain the additions for example oxygen carrying fluorocarbons and
diagnostic substances. These fluids have usually non-Newtonian properties. The non-Newtonian properties
mark the non-linear dependencies between strain and stress relations. The dynamic viscosity or apparent
dynamic viscosity of biological liquids with nutrition and other additions often decreases with increasing of
shear rate during the motion. Biological liquids with nutrition and fluorocarbons have mostly pseudoplastic, or
micro-polar properties, which are caused by the small dastic additions of fluorocarbons and other eastic
particles. Necessary values of pseudo-viscosity coefficients occurring in stress-strain relations for biological
fluids are obtained in experimental way and afterwards are used in the numerical calculations.

6. Beaver s boundary conditions for the flow in biobearing gap

The boundary conditions for the unknown synovial fluid velocity components caused by
rotational motion in the circumferential direction j and squeezing have the known classical form
(Wierzcholski, 2005a; b; c; d; f; Wierzcholski and Cwanek, 2005€). In the case of permeable cartilage
surface we additionally take into account the Beaver’s boundary conditions (Beavers et al., 1970;
Cieszko and Kubik, 1999). The graphical form of the Beaver's boundary conditions is presented in
Fig.7.
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Fig.7. Boundary conditions for synovial fluid circumferential velocity component in thin layer resting on the
movable and permeable porous cartilage, where r denotes gap height direction: a) acetabulum, joint gap
and bone head, b) modd of the boundary condition.

Porous permeable cartilage lies on the bone head. The peripheral veocity of the bone head is U =wR
(Mow and Guilak, 1994).

We introduce the following symbols: w - the angular velocity of the bone in the circumferential
direction j . The value of the height of the human joint gap is e » 240 °m. The pressure in pores is Pp- The

symbol p denotes hydrodynamic pressure.
The unknown ve ocity componert is obtained from the following boundary conditions (Cieszko and Kubik, 1999)

v, =0 for r=e, (6.2)
v, =V +U for r=0, (6.2
dv:
- G (v- -V, ) for r=0, (6.3)
dr p jb b
por
V, =- Cﬂﬂp—p. (6.4)
hC| TIJ

The pressurein pores p, produces the velocity V, in the horizontal (or circumferential) direction. To

determine the unknown value of the velocity v;, we use the boundary Beavers condition (6.3). The symbol

Cpor (iN m? ) stands for the permeability coefficient of the porous cartilage. The dimensionless coefficient Cy
depends on the degree of the cartilage surface porosity.

7. Beaver’sboundary conditionsfor the flow in cartilage canals and friction forces

The boundary condition for the liquid flow through the porous canal in the superficial layer of
cartilage in human joint is now determined. We take into account that the canal is limited by the impermeable
and permeable walls of cartilage. After Darcy and Beavers investigations, the liquid velocity component v,

can be determined by the following equation (Beavers et al., 1970; Cieszko and Kubik, 1999).

2
v _1 Py

02 =% X (7.1)
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where O£ r £ey, and e, is the height of the channd in porous tissue. In this liquid the flow in boundary
layer depends only on the pressure in pore, p,. The horizontal axis (J ) lies on the lower surface and the

vertical axis (r) is perpendicular to the height of the canal gap (see Fig.8.a, b, c). The symbol ¢, denotes
dimensional value of channel length.
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Fig.8. Boundary conditions for the liquid velocity distribution in the porous canal within cartilage at (pp )1 > (pp )2 :

a) canal in poroustissue, b) modd of the canal c) velocity distribution in the porous canal.



526 K.Ch.Wierzchol ski

If the boundary layer of viscous liquid is limited by the permeable porous superficial layer on the
lower surface and by the impermeable tissue laying on the upper surface, then the boundary conditions for the
velocity component in j -direction have the following form

v, =0 for r=eq, (7.2)
Vi =V for r=0, (7.3)
de Ca & Cpor ﬂppg

Vi +
ib
dr \/Cpor g

We can use the Beavers condition (7.4) to determine the unknown value of the tangential velocity v ,

on the permeable cartilage surface in the point r =0. This condition determines the angle of inclination of the
velocity trajectory on the permeable surface.

The flow of the liquid through the canal depends only on the pressure in pores. The dimensionless
value ¢, and velocity Vv, , have been already determined above.

P+ for r=0. (7.4)
he T 5

Thefrictionforcesin j ,J directions have the following forms

2 v 6 e v; 0
Fry = ngﬂ—;; W,  Fry = @?%ﬂ_;- aw (7.5)
w G=ech we€ % =eg

where: v; - synovial fluid velocity component in the circumferential j direction, v; - synovial fluid velocity

component in meridional direction J in spherical coordinates, h- dynamic viscosity of synovial fluid, ey, -

dimensional height of the channd in porous cartilage, W- dimensional value of lubrication area. The solution
of the Eq.(7.1) under the boundary conditions (7.2), (7.3), (7.4) gives the following solution of the liquid
velocity component in j direction, insidethe canal for O£ £ ey,

2 ¢ 01, Vi, ol - ) culeur +200 ) - )
S a ey T lea)

where

5 .
) Cpor ‘;’\QIS +2c,Cq gdpp

V. = : y
b 2h g 1+c,Cs 3G dj

(7.7)

c 0 S (7.8)

Figure 8 shows the parabolic distribution of nutrient liquid velocity in the boundary layer inside the
canal in porous tissue. Taking into account the component of liquid veocity Eq.(7.6), we can obtain the
friction forces friction forces produced by liquid flow in canal in the following form
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2
V. O 2€¢14/Cpor T Ca€H +2C,C d

Fr :@g‘%—ﬂl 3 = o Tper TTaTh T oor S0 g, (7.9)
we T % =, 26 (\/ Cpor +Caech) w d

8. Conclusions

In this paper are presented the analytical solutions of various kinds of the friction forces occurring in
of human joints gap and in pores of cartilage joint caused by: hydrodynamic lubrication by rotation, by
squeezing, boosted squeezing and weeping. Permeable phenomena of the synovial fluid inside cartilage pores
are taken into account.
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