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NUMERICAL SIMULATION OF ELASTIC
FINITE LENGTH LINE CONTACT UNDER
ECCENTRIC LOADING

This paper advances a numerical method for analysis of elastic
finite length line contact under any eccentricity. An existing
algorithm solving the elastic contact problem with centric loading is
generalized to the case of eccentric loading. An additional Newton
Raphson outer loop is added to the classic conjugate gradient
minimization in order to iterate the tilting angle, which enters the
surface separation equation. Numerical simulations are performed
on finite length line contact, and the effect of eccentricity upon
pressure distribution and contact area is assessed.

Keywords: eccentric loading, numerical simulation, finite length

1. INTRODUCTION

When two solid bodies are brought in contact
and a force is transmitted, the pressure arising is of
major importance for the quantification of
tribological phenomena like fatigue, wear or
damage. Extents of contact area and pressure
distribution on it are the most important parameters
of the contact problem. Based on their
determination, the response of the material, namely
the stress state induced within the contacting bodies,
can then be computed. Together with the choice of a
model for the behavior of the material, these
parameters provide means to assess the strength of
the contact.

Assumption of an elastic response is often
used when dimensioning mechanical components.
Numerical modeling of contact problem in elastic
domain has reached maturity, with fast algorithms
capable of solving grids fine enough as to include
roughness effect. However, in most contact solvers,
the assumption of a centric loading is present.

To our knowledge, analytical approaches
concerning conforming contacts with eccentric
loading are limited to a few cases. Lurie [1]
investigated the problem of a flat end punch with
elliptical cross-section loaded eccentrically. The
case of atilted circular punch with flat front surface
was addressed by Gladwell [2].

Prisacaru, Cretu et a. [3] studied the
misalignment effect on the surface pressure
distribution for line contacts in cylindrical roller
bearings. A complex model for the quasi-dynamic
analysis of cylindrical roller bearings loaded with a
complex external load has been developed and

line contact, end effect, pressureriser

solved numerically by a Newton-Raphson
procedure. Pressure risers due to end effects were
neglected. The deformation and the contact load
analyses were computed punctualy using the
coefficient of rigidity per unit length.

Kawabata and Nakamura [4] proposed a Fast
Fourier Transform iteration method for three —
dimensional contact analysis capable of predicting
pressure distribution in a contact problem with a
torque applied on the contact area. They applied the
algorithm to the case of a cylindrical tilted rigid
punch under normal loading.

Diaconescu and Glovnea [5] solved the
elastic contact problem of rigid punches with smooth
cross-section contours and flat front surface loaded
eccentrically. They also proposed an approximate
solution for equivalent rigid punches of circular
cross-section having a rounded edge. The formulas
derived analytically in [5] hold as long as the
eccentricity does not provoke the opening of the
contact. Also, the contact area is presumed not to
vary significantly from the centric loading case.

These assumptions were removed in a recent
numerical work by Spinu and Diaconescu [6], where
a numerical approach was employed to assess
contact area and pressure distribution in conforming
circular contacts with various rounding radii. The
method was found to predict contact area and
pressure distribution even when the contacting
bodies tend to lose contact in the periphera points.
An outer Newton-Raphson loop was added to the
classic conjugate gradient iteration to account for the
new degree of freedom. Numerical results of
pressure distribution for circular flat end punch
loaded eccentrically agreed well with analytical
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formulae by Lurie [1], validating the computer
program.

This work extends the current state of finite
length line contact analysis by alowing for the
eccentric loading. Influence of rounding radius on
pressure distribution and tilting angle while varying
the loading eccentricity is assessed.

2. FORMULATION

Details about the algorithm proposed in [6]
will be restated here. The framework for the elastic
contact solver consists of the following assumptions
/ limitations:

1. Contact areais small compared to dimensions
of the contacting bodies, so the half-space
approximation holds.

2. Only small strains and small displacements
are considered.

3. The contact is dry and friction is not
accounted for.

Numerical resolution of elastic contact
problem relies on considering  continuous
distributions as piecewise constant on the elements
of amesh including the contact area. This approach
alow for transforming the integral contact equation,
which accepts analytical solutions only in a few
cases, in alinear system of equationsin pressure. Its
solution can be found by numerical means; however,
only fast iterative agorithms are suitable for
implementation.

Only a small domain, which is expected to
include the contact area and the subsurface, needs to
be considered. This is an important advantage of
this method over finite element analysis (FEA),
where the entire bulk has to be meshed.

In order to keep the discretization error at a
minimum level, a good resolution is required,
especialy when considering rough contact problem.
When applying matrix inversion, the memory
requirements and computational time tend to
increase very rapidly. If a mesh with N points is
imposed, surface displacement computation via

direct multisummation is of order O(N?), which
makes pressure distribution estimation via Gaussian
elimination of order O(N®). Due to low

computational efficiency, this approach is not
suitable for grids exceeding 10°.

This bottle-neck was removed with the
variational approach due to Kaker [7]. He
reformulated the elastic contact problem as a
problem of minimization, where the unknown
contact area and pressure distribution are those who
minimize the total complementary energy, under the
restrictions that pressure is positive on the contact
area and there is no interpenetration.  This
formulation finally reduces to solving a set of
equations and inequalities which have to be satisfied

simultaneously. The continuous formulation
consists of Egs. (1-4), with the following notations:
h — the gap between the deformed contact surfaces;
hi — the initial gap (without loading); u — the
composite displacements of the contact surfaces,
- rigid-body approach, W — the load transmitted
through contact, T" - contact area.

h=hi+u-o; D

h=0, p> 0 inside contact area; 2

h> 0, p=0 outside contact area; 3

W:jpdl". @
r

The problem can be solved using a modified
conjugate gradient method (CGM) due to Polonsky
and Keer [8]. This agorithm has two main
advantages over similar minimization methods.
First, convergence is assured, as there is proof of
convergence for the CGM. More, the rate of
convergence is superlinear. Theory states that CGM
should converge in at most N, iterations, where N, is
the number of non-nil unknowns, namely the
numbers of cells in contact. In practice, a much
faster convergence was observed for smooth contact
geometries.  Second, the algorithm alows for
imposing additional restrictions in the course of CG
iterations. This means the contact area is iterated
during pressure correction, based on non-adhesion,
Eg. (2), and non-penetration, Eq. (3), principles.
The force balance condition, Eqg. (4), is aso imposed
to correct the pressure distribution. This eliminates
the need for additional nested loops, which were
present in most contact solvers prior to this
approach.

Further tweaking of the numerica
implementation involves the use of fast methods like
the discrete convolution fast Fourier transform
technique by Liu and Wang [9]. This exploits the
remarkable property of convolution-type products in
the time-space domain to reduce to an element-wise
product in the frequency domain, thus reducing

computational task from O(N?) to O(NlogN).

However, when using spectral methods, one tacitly
assumes the problem is periodic, and consequently
introduces an error often referred to as the
periodicity error.  According to [9], this is
completely avoided when using a domain extension
of ratio two for every direction, together with zero
padding and wrap-around order.

In Kalker’s formulation, the load acts
centrically. Consequently, the balance condition
consists only of the force balance equation, Eqg. (4).

If the assumption of a centric loading is not
valid, (which is often the case in finite length line



contacts), the contacts behave differently based on
their conformity. Concentrated contacts geometry
modifies due to relative rolling, while in case of
conforming contacts, the common plane of contact
rotates with a minute angle. This work addresses
only the latter case, focusing on the finite length line
contact.

In order to make use of the centric elastic
contact solver, it is convenient to express the
eccentric loading in terms of a centric force and two
axial moments, which provoke the tilting of the
common plane of contact. Let o and B be the

tilting angles with respect to the x and y axes of the
coordinate system. As rotation is associated to
trandation, the rigid body approach, initially equal
to o in al points of contact area, changes linearly
proportional to x and y coordinates. Consequently,
the surface separation equation (1) modifiesto:

h = hi +u-o+tan(o)x + tan(B)y . 5)

If (x°y°) is the actual position of force

support, ((0,0) being the coordinates of the origin),
the balance condition consists of the following
system:

W-A z p; =0

(i)eA
Wx°-T, =0, (6)
wWy®-T, =0,

Ty and T, being the torques on the contact area, A

the elemental area of the grid cell and A contact
area. The tilting torques can be expressed as a
function of nodal pressures:

T.(P=A Z PijYis
(i.))eA
T,(p)=A Z PijX;-

(i,DeA

@)

Pressure distribution computation requires
evaluation of surface separation equation, which is a
function of tilting angles o. and B :

p=p(a,B) . (8)

If these angles are known, the problem will
reduce to the case of a centric loading with modified
contact geometry. By using the following notation:

F=Wy°’-T,;
{x y ©

_ 0
F=wx"-T,,

the solution to the problem of the eccentric loading
consists of the pressure distribution which verifies
the system:

{Fx (Ty)=0; (10)

K, (T,) =0.

Considering relations (7) and (10), the
following dependencies arise:

F(Tx) = K(p) = K (o, ) = G; an

K (Ty)=FKP)=F/(a.p)=0.

As F, and F, arenot linear in o and B, the

system can be solved with a Newton-Raphson
method. This adds an outer level of iteration to
which the conjugate gradient loop (required to solve
the centric loading pressure problem) is nested.
However, in our examples, convergence was
reached after only a few Newton-Raphson iterations,
so the newly introduced loop does not affect
significantly the computational efficiency.

As no explicit form for F/(o,f) and

F(a,B) is available at this point, the partial

derivatives should be computed using finite
differences. Jacobian  evaluation  involves
computation of three centric loading pressure loops,

namely p(a,B), p(a+Aa,p) and p(o,p+AB).
These are used to calculate F (o,B), Fy(a,B),

F (o +Aa,B), F (o,B+AB), Fy (o +Aa,B),
F (o, B+AB), and finally the partial derivatives.

In case of finite length line contact,
eccentricity can have a component only along the
longitudinal direction, as transversally the contact is
non-conforming, situation not covered by this
analysis. Consequently, system (11) reduces to a
single equation (12), which can be solved using
appropriate numerical methods.

F (o) =0. (12)

3. PROGRAM VALIDATION

Asthereisno analytical solution for the finite
length line contacts, numerical simulations are
required to assess contact elements. Many results
were reported on the subject.  Glovnea and
Diaconescu [10] refined an existing numerical
method and validated it experimentally by laser
profilometry. They employed an elemental pressure
uniform only in the longitudinal direction and half-
eliptical transversally. Gradinaru [11] used various
algorithms of influence coefficient matrix inversion
and considered three and five arcs roller profiling,



focusing on contact geometry effect upon pressure
distribution and end pressure risers. Cretu [12] used
CG-DCFFT to study the finite length line contact,
alowing for higher resolutions and improved
computational efficiency. However, these works
only deal with the centric loading case.

The method proposed in this work was
validated against analytical results by Lurie for
circular flat end punch loaded eccentricaly [6].
Further validation should involve line contacts.
Existing results are limited to afew cases. One of the
earliest works on the matter is due to Hartnett [13],
which analyzed contact stresses in rolling element
bearings usng a numericadl method called the
flexibility method. Results reported in [13] include
simulations where a misalignment is introduced,
defined as an angular displacement of the axis of the
shaft with respect to the axis of the roller in the plane
y=0. These results were also used by Prisacaru,
Cretu et al. [3] to vdidate their numerical program.
Comparison to predictions of the proposed numerical
program was considered appropriate.

MEGAPASCALS

M ol

v X-Axis[grids]
b.

Figure 1. Pressure distribution, 0.001mm/mm
misalignment: a. Hartnett [13], b. this code

To this end, the input of the program was set
to the values considered in [13]. Contact geometry
involves a right circular cylinder pressed against a
shaft with a normal force of 2kN. For each case, a
misalignment isintroduced.

Due to end effects, pressure should reach
infinity at the axial ends of the shorter right cylinder.
However, as numerical approach averages pressures

- 2.10°

|- 1107

on the elemental cdll, such a behavior can not be
predicted numerically. Consequently, the prediction
of the pressure riser is very sensitive to
discretization error.

ALS

MEGAPAS(

9
h | 410

h

L 310

L 210°

L 110

.

b.

Figure 2. Pressure distribution, 0.002mm/mm
misalignment: a. Hartnett [13], b. this code

Although the proposed numerical program is
capable of solving much finer grids, the resolution of
the simulation was limited for validation purposes.
Results agree well, as it can be seen from Figures 1
and 2. Their accuracy is however compromised by
the low resolution inputted to the numerica
program.

4. NUMERICAL SIMULATIONS

The contact geometry consisted of a finite
length cylinder with partial crowning (barrelling) to
reduce end effects. The following input for the
numerical simulations was used: normal load
W =15kN , Poisson’s ratios v;,=0.3, Young’s

moduli E;, = 210GPa, half-length of straight zone

of roller generatrix L =18mm, transversal radius of
roller R=5mm. The crowning arc, denoted by r,
is tangent to the straight generatrix of the roller.
Two values of this parameter were considered,
namely r=100mm and r=7500mm. A grid with
256 cels in the longitudinal direction and 64
transversaly was imposed. Dimensionless
eccentricity was defined as e=x,/L. Typica



three-dimensional pressure distributions are shown
in Figures 3 and 4, for both centric and eccentric
loading. It can be seen that the upper value of the
rounding radius provides a more uniform pressure
distribution, with good effect on the strength of the

contact.

210%]

1107

1}
4+ Y-Axis[m]

i

o,

X-Axis[m]

ae=0

210°]

110

2t Y-AXis[m]

b. e=0.2

Figure 3. Three dimensional pressure distributions
for r =100mm
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1.510%]

110°

510%

0
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11

X-Axis[m] Y-Axis[m]
b. e=0.2
Figure 4. Three dimensional pressure distributions
for r =7500mm

The extents of contact area as a function of
eccentricity are presented in Figures 5 and 6.
Typical “dog bone” shape is plotted for centric
loading. In case of a smaller rounding radius,
contact opens (the bodies lose contact in peripheral
points) when eccentricity exceeds a limiting value of
0.3, alowing for important widening of contact area
at the oppositeroller end.

mEm =0

2107

Y-Axis [m]

— 2107

0.02

X-Axis [m]

Figure 5. Contact contours for r =100mm , various eccentricities
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Figure 6. Contact contours for r = 7500mm , various eccentricities
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Figure 7. Pressure profilesin plane y =0 for r =100mm, various eccentricities
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Figure 8. Pressure profilesin plane y = 0 for r = 7500mm , various eccentricities




Pressure profiles in the plane y=0, for e

ranging from zero to 0.6, are presented in Figures 7
and 8. As long as the length where contacting
bodies lose connectivity is not significant,
assumption of a constant central pressure (the
pressure in the origin of the coordinate system)
holds. Same behavior was observed in case of
circular flat end punch [6].

When plotting the tilting angle against
eccentricity, as long the contact does not open, the
points are fairly described by a linear variation, as
shown in Figure 9. However, the slope of thislineis
found to depend significantly on the rounding radius
of roller end.

1.5%107° . .
#-+-+ r=100mm
ese r=7500mm

1x1077

31074 -

Tilting angle, q, [rad]

dimensionless eccentricity, e

Figure 9. Tilting angle versus dimensionless
eccentricity, various rounding radii

As longitudinal contact boundary at the end
toward which eccentricity is oriented does not move
significantly, the opposite one retracts abruptly
above e=0.4, Figure 10, allowing for high pressure
peaks of up to 1.6 times the centric maximum
pressure, Figure 11. This behavior diminishes
significantly the strength of the contact.

A rather different evolution is observed with
the rounding radius which generates the almost
uniform (longitudinally) pressure distribution.

T T T
k& -

& & e o
08r & m
g |[eee =7 500mm _
ikk =100mm i

o | | |

] A
LSS U=

o
o
(=Y

dimensionless eccentricity, e

Figure 10. Ratio of contact area extent to centric
extent along x-axis versus dimensionless eccentricity

The end pressure riser and the longitudinal
shortening of the contact area are not so pronounced,
as contact area merely shifts in the eccentricity
direction. Important modifications in shape are
predicted only in the transversal direction, Figure 12,
and the pressure peak only reaches 125% of the
centric one, Figure 11.

1.6 T T 1
eee r=7500mm
hid r=100mm .
= ‘ —
i
.
- & - ]
- *
. *
.
.
| 1 |

(=]

A Py A
0.2 0.4 0.6

dimensionless eccentricity, e

Figure 11. Ratio of maximum pressure to maximum
centric pressure versus dimensionless eccentricity
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eee 1= 500mm .
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&

1 n . * o
2 N .

.
. | | |

=]

02 0.4 0.6
dimensionless eccentricity, e

Figure 12. Ratio of contact area extent to centric
extent along y-axis versus dimensionless
eccentricity

5. CONCLUSIONS

The problem of elastic conforming contacts
under eccentric loading is solved numericaly by
adding an outer level of iteration to the classic
centric loading solver. The eccentric force model is
reduced to one of a centric force with a modified
surface separation. Parameters needed to correct the
normal displacement due to rotation of common
plane of contact are iterated in an external Newton-
Raphson loop.

Despite the increasing freedom of the
problem, the computational time remains reduced, as
convergence is reached only after a few iterations of
the Newton-Raphson procedure. The tilting angle
being a minute angle, the guess value for the outer
loop should be chosen accordingly.

The program was validated against numerical
results published by Hartnett for a right circular



cylinder pressed normaly against a shaft with
various misalignments.

Numerical simulations are performed on a
finite length line contact between a rigid right
cylinder with barreling pressed eccentrically against
an elastic half-space.

Two cases of rounding radii are considered.
The upper value provides an amost uniform
pressure distribution in the longitudinal direction.
Pressure peaks induced by the end effect and the
length where contacting bodies lose connectivity
tend to increase significantly when the rounding
radiusis small.

Central pressure is found to be amost
constant while varying the eccentricity, as soon as
contact does not open.

A linear dependency between tilting angle
and dimensionless eccentricity exists as long as
longitudinal shortening of contact area is not
significant.
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1. THEORY

1.1 Elastic-plastic constitutive equations
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AN IMPROVED INCREMENTAL MODEL TO
ANALYSE ELASTIC - PLASTIC
CONCENTRATED CONTACTS - THE FINITE
ELEMENT ANALYSISAND VALIDATION

To model the nonlinear strain rate dependent deformation of rolling
bearing steel stressed in the elastic-plastic domain, a theoretical
analysis was previoudy developed by the authors, [1-3]. This
analysis was developed in the frame of the incremental theory of
plasticity by using the von Mises yield criterion and Prandtl-Reuss
equations. To attain the final load of each loading cycle, the two
bodies are brought into contact incrementally. Both the new contact
geometry and residual stresses distributions are further considered
as initial values for the next loading cycle, the incremental
technique being reiterated.

A finite elements analysis model has been developed to model the
nonlinear strain rate dependent deformation of rolling bearing steel
stressed in the elastic-plastic domain. By considering the non-linear
hardening laws of Swift, and also of Ramberg-Osgood, the model
accounts for the cyclic hardening phenomena.

Comparisons of the computed deformed profiles, as well as of the
computed residual stresses distributions, with those obtained by
measurements, or numerically by using the finite elements method,
reveal a very good agreement and validate the incremental analysis
model.

Keywords: elagtic-plastic, non-linear hardening, numerical
algorithm, residual stresses, finite element

] 351

Oe

1 _
dgij = E[(l+ V)dcij dek dce y (4)

The increment of the total strain is assumed
to be the sum of the elastic and plastic strain BN

increments:

e=e%+¢".

Hooke’s law provides the differential of

elastic strain tensor:

where H'=————.
N(5e)"

@ Differentiating the intensity of the stress
tensor, the increments of the total strain are
obtained, having following expression:

1
de€ = .1+ v)-do —v-doy -5 | @) dij = | (1+v) oy~ vy ]+
i T E ij kk * ©ij (5)
95
d 1 Sy Jodo
The differential of plastic strain tensor is: _2 H’[Skk St k' . kl]
deP 3ded 5. 3 1.2 Incremental algorithm
2 G, The agorithm starts from a sufficiently low

Now, the differentia of the strain tensor

becomes:

load level to induce in the entire half-space an elastic
stresses  state.  The pressure distribution  is
numerically obtained as the solution of the linear
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algebraic system formed with Boussinesq’s equation
written in all mesh points of the candidate contact
area.

The conjugate gradients method in
conjunction with the discrete convolution fast
Fourier transform is involved to solve the linear
system.

To attain the fina load, the two bodies are
brought into contact incrementally, and for each new
load increment the new pressure distribution is
obtained as the solution of a constrained system of
equations. For each load level, the internal stresses
state is found by using the superposition principle
and the von Mises yield condition is checked. At a
certain load increment order, n+l, the yied
condition is fulfilled in a number of points inside the
stressed volume and the plastic deformation takes
place. For each of these points the stress and strain
tensors are obtained in three steps. In the first step,
the increment of the stress tensor is evaluated as a
difference between the successive order components
while the increment of the total deformation tensor
isfound by equation (2), (compatibility technique):

dG(n+1) — cS(m—l) _G(n)

, (6)
de{" =é-[(1+ v)-doy —v-do; -3y | ©)

In the second step, the increment of the stress
tensor is:

do™D — |:A(n) :| 0 g™ . 8)

The increments of the elastic and plastic
strains are founded as:

1
(00) " = 2 @i —vaolz s, ], @

(n+1)

(ce2) "™ (10

=dg(™D (dse)

(a) Finite element mesh

Versus the previous incremental algorithms
[12, 13], the increments of residual stresses are
evaluated in this approach:

E v (n+1) (n+1)
(n+1) _ p - p
o =Bl fang )+ ().

1) (N+1) Vo (n+))
o5t =i - o, ay
-V
(n+1) _ _s(n+1) Vo (n+)
c = —-——0 .
yyR yyR 1—v zzR

In the third step, the residual stresses
increments are added to the stresses increments:

do™? = do™P +doY . (12)

Finaly, for the involved point, the stress and
strain tensors are:

G(n+1) — G(n) +d6(n+1), (13)

(n+1) (n (n+1)
P T =P 4deP . (14)

The evaluation process of both plastic strains
and residual stresses is performed in all points of the
loaded half-space.

Aslong as the load attains its final value, the
integration of the plastic strains provides the plastic
displacements and the changes of contact geometry.

2.FINITE ELEMET MODEL

2.1 Case study

The case of an elastic-plastic body in contact
with a spherical rigid punch, recently analyzed by
Jacq and Nelias, [6], as well as by Wang and Keer,
[8], has been considered. Both bodies have an axial
symmetry that alows using the model presented in
Figure 1.

Axial Vertical
Symmetry dispplacement, | displacement,
Uy u,
Symmetry axis free blocked
Lower plane blocked blocked
Upper plane free free
Exterior plane blocked blocked

(b) Symmetry conditions

Figure 1. FEM Mode




Table 1. The input data for finite element analysis

Body 1 Body 2

Sphere
Geometry R= 105 um Plane

. - - E =210 GPa
Elastic proprieties Rigid V=03
Swift Ramber g-Osgood
Plastic proprieties Rigid B = 1240, C = 30 B = 4320
N =0.085 N=126

Load 1 190 mN ; On,=5.6GPa; a=4.125um
Load 2 650 mN ; 0y, =85GPa; a=6.250pum

In any finite element analysis applied to the
concentrated contacts fine mesh is compulsory
needed, so that a uniform mesh with the size Ax =
125 nm have been used. The fina mesh contains
705600 CAX4R type elements.

2.2 Validation of the Finite Elements M odel

The experimental measurements of the print
depth provided by El Ghazal, [5], have been used to
validate the finite element model.

The Fig. 2 presents a comparison between the
two groups of data:

e experimental data, provided by El Ghazal,
[5];

e numerical data, provided by the finite
elements method considering both the Swift law and
the Ramberg-Osgood law for the non-linear
hardening.

The very good agreement between the
numerical data provided by the finite elements

analysis and the data obtained by experimental
measurements validates the finite elements model.

For current case studies the developed finite
element model is time consuming; it will be further
used to validate the much faster semi-analytical
method.

2.3 Comparative results

The results obtained with the finite element
model have been compared with results provided by
other finite element method, developed by Jacq and
Nelias, [6].

2.3.1 Comparisons of pressure distributions and
areas

The elastic—plastic pressure distributions
provided by both finite element anayses are
presented in the Table 2 and Figure 3. For
comparison, elastic Hertz distributions of pressure
were also included.

Print depth vs. load

70 ¥ E ¥ ¥ ¥ ¥
experimental ! ! ! !
x  Swift ! ! ! !
60 |- J Lo Lo [
¢& Ramberg-Osgood ! ! !
1 1 1 1 1
1 1 1 1 1
50 1 1 1 1 1

print depth [nm]

load [mN]

Figure 2. Print depth
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Table 2. The main elastic-plastic parameters provided by the finite element analysis

. Oep Aep F[mN] €
M odel Plasticity law MPa] | [um] 1%
Jacq Swift 5500 6.950 650 1.6
Ramberg-Osgood 5750 6.875 1.6
FEM Swift 5400 | 6875 | °° 18
Pressure (GPa)
9 Pressure distribution for Q=650 [mN]
9000
. /—'\
/ \ 8000f — — — — — — — — — g% My ]
T
/ \ 7000} — — R
-]
. “z‘ ’x. 56000-77
5000 — — — — — - PR - - N -
. J X . ,
I @ 4000 — —— —
3 4
3000 N — 1
T 3 clestophatol {8 S It S S S
1000
LR caaaans saaaaag —=A— EP Ramberg
-10 -5 o 5 10 0 i _ = =
Distance from center (jum) X [pm]
(a) Jacq model (b) FEM model
Figure 3. Pressure distribution
2.3.2 Comparisons of residual stresses Figure 4.

In the case of a normal load of 190 mN, the For the same normal load, the evolutions of
depth evolutions of residua stresses are shown, for plastic deformations are presented along the
Swift hardening law, along the symmetry axis, in symmetry axis, in Figure 5.
mldmzsggsslm) - ) R - Residual stress chorQ=190 [mN], Swift law

100 : | 100

0e- s o
-100 %x 100
200 S : 200
sxx code é
-300 ‘ ® szzcode | & a0
sxx FE '
-400 [ - =-=s2zFE ! 00
-500 | S— - __: -500
Depth (pm) depth [um]
(a) Jacq model (b) FEM model

Figure 4. Residual stresses
2.3.3 Comparisons of plastic defor mations

Plastic strain (%)

Plastic strain < for Q=190 [mN], Swift law

(17— o e

plastic strain” [%]

0.4
086
0.8 e |
Deplh (|.\:I.'I'.I.) depth [um]
(a) Jacq model (b) FEM model

Figure 5. Plastic deformation
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3.NUMERICAL SIMULATIONS

The results obtained with the incremental
technique have been compared with results provided
by the finite element method for the case of an
elagtic-plastic body in contact with a spherical rigid
punch as presented in the second paragraph. The
both simulations use Ramberg-Osgood plasticity
law.

3.1 Comparisons of pressure distributions and
areas

The elastic-plastic pressure distributions as

Pressure distribution for Q=650 [mN]

10000

pressure [MPa]

provided by both incremental model and finite
element analysis are presented in the Figure 6. For
comparison the elastic Hertz distributions of
pressure were aso included in the mentioned
diagrams.

3.2 Comparisons of residual stresses
For the normal load of 190 mN the depth
evolutions of residual stresses are presented:
e along the symmetry axis, in Figure 7;
e along an axis parallel with the symmetry axis
but situated at 2 microns far, in Figure 8.

Pressure distribution for Q=650 [mN]

10000

9000} — 1 — —
8000} —

7000} —

6000} —

5000} —

4000} — - — — 7
3000} — - — —

2000

1000
—=4A— EP Ramberg

-2 0

X [um]

(b) FEM model

2

Figure 6. Comparisons of pressure distributions

residual stress Sk [MPa]

Residual stress GRfor Q=190 [mN], Ramberg-Osgood equation

depth [um]

(b) FEM model

Figure 7. Figure 8. Comparisons of residual stresses
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=
o 5000
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]
8 4000} — -1 — —
5
3000
2000
1000
—~A— elastic-plastic code
-2 0 2 4
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(@) incremental model
Residual stress chor Q=190 [mN], Ramberg-Osgood equation
T
a
=
o
[
P
2
L
@
®
3
h<}
@
o
depth [um]
(a) incremental model
Residual stress chor Q=190 [mN] at 2 um, Ramberg-Osgood equation
T
o
=)
o
©
2
o4
?
T
3
p=l
@
<)

depth [um]

(&) incremental model

residual stress Sr [MPa]

Residual stress Sr for Q=190 [mN] at 2 um, Ramberg-Osgood equation
200

T ¥ ¥ T T ¥ T T ¥

100

-100

-200

-300

-400
0

depth [um]

(b) FEM model

Figure 8. Comparisons of residual stresses



4. CONCLUSIONS

1. An analysis model has been developed to
model the nonlinear strain  rate  dependent
deformation of rolling bearing steel stressed in the
elastic-plastic domain.

2. The model is developed in the frame of the
incremental theory of plasticity by using the von
Misesyield criterion and Prandtl-Reuss eguations.

3. A finite elements analysis model has been
developed to model the nonlinear strain rate
dependent deformation of rolling bearing steel
stressed in the elastic-plastic domain. By considering
the non-linear hardening laws of Swift, and also of
Ramberg-Osgood, the model accounts for the cyclic
hardening phenomena.

4. The developed finite element model is still
time consuming to be involved in current case
studies, but it will be further used to validate the
much faster semi-analytical method.

5. Comparisons of the computed deformed
profiles, as well as of the computed residual stresses
distributions, with those obtained by measurements,
or numerically by using the finite elements method,
reveal a very good agreement and validate the
incremental analysis model.
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A REFINED NUMERICAL METHOD FOR
ELASTIC CONTACT PROBLEM WITH A
TILTING TORQUE ON THE CONTACT AREA

A numerical method for elastic contact analysis valid at any loading
eccentricity is refined in this paper by removing the need for an
additional Newton Raphson outer loop, which was present in a
previously proposed solver. Surface separation equation and
pressure correction instruction are modified by adding a term linear
in coordinates. Numerical simulations are performed on a circular
rigid flat ended indenter with rounding radius pressed eccentrically
against an elastic half-space, and the eccentricity effect upon stress
state induced in the half-space is assessed.

Keywords: numerical simulation, eccentric loading, computational

1. INTRODUCTION

When force is transmitted through a contact
between two bodies, assessment of contact area and
pressure distribution can provide vauable
information concerning the strength of the contact.
Stress state induced in subsurface by surface
tractions is responsible for plastic yielding and
finally for contact failure. With analytical solutions
lacking the mathematical support for solving the
complex equations which arise (Lamé), numerical
approaches have found great applicability to various
situations of contact geometry or material response.
Great efforts were conducted lately towards
increasing the computational efficiency of these
methods, as the currently available computational
power is easily surpassed by the complexity of the
models to be solved. The search for refined
numerical methods capable of handling fine meshes
and complex patterns of material behavior remains
one of the major challenges to be met.

This paper refines a numerica method
proposed in a previous work. The method deals with
the resolution of elastic contact problem under the
assumption of an eccentric norma loading, which
induces a tilting torque on the contact area. It is a
generalization of the famous variational approach
due to Kalker, by letting the moment balance
equation to be verified on the contact area as well as
the force balance eguation.

Few results are reported for the case when
surfaces limiting the contacting bodies are
misaligned. Analytical endeavors include the works
of Lurie [1], Gadwell [2] or Diaconescu and
Glovnea [3]. Simplifying assumptions are usually

efficiency, circular indenter, stress state

made, for example contact area modifications due to
eccentricity are neglected. Numerical approaches
are not plagued by these limitations, but lack
accuracy due to low meshes used in bulk
digitization. Important results on the matter were
reported by Hartnett [4] or Prisacaru, Cretu et al. [5].
Modern FFT approaches include contributions from
Kawabata and Nakamura [6] or Spinu and
Diaconescu [7, 8]. In [7] the well known Polonsky
elastic contact solver is modified to alow for the
loading eccentricity. The eccentric problem is
reduced to the centric one by adding a correction
teem to the surface separation equation.
Unfortunately, this correction adds a new unknown
to the model (the tilting angle of the common
contact plane), which require an external Newton-
Raphson loop to iterate its value. Although the
number of Newton-Raphson iterations is usually
reduced to just a few (the tilting angle is normally a
minute angle, and guess value should be chosen
accordingly), it was tantalizing to develop a new
algorithm aiming to preserve the single loop
character of the original solver. This paper discusses
the success of such an endeavor and extends the
analysis by studying the stress state modification due
to loading eccentricity.

NOMENCLATURE

g — gap between deformed contact surfaces;
z—initial gap (without loading) or contact geometry;
u — composite displacements of the contact surfaces;
® - rigid-body approach;

D — set of gridsin estimated contact domain;
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A — set of gridsin contact area;

(x°,y°) - coordinates of force application point;
W — imposed normal force;

W,, — force computed numerically;

A — areaof elemental cell;

N — number of grid céells;

N, — number of cellsin contact;

r —rounding radius;

R - radius of flat front region of the indenter;

e= xo/R — dimensionless eccentricity.

2. FORMULATION

The following assumptions / limitations build
the framework for the elastic contact solver
originally proposed by Polonsky and Keer [9]:

e Contact areais small compared to dimensions
of the contacting bodies, so the half-space
approximation holds.

e Only small strains and small displacements
are considered.

e The contact is dry and friction is not
accounted for.

For better computationa efficiency, the
program was tuned by replacing the Multi Level
Multi Summation (MLMYS) routine [9] by a Discrete
Convolution Fast Fourier Transform (DCFFT)
procedure [10], thus reducing the complexity of
convolution calculus  from  O(Nlog®N) to
O(NlogN).

Principle of numerical approach consists in
considering continuous distributions as piecewise
constant on the elements of a mesh expected to
include the contact area Therefore, model
parameters are accompanied by subscripts which
index the cell on which the parameter is bound. This
formulation may not predict singularities in the
computed fields (as in case of finite length line
contact) to a high degree of accuracy, but allows for
the use of influence coefficients based methods.

The digitization of the model introduces an
error reffered to as the discretization error, which
can only be minimalized by imposing finer meshes.
Techniques of variable length cells can not be used
as DCFFT requires grid spacing to be uniform (thus
reducing the number of different influence
coefficients to be computed).

Asfriction is not accounted for in this model,
only the moments around the axes included in the
common plane of contact are considered. For
brevity, let us assume that loading eccentricity is
oriented along the x-axis. If thisis not the case, in
case of axisymmetric problems, axes could be
rotated to meet this requirement.

The discrete form of Kalkers’s variational
approach [11], Egs. (1-4), is completed by adding
the moment balance equation (5).
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9 =0,p;>0,(,) eA; @
g >0,p; =0, (i,j)eD-A; ©)
A Z P =W; (4)
(i.)eA
(i.j)eA

In a previous work [7], the model was solved
in the following manner: a correction term was
added to the surface separation equation (1) to
account for the tilting of the common plane of
contact and the system (1) — (5) was solved as a
centric loading contact problem, consisting only of
Egs. (1-4). Eq. (5) was used to iterate the correction
term, namely the tilting angle, in an outer Newton-
Raphson loop. As the tilting angle is usualy a
minute angle, efficient choice of guess value for the
Newton-Raphson would limit the number of
iterations to a few.

In other words, only the force baance
equation (4) was imposed during pressure and
contact area iteration, while moment balance
equation (5) was imposed in an outer level of
iteration viathe tilting angle.

A different approach is taken in this work,
aiming to preserve the single loop character of the
original centric solver. To this end, an estimation of
the tilting angle is derived from Eqg. (2), by solving
numerically an overdetermined system of linear
equations, and pressure correction is performed by
forcing it to satisfy both force (4) and moment (5)
bal ance equations.

The following part describes modifications of
the centric elastic contact solver. For a full
description of the Polonsky algorithm, the reader is
referred to [9].

Firgt, the guess value for pressure distribution
must satisfy both force and moment balance
equations. Asinthe original solver, all grid cellsare
considered to be in contact (namely have positive
pressure). |If pressure is assumed to vary linearly
with x coordinate,

py =ax;+b™, (i,j)eD,

(6)

then the guess value for pressure distribution results
by solving the following system:

2ox 21

(i.)<D (i.))<D [a”o]_( W/A] .
S8 3 x| lwes
(i.))eD (i,j)eD



Once the pressure is initialized, elastic
displacements can be computed via DCFFT. In the
centric contact solver, the gap between deformed
surfaces (namely the residual in the gradient
conjugate method) is computed from Eg. (8), which
differsfrom Eq. (1) by term .

gij =U;+z;, (L))eD. 8

Residual correction by its mean value follows
next in the Polonsky algorithm. In the centric case,
rigid body approach is constant regardless of
coordinates, namely in all points it equas
displacement in origin. Therefore, inclusion of ® in
(8) would have no effect on the corrected residual
value. Polonsky solver neither uses, nor calculates
normal displacement.

Thisis not the case with eccentric loading. In
the latter situation, rigid trandlation is accompanied
by rotation, and consequently normal displacement
is no longer independent of coordinates. A variation
linearly proportional to coordinatesis to be assumed.
Therefore, surface separation equation (1) can be
expressed in the following form:

I]’

g =Uu; +z; +a; +b%, (i,j)eD,

€)
with a% and b? parameters to be determined. Upon
convergence, according to Eq. (2), gap between
deformed surfaces vanishes on the contact area. In
terms of conjugate gradient formulation, residua
vanishes (to an imposed precision) when
convergence is reached, namely when solution of the
system of linear equations is found. Consequently,
for every cell in contact (for every set of indexes
(i,J) with p; >0), one can write an equation of the

form:

a%x; +b9 = (i,)eA. (10)

Ij IJ ’
If the number of cellsin contact is denoted by
N, , one can write N, equations of the form (10),

which build a system of N, linear equations and

only two unknowns, namely parameters a® and b .
In convergence, these equations would not be
independent. However, during the iterative process,
they would appear to form on overdetermined
system.

A rough estimate of parameters a® and b?
could be obtained by solving alinear system formed
by only two independent equations of form (10).
However, in order to use the information from all
computed cells and to obtain a more accurate

evaluation of a? and b?, let us solve numerically
the overdetermined system (10). Thisis usually done
by minimizing the functional Sdefined as the sum
of squared residuals:
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S(a%,b%) = z (u +2z; +a%x; + b@’)2

(i.DeA

(11)

Computation of a® and bY involves setting
the partial derivatives to zero, which finally leads to
system (13).

o8(a’%,b9%) _ g I _
TZZ.ZA(Uij+Zij+a Xj+b%)x; =0

. (i.))e (12)
o5@,07) 22 uj +z;+a%;+b9=0

ob? i
DeA
Z sz Z Xj . - Z (uij +Zj)x;
@i.j)eA @i,j)eA a (i.j)eA
[ } e

ij 21 b —Zuij+zij
(i.))eA (i.)eA (i.)eA

This is equivalent to finding those values of

a% and b® which best verify all equations in the
overdetermined system (10). With this formulation,
parameters of surface separation equation correction
are computed based on the current pressure
distribution. This eliminates the need for an outer
level of iteration with respect to tilting angle.

Following steps are performed identicaly as
inthe original centric solver.

One final adjustment has to be made in the
pressure correction instruction.  Force equilibrium
equation cannot be included in the linear system
while using conjugate gradient, as this method
requires system matrix to be symmetric and positive
definite (conditions satisfied by the influence
coefficients matrix).  Consequently, the force
balance equation isimposed by a pressure correction
of the form:

Pij < bpcpij’ i,)eA, (14)

with b the ratio of imposed to computed normal

force.
PC=W/W, . (15)

Under eccentric loading, a variation with
coordinates is to be expected, so a correction term of

the form (16) is adopted, with coefficients a® and

bP? to be determined from imposing force and
moment balance equations, system (17).

2 PijX; z Pij

(16)

e < W A

(i"eA (i-eA [ J [ é J. an
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With this formulation, the resulting pressure
will satisfy both Egs. (4) and (5). Its adjustment is
performed during conjugate gradient iteration,
therefore no need for an outer level of iteration to
impose the moment balance equation.

3. PROGRAM VALIDATION

The algorithm described in [7, 8] was tested
extensively against other analytical or numerical
results and it was found to produce accurate results
regardless of contact geometry inputted. In case of a
circular flat ended punch under eccentric loading,
predicted pressure profiles were found to agree well
with closed-form expressions derived by Lurie [1].

Pressure distributions obtained numerically
by Hartnett [4] in case of rolling bearings with
misaligned axes, were similar (under a visual
inspection — no numerical values being provided), to
the ones obtained with that program. Therefore,
benchmarking of the current algorithm against
predictions of the previoudy proposed code was
considered appropriate and enough for validation.

Numerical simulations were performed on a
rigid circular flaa ended indenter pressed
eccentrically against an elastic half-space with a
normal force of 2kN . Radius of front flat region of
the indenter was R=5mm. To avoid pressure
reaching infinity at the circular edge (behavior that
cannot be predicted numerically), the indenter was
rounded with aradius r =1000mm . In all cases, the
indenter does not penetrate too far in the half-space,
so the contact area does not exceed the rounded
region (where the indenter shows no slope
discontinuity).

> LU T T
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O O this code
[
= 107 .
=
= -]
& -]
= - 3“‘— ] —
-]
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N | |
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dimensionless eccentricitv, e=x0/R

Figure 1. Program validation, predicted tilting angle

Tilting angles predicted by both numerical
methods, as a function of dimensionless eccentricity,
are presented in Figure 1. The results agree very
well, giving confidence in the method newly
proposed.

However, full validation implies comparison
of predicted pressure distributions. To this end, the

18

following relative error was computed for various
loading eccentricities:

Id
A X [Pl -pf
(i,)eA

€= W , (18)

where superscript commutes between the newly
proposed algorithm and the one described in [7]. As
seen from Figure 2, the validation is excellent with
this parameter, too.
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dimensionless eccentricity, e=x0/R.

Figure 2. Program validation, parameter ¢

4. COMPUTATIONAL EFFICIENCY

As seen from previous paragraph, numerical
pressure distributions predicted by both codes are
practically identical. It is now time to check the
advantage in computational time delivered by the
newly proposed algorithm.

Computation of corrections terms for surface
separation equation and pressure distribution do not
change the order of the method, which remains
O(NIogN).

Therefore, the complexity of a conjugate
gradient iteration remains the same with both
formulations. However, giving the increased
freedom of the problem, the number of iterations for
the conjugate gradient is expected to grow compared
to the centric loading case [6].

The total number of conjugate gradient
iterations is compared in table 1 with the same
precision goal being inputted. Despite the reduced
number of Newton-Raphson iterations (which is
related to the quality of the guess value), the newly
proposed method proves to be at least four times
faster.

5. STRESS STATE MODIFICATIONS DUE TO
ECCENTRICITY

Pressure distribution modification due to
loading eccentricity is expected to have an impact on
stress state induced in subsurface.



Table 1. Computational efficiency

Number of iterations

Method Resolution

Eccentric loading

Centric loading Inner loop Outer loop (Newton-  Total number

Raphson) of iterations
Previous 128 x 128 16 16 2-4 64-128
method 256 x 256 20 20 2-4 80-160
This 128 x 128 16 16-18 1 16-18
code 256 x 256 20 20-23 1 20-23

Two parameters are investigated, namely the
magnitude of maximum von Mises equivalent stress
and the depth at which it arise. The former locates
the region where plastic yielding is expected to
initiate. The latter is important as real engineering
surfaces are rough, and microtopography induces
stress risers a low depths. If these concentrators
would superpose a global von Mises maximum, the
strength of the contact would be serioudly affected.

The two parameters are plotted in Figure 3
against loading eccentricity.

% ¢ sigmalMH
oo

dimensionless maximum equivalent stress, sigmal MH
*0
1
=]
=
dimensionless depth, h

N 1 1 1
! ] 02 04 0 60'08

dimensionless eccentricity, e

Figure 3. Dimensionless maximum von Mises and
its depth against loading eccentricity

Dimensionless maximum equivalent stress is
defines as ratio to centric case maximum, while
dimensionless depth is defined as ratio to radius of
front flat region of the indenter, R. Both the
magnitude of maximum von Mises and its depth
increase with eccentricity, as shown in Figure 3.
Three-dimensional representations of stress state for
different loading eccentricities are presented in
Appendix.

6. CONCLUSIONS

This paper refines a previousy proposed
numerical method for solving elastic conforming
contacts under eccentric loading. The one loop
character of the original centric loading contact

solver is preserved. Modifications made to agorithm
do not change the order of the method, which
remains O(NlogN) .

A correction term is added to surface
separation eguation, imposing a variation linearly
proportional to coordinate along which eccentricity
is assumed. This introduces two unknown
parameters, which are derived during pressure
iteration, by solving an overdetermined system of
linear equations.

Pressure correction is conducted following
not only force balance, but moment balance
equation, too. These modifications eliminate the
need for an outer level of iteration, which was
present in a previously proposed solver.

Pressure distributions and tilting angle
predicted by the proposed method validate well
against the ones outputted by the two loop approach
(which in its turn was validated against other
analytical or numerical formulations).

Numerical simulations performed for a
circular flat end indenter with rounding radius under
eccentric loading indicate that the newly proposed
method is four to eight times faster than the previous
one. Despite the increasing freedom of the problem
compared to the centric loading case, only a few
more iterations are needed for convergence.

Anaysis is extended by assessing loading
eccentricity effect upon stress state induced in half-
space. The magnitude of maximum equivalent
stress and depth of its appearance is computed for
several types of normal eccentric loading. It is
found that the higher the eccentricity, the greater the
intensity of the globa von Mises maximum stress,
and also the higher the depth where it occurs.
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APPENDI X

The results are computed on a 128 x 128 x
128 grid, using a layer-by-layer two dimensional
DCFFT algorithm. The depth of the anaysis was
equal to the radius of flat front region of the
indenter, denoted by R. The same grid was used for
al computations. The radius of estimated contact
domain was extended to 1.4R, in order to include
the shifted contact area at high loading eccentricity.

Yon Mises equivalent stress, e=0.3

Z-Axis, [mm]

a

3 17 5 Y-Axis, [mm]
€10 X-Axis, [mm]  ®

“on Mises equivalent stress, =06

Z-Axis, [mm]

17 e Y-Axis, [mm]

X-Axis, [mm]



ISSN 1220 - 8434

Cornel SUCIU

e-mail: suciu@fim.usv.ro

Emanuel DIACONESCU
e-mail: emdi@fim.usv.ro

Department of Mechanical Engineering,
University of Suceava,
ROMANIA

ACTA TRI BOLOd CA
Volume 16, (2008), 21 - 26

EXPERIMENTAL SET-UP AND PRELIMINARY
RESULTS UPON A NEW TECHNIQUE TO
MEASURE CONTACT PRESSURE

Diaconescu, Glovhea and Petrosel [1] proposed a new technique to
measure the pressure in real contacts. One of contacting surfacesis
covered, prior to contact establishment, by a special gel. The
contact closing removes the excess gel and, during a certain time
interval, the contact pressure transforms the entrapped substance in
an amorphous solid. In each point, the refractive index of this solid
depends on the pressure acting during transformation. After contact
opening, the reflectivity of this coating depends on the former
contact pressure. Mapped by aid of alaser profilometer, it becomes
an indicator of contact pressure.

The existing device used to load the contacts has a series of
shortcomings. This paper proposes a new experimental set-up that
can be used to load contacts with gel at the interface, and illustrates
afew experimental results.

Keywords: contact pressure, refractive index, reflectivity,
experimental set-up

1. INTRODUCTION

Many different experimental methods can be
found in the literature for studying the contact
features. From these methods, the most advanced
results offer those that supply point to point
information upon some contact features, such as the
deformed surface of one or both of contacting
bodies, or measurement of contact pressure and
contact stresses. An accurate method to find the
deformed surface of a metallic equivalent punch
pressed against a thick sapphire window as well as
the actual contact area was recently advanced by
Diaconescu and Glovnea [2-7] by aid of laser
profilometry. By using these experimental results as
input data for normal displacement, numerical
calculations yield the contact pressure responsible
for these deformations if contact areais known.

Y amaguchi, Uchida and Abraha [8] advanced
an interesting method of contact pressure eval uation,
based on measurement of intensity of a reflected
laser beam by the same surface, prior and after the
contact. They found that after contact the intensity
of reflected light increases in the former points of
contact area and become proportional to contact
pressure.  Eventually, the etching of the surface
improves the method’s sensibility.

Alternatively, Yamaguchi, Uchida and
Abraha[9], proposed a method for the assessment of
contact pressure distribution by means of a
transferred oil film. In this method, athin film of oil

is spread onto the specimen and contact pressure is
applied between this surface and a clean, flat
reference surface. Upon releasing the load, part of
the ail film is transferred onto the measuring surface.
The surface covered by the transferred oil film is
considered to be the real contact area. The ratio of
the area of the transferred oil film to the apparent
surface area is then detected by the reflection of
light.

The idea of Yamaguchi, Uchida and Abraha
to investigate optically the surface after the contact,
led to the development at the Suceava University of
a new technique for the evaluation of contact
pressure in rea contacts. This consists in measuring
the reflectivity of a thin coating formed on one of
the contacting surfaces as a result of transformation
of a gel into an amorphous solid at contact pressure.
Asthe refractive index of the coating depends on the
phase change pressure, the measured reflectivity is a
useful indication of contact pressure.

2. EXPERIMENTAL INVESTIGATIONS

Experimental Set-Up: The loading principle
behind the experimental device is illustrated in
Figure 1, and a 3D model of the apparatus conceived
and built is shown in Figure 2. The punch,
illustrated as a ball, is placed in a conical shell. On
top of the punch, the test piece is placed on a
metalic ring which can freely trandate on four
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guides. In order to ensure the normal loading of the
contact, the loads are applied through another
bearing ball placed on top of the test piece.

The normal load is generated by dead weights
(6) via the cantilever (4). In order to eliminate the
cantilever weight from the load applied to the
contact, a metallic disc of known mass (1) is placed
on a guide (2), on the other side of the cantilever
joint (3). This disc assures the equilibrium of the
system when no load is applied. This way, the only
load applied to the contact is generated by the dead
weights (6). To keep the contact open until the load
is applied the test piece is placed on a metallic ring
that rests on four springs. The load application and
removal is performed by the eccentric (5), on which
the cantilever rests.

Studied contact e

Figure 1. Loading principle

Figure 2. Experimental device - 3D view

Figure 3. 2D sketch of the experimental set-up

22



09/09/2008

Figure 4. Experimental set-up

The specimens are metallic parallelepiped
plates of 50x20x5 mm, made of through hardened
ball bearing steel. The plane surface of the plates
has a nearly similar finishing as the bearing ball used
as the punch (see Figure 5.8). After surface
finishing, a micro hardness test was done on the
specimens, the results of which are shown in Figure
5.b.

Test Condition

TestForce 4,803 N (Hv0.5) -
Duration Time 14 SEC

Test Result
H Lengthi{urm} 56.18

W Lenagth{um) a0.42
Average Lengthi{um) 53.30

Hardness{HY) 326
ConversioniHBYY) 31 0

b

Figure 5. a— Bearing stedl plate surface seen under a
metall ographic microscope; b — micro hardness test
results

In order to keep the surfaces clean, the
specimens are kept in a desiccant bowl, shown in
Figure 6.

09/09/2008

Figure 6. Steel plates stored between experiments

Experimental results: In order to check the
new method, experimental investigations were
performed for a Hertz contact between a 19 mm
diameter bearing ball and a polished flat plate.

The experimental procedure consists of
following steps. First, a molecular gel coating is
applied on the polished surface of the test piece.
After a short period of time, the plate is placed on
the support ring (7).

By turning the eccentric (5), the test piece is
pushed against the punch with a known force, thus
the contact being loaded. After a certain time
interval, during which the contact pressure
transforms the entrapped substance in an amorphous
solid, the contact is opened and the coated surface is
mapped using a laser profilometer.

A NanoFocus pScan laser profilometer was
used to record both the reflectivity and the gel
surface geometry.



Figure 8. Punch profile
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Figure 7. 3-D plot of reflectivity for increasing load Pos oo rama oo AR,
Three normal loads were applied which Figure 10. Diametric profile of reflectivity

generate calculated maximum Hertz pressures of 1.1,
1.57 and 1.73 GPa. After opening the contact, the
flat surface covered with gel is placed on the X-Y
table of the laser profilometer and the reflectivity, as
well as gel surface geometry is recorded. Three
dimensional plots of reflectivity are shown in
Figures7.a, 7.b and 7.c.

As the load increases, the reflectivity
increases dlightly and the area of higher reflectivity
extends. Comparative surface measurements on
punch and the plate by aid of the laser profilometer
are shown in Figures 8 and 9, respectively.
Diametric profiles of reflectivity are presented in
Figures 10 and 11, respectively.

Reflection [%]

Figure 11. Diametric profile of reflectivity with an
average line traced as an eighth order polynomial
function
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The reflectivity profile is not smooth because
asperity interaction generates steep peaks and deep
valleys with respect to ideal surfaces. Nevertheless,
the average line traced as an eighth order polynomial
function (blue trace in Figure 11) is very similar to
the radial reflectivity profiles traced theoreticaly in
[1]. Thisagreement actsin favor of herein proposed
experimental method. At high resolution, the zoom
function supply the shape of reflectivity peaks and
therefore of asperity pressure. In the valleys, the
reflectivity fals to the atmospheric value
corresponding to the actual gel film thickness.

The finite length line contact is yet a subject
open to research. Of great importance for these
contacts are the solutions of attenuation or of
complete removal of pressure and stress risers
occurring due to end effects. These methods are
essentially theoretical and require supplementary
experimental validation.

The experimental method herein proposed
can be applied to this end. To prove this, the new
method was applied to a contact between a
cylindrical roller with round-off edges and a
polished flat surface, the roller axis being parallel to
the surface plane.

Typical results obtained, are shown as 3-D
reflectivity plot in Figure 12.a and as longitudinal
and transversal profiles of reflectivity in Figures
12.b and 12.c, respectively.
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Figure 12. a- 3-D reflectivity plot of line contact; b -
longitudinal profile of reflectivity for line contact,
¢ - transversal profile of reflectivity for line contact
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Figure 13. 3-D plot of reflectivity for: a— circular
Hertz contact; b Reflectivity of aline contact [1]

For comparative purpose, in Figures 13.a and
13.b results obtained using the previous
experimental set-up, are shown. This aso illustrates
some of the advantages the new device shows, like
the fact that line contacts are less eccentrically
loaded than before.

3. CONCLUSIONS

The work reported herein can be summarized
by the conclusions reviewed below.

o An experimental device used to load different
types of contacts with a gel at the interface has been
conceived and built.

e The device was used to verify a new optical
method for assessment of contact pressure. This
method is based on solidification, inside the contact,
of a molecular gel film applied on one of contacting



surfaces. The refractive index of the solidified gel,
as well as its extinction coefficient depends on the
pressure acting during transformation, i.e. on contact
pressure. After contact opening, the reflectivity of
the surface initially covered with gel is scanned by
aid of a laser profilometer. This depends on
refractive index, extinction coefficient and local
thickness of gel coating.

e Further research work is needed to improve
the quality of the gel and the experimental procedure
as well as the theoretical understanding of involved
phenomena.
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A SIMPLIFIED SOLUTION OF STEADY-STATE
REYNOLDS EQUATION FOR WORN JOURNAL
BEARINGS

Journal bearings operating over a great number of years and
submitted to frequent starts and stops can be affected by the
cumulative effect of wear. In some previous studies it was shown
that, in some cases, wear has no significant negative effects or,
apparently surprisingly, can be quite beneficial. This was shown
based on complex TEHD models with numerical solutions.
However, using such complex models that require high
computational resources and long CPU time it is very difficult to
perform parametric analyses. The purpose of the present work is to
develop a simplified solution for Reynolds equation for full film
journal bearings affected by wear. The model is applied to
isothermal, steady-state, 360° journal, but it can be easily adapted to
partial journal bearings. The model alows for quick results with
acceptable accuracy. The results are obtained numerically, based on
simple integration of a 2™ order differential equation. Comparisons
with similar results obtained by Fillon and co-workers [1] are very
encouraging, showing very small differences with an important gain
in CPU time.

1. INTRODUCTION

Hydrodynamic bearings are much more prone
to initial wear. At low rotational speeds the
lubrication may not attain complete separation
between the shaft and sleeve. Thus, for short
periods, during start-up and shutdown direct contact
between the shaft and the inner surface of the
bearing can occur. In this manner, wear becomes a
major concern. Properly installed and maintained,
journal bearings have essentiadly infinite life.
Statigtically, they operate more than 10 years[1] and
the cumulative effect of wear can lead to instabilities
and failure.

For more than a century, fluid film
lubrication problems have been analyzed using
Reynolds equation. Still, this equation continues to
provide remarkably accurate solutions in most cases.
The aim of this work is to provide a simplified
solution for Reynolds equation by taking into
account a modified geometry due to wear. The
solution relies on the classical assumption of
parabolic variation for pressure along the length of
the bearing, initialy proposed by Shelly and Ettles
[2] in 1970. Their approximate method is based on
Ocvirk assumption, specifically used in severa
treatments of journal bearing theory. Our method of

Keywords:
hydrodynamic lubrication, simplified model

journal

bearing, wear, Reynolds equation,

integration keeps its originality due to the fact that
Shelly and Ettles method is applied to worn HD
journal bearings and allows for quick results with
acceptable accuracy.

The applications evidence showed that a
small amount of wear does not affect significantly
the performances of the bearing. If wear is kept in
some limits, the negative effects are practically
insignificant. Moreover, even some improvements
in bearing performances can occur. Note that these
studies rely on complex TEHD models with
numerical  solutions which require important
computational resources, being time consuming.
Using similar complex models is very difficult to
perform parametric analyses. This is why a
simplified solution for Reynolds equation is a
valuable track for obtaining quick results of
acceptable accuracy.

This work aims to develop a simplified
hydrodynamic model for worn fluid film journal
bearings. The analysis is applied to hydrodynamic
journal bearings of finite length operating in steady-
state regime. The study regards a 360° aligned
journal bearing operating with full fluid film, but it
can easily be adapted to partial bearings. The results
are obtained numerically integrating a second order
partial differential equation.
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2. BACKGROUND

The effects of wear associated with journal
bearings gained some significant studies focused on
various geometrical and operating conditions.

First study concerning this problem dates
since 1957, when Duckworth and Forrester [3]
analyzed wear in lubricated bearings. Another study
was performed by Dufrane et al. [4] in 1983. They
analyzed in terms of minimum thickness a worn HD
infinitely long journal bearing operating at low
speed in a steam turbine in isothermal conditions,
focusing on the effect of pressure and viscosity on
film thickness. They were the first to propose a
geometrical model taking into account the worn
region of the bearing. The defect most often occurs
symmetrically to the bottom of the bearing. They
paid more attention to the mechanisms that lead to
wear and less on wear influence on bearing
performances.

Hashimoto and co-workers [5] were
interested in studying the consequences of a wear
defect on the pressure field and on the eccentricity
ratio. They showed that wear defect damages
bearing stability and small L/D ratio bearings were
less sensitive to a defect.

Kumar and Mishra [6], analyzed noncircular
bearings in turbulent flow subjected to a wear defect
in steady-state conditions. Their result showed an
increase in friction as well as the flow rate and a
reduction in the load capacity of the bearing.

A recent work done on the topic is that of
Fillon and Bouyer [1]. They performed a numerical
3D thermo-hydrodynamic (THD) analysis of aworn
plain journal bearing. Thus, a heat balance equation
was introduced. They analyzed the influence of a
wear defect ranging from 10% to 50% of the bearing
radial clearance on some characteristics of the
bearing such as. temperature, pressure, eccentricity

Figure 1. Schematic of
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ratio, attitude angle and minimal thickness of the
lubricating film. The worn bearing geometry keeps
Dufrane hypothesis, already mentioned above. They
concluded that wear defects of up to 20% have
negligible influence on bearing performances,
whereas above this value (30 to 50%) they can lead
to an interesting increase of bearing THD
performances.

In the most recent study signed by
Nikolakopoulos et co. [7], the bearing operates in
the hydrodynamic region, a high eccentricities,
wear depths, and angular misalignment. They
developed a numerical model, based of finite

element formulations, in order to find the
relationship between the friction force, the
misalignment angles, and wear depth. They

concluded that friction coefficient increases with
increased wear depth as well as misalignment and
Sommerfeld number.

This last work reveals that the analysis we
performed claims to be awork of present interest.

3. THE MODEL

A classical 360° aligned journal bearing of
finite length operating in steady-state conditions
having a wear defect with circular geometry is
analyzed. The geometry of the worn bearing follows
the model introduced by Dufrane et al. [4]. In Figure
1, O; represents the journal center, O, is the bearing
center, 0,0, is the line of centers, ¢, the attitude
angle, 0, the angular coordinate and 64 and O are,
correspondingly, the beginning and end angles of the
defect. The defect produced by the shaft is placed
symmetrically with respect to the load direction and
defined by its maximum depth, dg4. The vertical load
is considered to be constant.



Classical assumptions for HD lubrication are In order to obtain a simplified form for

valid: Reynolds equation, for various convergent film
e |laminar and isoviscous flow of a Newtonian shapes, the pressure distribution function is
liquid; approximated by a product of two functions with
e constant pressure across the film thickness; separable variables [8, 9]. Based on this assumption
e body forces are neglected; Shelly and Ettles [2] proposed a simplified solution
e no dip at solid boundaries. for Reynolds equation applied to medium length
The equation that defines the film geometry journal bearings. The same solution is used in the
can be written in a general form for both cases present model; the pressure distribution is a product
(unworn and worn zones): of the circumferential pressure distribution (along
0-axis) at the bearing mid-plane (at the centre line of
h(8) = C(1+&cos0) +hy(0), D the bearing) and a parabolic variation along z-axis:
where hy(6) is the film thickness increase due to 27\
wear, defined as follows 0: p(x.2)=py () 1_[_j , v
Ao _[1+ COS(G+¢)J where py, (6) isthe pressure distribution at the mid-
if {dd -[1+ cos(e+¢)1} > 0; plane of the bearing and n an exponent that takes
hy(6) = 0 ) values around 2.
In dimensionless form, the pressure profile
if { dq _[1+ cos(9+¢)]} <o. can be written in the following manner:
s_7 =n
The following dimensionless notations are P = Pw (6)(1_2 ) C)
introduced:
, Integrating, Reynolds equation, after some
H:E;ﬁd=ﬁ;8d:d—d;2:2;ﬁ: C 0. algebra, one can obtain:
C C C B 6uUR _
n+4 d _3d5M _ —3_n+1dh
Thus, the film geometry, in dimensionless n+3@(h de ~ S puh”= n do’ ®)
formis:
= = Next, film thickness must be differentiated
h(0) =1+2c0s0-+hy(0), ©) with respect to 0, and introduced in Reynolds
where: equation. This must be done separately for each
' zone. For the unworn zone - and 0 € (edf ,6*) - after
3y —[1+cos(0+¢)] cumbersome algebraic computation [10], the above
ation b .
_ if {83 ~[1+cos(6+¢)]} >0, equation becomes
hy(6) = 4 ,
0 dpy 3sino dpy
. 2
if {Sd—[1+cos(6+¢)]} <0. do° l+ecosd do (10)
3y n+3_ N (n+1)(n+3)esind
3.1 Pressuredistribution n+4 n(n+ 4)(1+ ¢ cosh)® '
According to the assumptions of the model,
the 2-D form of Reynolds equation written in An analogous computation is done for the
dimensional coordinatesis: worn region having the correspondingly geometry
described by eguation (1) [10].
i(h3@J+i(h3@j=6uUﬂ, (5) _ _
ox\ ox) oz\| oz dx d’p,  3[sin(0+¢)—csin6] dp,, 3, N3
+ - +
2 - d 4™
or, dimensionless de 84 +€ecosO—cos(0+¢) db n+
Fl 53@ X D 2i ﬁsa_i_) _d_ﬁ © +(n+1)(n+3) sin(0+¢)—esin® (0) =0.
oo\ o) \B) az\ az) do n(n+4)  [54+zc0s0—cos(0+¢) |
(11)
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Thus, the isoviscous Reynolds equation
becomes a 2™ order differential equation with
variable coefficients, in terms of pressure at the mid-
plane, py . Itsgenera dimensionlessformiis:

d’py,

102 (12)

+f(e)%+km +9(6)=0,

where the coefficients have different forms for, worn
and unworn zones, respectively.

Equation (12) can be solved numerically for
the classical Stieber-Swift boundary conditions (also
known as Reynolds boundary conditions):

p=0a 6=0;

p=0and%:0for6*s9<2n. (13)

By solving equations (12) on each zone
(unworn zone at the beginning of the convergent
zone, worn zone and finally again unworn zone)
with boundary conditions (13) one can obtain the
pressure distribution along the mid-plane of the
bearing.

3.2 Load capacity

Like in any other analysis of hydrodynamic
journal bearing, the load capacity must be calculated
as the resultant of two components, conveniently
defined with respect to the center axis:

W= (W), )*+(w, )? (14)

where W), represents the component paralléel to the
center axis, and W perpendicular.

0" B/2

W, = IZI pcos(n—0)dzR do; (15)
0 O
0" B/2

W, = [ 2 psin(r-6)dzR do. (16)

0

Using the simplified form of pressure
equation, equations (15) and (16) can be integrated
z-wise, and after nondimensionalising, we get the
following simplified form of load components:

— n o_
W, =——— cosO do ; 17
1 n+1(f)PM (17)
W n o in0 do 18
= sin .
1 n+1(j) Pwm (18)
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The total load capacity in dimensionless form
is:

W= W2+ W2 .

The above integrals can be easily solved
numerically using the pressure distribution
previously obtained. Remark that in our calculation
it was assumed that the worn zone is entirely
included in the loaded zone of the bearing (that is

B4 <67).
This condition has been checked for al
practical values of wear depth included in numerical

analysis. However, this restriction can be easily
relaxed in the computer code.

(19)

3.3 Rate of flow

As in many other similar studies, we
calculate only the axial rate of flow that gives the
side leakage. Integrating over the pressure gradient
on z direction, the Poiseuille component of the flow
rateis:

0% |3

Q=2 M IP Ry (20)
o12u|oz|, g,
In dimensionless form and taking into

account the approximate solution expressed by Eq.
(8) the side leakage becomes:

S

(==}

Q=an]| h%p, do. (21)

O*—-

The integral is solved
consecutively on each zone of full film.

numerically,

3.4 Friction force

For friction force evaluation it was assumed
that striation takes place in the converging zone. The
friction force can be calculated as a sum of three
components corresponding to the Poiseuille flow

(F»), the Couette flow within full film region (F, )
and the Couette flow within the region where
striation takes pIace(FC2 ) , respectively.

B/2

0" h op 0"
F= j2[—a—dzd9 j2j dzd9+
B/2 (22)
p j RURN' 4 o,
0*
or, in condensed dimensionless form, we have:



In their turn, the two friction force
components corresponding to full film zone (I_:P and

I_:Cl respectively) must be calculated separately for

each unworn and worn zone. The integration with
respect to z axis can be done analytically, so that we
obtain:

_ e*l_aﬁ
FP:SHh%dide. (24)

00
After some calculations the Poiseuille

components for the unworn region and the worn
region, are respectively:

.
== [P, sin6do; 25
P n+1£pMSln )

_ n 0" . . =

o= g | [esnocsn(o+o) [0, (29

or, expressing function of the load capacity
components defined previously:

F=3%W,; (27)

F>=3(e—cosp) W, +3sing W, . (28)
The Couette components are calculated in the
same manner for the unworn and worn regions [10].
Thus, for the unworn zone the following
expression is obtained:

_ % tdzde 1 (3 & +C0S0"
FQ:JJ = = m-arccos————
55 N 1-¢2 12 1+¢cos6
(29)

For the worn zone we have the following
expression for Couette component within full film
region:

= _ 2

.
tan(9+¢j\/m (30)
2 2

8y +ecosb-1

-arctan

0

Taking into account the assumption,
04 <0", which states that the defect is met only in

the converging zone (full film zone), the Couette
component for the region where the film breaks is
calculated only for the case without defect. Thus,
after integration, use of Booker integrals and
rearranging, we have:
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= [dzde_ & sine’
C, — J. _[ w2 2 *
. 5 N 1-¢° 1+ecosO
’ (31)
1 £+ CosO
+ 7 &rccos -
1+¢ecosO

)

4. NUMERICAL SOLUTION

Equation (11) with the boundary conditions
(14) is numericaly solved to get pressure

distribution on a constant mesh with the step AG. A
series of computer codes were developed in order to
solve the model and generate the results. The
programs were build-up for various applications
using Compaq Visual Fortran Version 6.5.0. The 2™
order Reynolds differential equations are solved
using an iterative scheme of finite differences based
on Gauss-Seidel method with over-relaxation. The
effect of cavitation is taken into account in a
classical manner: during each iteration, al the
negative pressures are made zero. The end of the
iteration is given by aclassical condition:

W, -W,
Wi _ 2 <TOL, (32)
k

where W, and W, , are two consecutive values of

the total load.

The accepted tolerance is considered
TOL=10®°. There have been considered two
approaches:

e adirect HD approach: calculate W for a
given ¢

e an inverse HD approach: calculate ¢ for a
given W

The model and the corresponding computer
codes have been extensively evaluated, in terms of
accuracy and CPU time, using as reference a
classical unworn journal bearing data. These
preliminary results have shown that the value n = 2
for the exponent in Eq. (8) gives accurate results for
a relative length B/D < 2 and ¢ < 0.95, for a large
range of operating conditions.

An optimization analysis was developed for
the over-relaxation coefficient. We have considered
a few typical cases for both unworn and worn
bearings. The number of iterations has been
evaluated for over-relaxation coefficient ranging
between 1.5 and 2. Two recommended values for
tolerance were considered: 10° and 10°.

The analysis is made for a relative length of
B/D = 1, for the sake of comparison with published
data. Figure 2 shows that using a relaxation factor
of 1.97 / 1.98 the relative number of iterations
decreases ten times.



5.MODEL VALIDATION

In order to validate the model comparisons
with different sources are taken into account: for the
unworn case the results are compared to those found
in literature, and for the worn case the vaidation is
ensured by the comparison with Fillon et co. [1]
results. The comparison with complex THD models
is vaid only for small and medium values of wear
taking into account that a heat balance equation was
not considered.

The comparison we performed is made for

the low operating conditions analyzed by Fillon

(B = 100mm, D = 100 mm, p = 0.026 Pas,
C = 75um, n = 1000 rpm and W = 5000 N) for
which the temperature increase along the

circumference isrelatively small, 4 °C.

This small variation in temperature alows us
to use as a bench-mark a 3D thermodynamic model
for a 2D isothermal study. The mean temperature
considered in our model was taken as the average of
the input and output temperatures in Fillon’s
analysis.

1.2 [ [
- EiD=1 =08 8,=05;, Tol=10"°
S 17 |
()
e 08 \ £=05 &,;=05 Tol= 107°
o \
S o6 k\
2 = k Optimum
= 044€=05 §;=0, Tel=10 ~ -
: N
5 o
X o2 N N
£=05 8;,=0, Tol=10"°
0 : ! —
1.5 1.6 1.7 1.8 1.9 2
Relaxation factor, p
Figure 2. Over-relaxation factor over relative number of iterations
60 1
50 p=————— Fillonetco. [4] —J 9
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o
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c
-g \ 07 5
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— (&)
= T06 =2
£ 5]
- 20 o
. / o5
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Relative wear depth, &; [%]

Figure 3. Film thickness versus eccentricity — models comparison
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Figure 4. Dimensionless pressure versus angular coordinate for different wear depth

The results are shown in Figure 3 in terms of
minimum film thickness. Additionaly the plot of
relative eccentricity was included in order to check
the validity of the proposed model (¢ < 0.9). The
differences are significant only for the greater values
of defect depth (84 > 0.4), where the effects of
temperature on oil viscosity become important and
which are not taken into account in the present
model. The comparison with Fillon’s model is quite
encouraging, showing very close results with an
important gain in CPU time.

A second part of the numeric analysis was
dedicated to a parametric study. We anayze the
influence of different wear depths on bearing
characteristics such as: pressure, load carrying
capacity, friction force, flow rate and attitude angle.

1.8

Figure 4 shows typical pressure distributions
for the same load capacity in the case of un unworn
bearing and on the same bearing in three stages of
wear. One can remark an increase in maximum
pressure for various wear depths, but also an
increase in the active zone of the bearing. The
extent in converging zone and the increase in
maximum pressure compensate the decrease of
pressure produced at the beginning of the worn zone.
This effect can be better understood from Figure 5,
where the film thickness variation is plotted for the
previously discussed four cases (unworn bearing,
and three worn bearings, respectively). Note that the
film thickness is represented only for the loaded
zone (up to 6*). One can remark the extension of
the loaded zone for worn bearings.

W =0.143

I= B/ID=1
e 1.6 — —04
o \ /I_éﬂ—l
< 1.4 7
N
= :O.GJ
n 1
8 N
— 0.8 AN film rupture
= >
'6 0.6 1 =0 A\ \~//
c /
() 4
2 0.4 4‘ =Oﬂ
N 0.2
0 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 90 180 270 360

Angular coordinate, #[deg]

Figure 5. Dimensionless film thickness versus angular coordinate
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In Figure 6 one can observe that for a light
loaded bearing the influence of wear depth is not an
important issue for wear depths up to 40%. After
this value the eccentricity increases sensibly. The
relative eccentricity is much higher for high loaded
journal bearings, around 0.7 — 0.8. This is the
reason for which in the case of high loads, W =1
the eccentricity is close to 1 for wear depth greater
than 40%.

The same remark may be done for the
influence of wear on friction. The friction force is
expressed in terms of the friction coefficient in
dimensionless form.

f=—f. (33)

0O|l=x

For a value of up to 40% of wear depth the
frictional coefficient is not significantly affected, for
the medium/ light loaded bearings. Regarding the
other case of highly loaded bearings the wear depth
leads to an increase in friction coefficient starting
from about 30%.

Operating charts for journa bearings with
different B/D ratios and various wear depths have
been plotted. These charts can be easily used for a
prognosis of wear effectsin practice.

6. CONCLUSIONS

The present paper describes a simplified
solution of Reynolds equation for worn journal
bearings, operating with full fluid film, in steady-
state conditions. The solution, based on the
assumption of parabolic pressure distribution along
the width of the bearing, is obtained by simple
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integration of a second order differential equation, in
terms of pressure. The work presented herein was
primary dedicated to the evaluation of the proposed
solution by comparison with previous work of Fillon
et a [1]. It was concluded that the simplified model
is accurate for typical values of the defect depth,
having the great advantage of a very quick solution,
in terms of CPU-time. The first results show that the
presence of the worn region extends the
circumferential pressure distribution together with
an increase of the film thickness. This may yield to
areduced friction force for the same load capacity, a
feature that has been observed experimentally by
Dufrane and Kannel [4]. However, in order to
accurately model this phenomenon, further
development is needed by including the energy
equation.
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NOMENCLATURE

B - bearing length

C - radial clearance

dy - defect depth

D - journal diameter

e - journal eccentricity

f= Ei - friction coefficient
RW

F: - friction force



F= ¢ F - dimensionless friction force
LUBR
f,fe, 9,00, K - coefficients
h - film thickness
hy - film thickness for the worn zone
h* - film thickness where striation takes place
N - shaft rotational speed (r.p.m.)
n - exponent in approximate solution
p - pressure
2
P= 5 p - dimensionless pressure
i

Pu =Pu (6) - dimensionless maximum pressure in
z direction

Q - rate of flow in z direction
= 2 . .
=——Q - dimensionless leakage
Q BUC Q ag
R - bearing radius
U - journal linear velocity
w - load capacity
2
W=—Y_Ww - dimensonlessload capacity
6uUB
X, Y, Z - coordinates
Greek letters
Sy = %“ - dimensionless defect depth
£=— - eccentricity ratio
u - dynamic viscosity
0= % - angular coordinate
O - end angle of wear defect
04 - beginning angle of wear defect
0 -end point of pressure distribution
(beginning of film rupture)
o attitude angle
Y= % - relative clearance
Subscripts
C - Couette component
M - value at mid-plane

36

P - Poiseuille component
1 - parallel to theline of centers
- perpendicular to the line of centers
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IMPACT OF A RIGID SPHERE ON A HIGHLY
COMPRESSIBLE POROUS LAYER IMBIBED
WITH A NEWTONIAN LIQUID

Very often, in nature as in technique, the process of liquid flow
takes place inside a highly compressible porous layer (HCPL). In
these processes, the elastic forces of the solid phase of the porous
layer are negligible in comparison with the hydrodynamic forces.
Such processes were named in 2001 ex-poro-hydrodynamic
(XPHD). Recently, a study of the impact process in XPHD
conditions was performed, for circular and rectangular aligned
plates. The impact of a rigid sphere on a HPCL, in XPHD
conditions, is analyzed in the present paper.

Keywords: porous layer, ex-poro-hydrodynamic, impact, contact

p —sphereradius
¢ — material permeability
n - fluid viscosity

— absorbed energy
E - dimensionless absorbed energy, Lzz
mVep~hg 1. INTRODUCTION
F —imposed force
F - impact force Very often, in nature as in technique, the
s process of liquid flow takes place near or inside of
|_:s _ dimensionless impact force, DFs porous extremely compressible Iayers A synthesis
mVep?h, of these studies can be found in [1]. In these
h - layer/film thickness processes, the elastic f_orceﬁ (_)f the soliq phase_ of the
h —initial laver thickness porous layer are negligible in comparison with the
0 Y hydrodynamic forces. These flow processes were
hy, —minimal layer thickness named in 2001 ex-poro-hydrodynamic (XPHD). The
o ) _ ) h theoretical and experimental studies refer to couples
H,, — minimal dimensionless layer thickness, h—m in tangential and norma motion. Recently [2], a
. o 0 study of the impact process in XPHD conditions was
k  —impact mass coefficient performed, for circular and rectangular aligned
M — mass of impact plates. The impact of a rigid sphere on a highly
M - dimensionless mass of impact MDV, compressible porous layer (HPCL), in XPHD
' Tfnpzho conditions, is analyzed in the present paper.

M, — dimensionless critical mass of impact

r -—radia coordinate

R - radius of an apparent/nominal area of a

circle/disc

V —impact velocity

V, —initial impact velocity
X —dimensionless radius

X —dimensionless radius of nominal circular area

8 - dimensionless parameter

G — compacticity

o, —initial compacticity

1-o, -3 — dimensionless penetration

2. ANALYTICAL MODEL

The analyzed configuration is presented in
Figure 1. The squeeze phenomenon for a similar
geometry was studied in a previous paper [4] by
maintaining a constant force during the contact
process. Following hypotheses were used for the
analytical modeling of the impact process:

1. The elastic forces of the compressible porous
layer are negligible compared to the liquid flow
resistance [3].
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2.The permeability is correlated to the porosity,
respectively the compacticity of the layer
accordingly to the Kozeny-Carman law:

1 m H
(Porouslayer | i ili
| — 7

Figure 1. Model configuration

3
(P:M' (1)

(&

3. The pressure along the thickness of the layer
is constant and obeys the Darcy law.

4.The solid phase is constant for any layer
thickness, ch =coyhy.

5. The surface of the sphere in contact with the
HPCL layer is modeled by a parabolic
approximation  h=h, +r?/(2p),  respectively
ho = hy +R%/(2).

Based on the principle of fluid flow
conservation, by applying these hypotheses, the
correlation between the velocity of the sphere and
the imposed force, is obtained by an analytical
approximate solution [1]:

__ Tcnpzthg(l— Hm)2 dH,,
2D(1-c64)°H,, dt

@

Using the method proposed by Bowden and
Tabor [5] for the study of squeeze by impact, from
the conditions of energy conservation we obtain the
following differential equation:

MdV = —Fdt . 3)

If the expression of the contact force in
dynamic conditions is considered to be the same as
the force from equation (2), then from the two
equations (2) and (3) it results:

Hn

j (1_HHm)2 dH., .

1 m

mp?hyoh

V=Vy+
" 2MD(-c,)?

4
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By integrating the equation (5) we obtain:

V =V, +C(InH,, +0.5H2 —2H,, +15), (5)
2 2

where C=—"1PNo% 5 - (6)
2MD(1- o)

Introducing the equation (5), V =dh,,/dt =
=hydH,,/dt, into the equation (2), following
expression of the impact force is obtained:

£ _ 056" (1-Hp)* oo’
: _
(1-060)%H,, 2M(1-c,)? @)
(INHy, +05H7, ~2H,, +15) |
where F, = DF a1 = MPYo

mmVep?hy mmp?hy

To maintain an overall XPHD process, the
initial compacticity is required to be larger than the
minimal dimensionless layer thickness, H,, > c,. In

order to fulfill this condition, the dimensionless
mass has to be determined (V=0 a H, =0y).

Also, based on this condition, we obtain the
expression of the critical mass:

V- 602 (264 —Incy —0.506,% —1.5)
“ 2(1- 6,)?

©)

From this analysis, it results that the

dimensionless mass M, which ensures an XPHD
regime during the entire impact process should

satisfy the inequality M < M, . The variation of the

critical mass function of compacticity is presented in
the Figure 2 below:

0.03

0.025 1 1 1 1 4 1

critical mass, .b:Ic,

o
o
]

0.015

0.5 0.6 0.7 0.8 0.9
material compacticity,op

0.2 0.3 0.4

Figure 2. Critical mass

When performing the experiments, for a
comparison of the experimental data with the



theoretical model, one should consider the pressure
distribution variation during the impact process.
Therefore, the given pressure from [4] is:

_npV

4D (1—(20)2 [1_ 1—6 izj
(x2 —x2)[2(1—cs0)-(x2 —xz)]
[(1—00)—(x2—x2)}2

Introducing the impact velocity variation,
from equation (5), and also successively using the
following relationships:

P
©)

r

\/tho ,

86(0,1—00) and Xe(O, 1—00—8),

X = with

X2=1-H,, H,=0y+5,

we finally obtain the dimensionless variation of
pressure as function of dimensionless parameter &,
related to penetration:

_ 1 cg ) 1-og 2
p= 2 2| 1)
4 (1-,)° (o0 +3)| L 8+x
. kIn(00+6)+0.5(00+8)2—2(co+6)+1.5
Ino, +0.50,% — 26, +1.5 '

(10)

To avoid the discontinuity in the central point
for 6=0, a dimensionless impact mass coefficient
k >1 was introduced in equation (10). Therefore, at
x =0, we obtain the following expression for the
maximum dimensionless pressure:

o [0 -2*]

™ T4 §(1-00)2 (00 +3)
. 1_kIn(60+8)+0.5(00+8)2—2(co+8)+1.5 |
Inc, +0.50,% — 20, +1.5
(11)
3. NUMERICAL  ANALYSIS  AND

CONCLUSIONS

The maximal value of the critical mass is

&:0 using
Go

numerical methods. The maxima value which was

found is Mg, n =0.0349 for 0,=0.568. It is

interesting that this value is close to the compacticity
of human cartilage, which is[6].

found by solving the equation
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The expression of the impact force yields by
replacing the critical mass in equation (8):

056> (1-Hpm)?
(1_ GO)ZHm

| (nHy, +05H,2-2H  +15) _
InGg +0.56,° — 26, +1.5

E-

S

(12)

The variation of the impact force function of
H,, is presented in the Figure 3 below.

0.25

0.2

Dimensionless force, E",

..... . . NP PR — S S A
0.5 0.6 0.7 0.8 0.9 1
Minimal dimensionless layer thickness, H,

Figure 3. Impact force

The dimensionless absorbed energy is
defined as:

_ 60°(3—40p+0y” +2Inay)
8(c —1)?

. (13

The variation of absorbed energy as a
function of compacticity is shown in Figure 4.

0.016
0.014 |
0.012
.01:

0.008

absorbed energy, E
o

0.006

0.004

material compacticity,eop

Figure 4. Absorbed energy

The maximal value of the absorbed energy is
attained for 0¢=0.568. It can be remarked that this
value is the same as that for the maximal critical
mass. The pressure distribution is presented in
Figure 5, where the pressure variation in the
apparent area of contact is shown, during the impact
process, described by different values of 6 .

Figure 6 shows the maximum pressure
variation with & for various values of oy .
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Figure 6. Pressure variation for various o,

The paper states an original approach of
impact phenomena of a rigid sphere on a HPCL, in
XPHD conditions.

The maximum absorbed energy was found at
an optimal value of initial compacticity, o, = 0.568,

the same value as that of the human cartilage, [6].
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ANALYSIS OF THE TRIBOLOGICAL ROLE OF
LIPID MULTILAYERS IN BIOLOGICAL
LUBRIFICATION

The aim of this work is to identify the role of the lipid multilayers
in controlling and reducing frictional forces between the biomimetic
cartilage surfaces. We have incorporated the effect of lipid
multilayers in a realistic ex-vivo model capable of reproducing the
mechanical and physicochemical characteristics of the entire
tribological triplet of the synovia joint. This model reconstitutes the
properties of the articular cartilage using a manufactured convex
lens in soft HEMA and of the lipid multilayers of the synovial fluid
structure using nanophysics techniques. A home-made tribometer
was used to measure the tangential force at constant load (friction
coefficient); changes in the lipid structure were observed in-situ
after long period of friction with fluorescence microscopy. The
results of this work show that the DPPC lipid multilayers generated
friction coefficients that were small (0.002) and comparable to that
found between cartilage surfaces. This low friction stems from the
localisation of diding accommodation in the layer of physiological
solution trapped between the two lipid bilayers. These results
suggest that the tribological role of the lipid bilayers is mainly
physicochemical: it consists of trapping thin layers of physiological
solution capable of localising sliding, making it possible to obtain a
very low friction coefficient. The results show that the destruction
of lipidic multilayers by oxidation (case of DOPC multilayers) and
the variation of mechanical properties by the reduction of pH
increase the friction coefficient.

Keywords: lipid multilayers, synovial fluid, DPPC, biolubrication

lubrication regime, the actual contact between the
surfaces can be prevented by a boundary lubricant

Since the 50s, many experimental and
theoretical studies have attempted to improve
understanding of the powerful mechanisms of joint
Iubrication, in particular the tribological behaviour
and the interactions between cartilage and synovid
fluid. Certain theoretical studies have proposed that
biolubrication mechanisms consist of full-fluid film
lubrication [1]. Here, both friction and wear are
reduced because the two surfaces loaded against one
another are completely separated by a thin film of
lubricant of ~ 0.5 ym. In the case of synovial fluid,
the full-fluid film is formed by elastohydrodynamic
carrying capacity during joint movement phases for
which the relative velocities of the two opposing
surfaces (dliding, rolling or norma speed) are
sufficiently high [2, 3]. However, synovia joints
often operate under severe conditions (i.e., high load
and low speed), with the result that the two surfaces
cannot be effectively separated by the fluid-film. In
this case, the joint lubrication regime is
predominantly boundary type [4]. In this boundary

that attaches itself to the solid surfaces due to
molecular  forces, thereby modifying their
tribological properties. The friction coefficient is
independent of sliding speed or load in this regime
whereas it is strongly dependent on these parameters
in full-fluid film lubrication [5].

In the boundary lubrication regime,
measurements have highlighted very low friction
coefficients for the human joint (0.005-0.02) [6, 7].
To explain these values, studies have sought to
identify the component of synovial fluid capable of
playing the role of boundary lubricant [8].

In 1972 Swann [9] identified the
cartilaginous surfaces of a proteoglycan type
electrolyte molecule, thereby opening the path to
research on joint boundary lubrication. Several
tribological tests performed with samples of this
molecular component of the synovia fluid (1981)
[10, 11] revealed low friction coefficients attributed
to its lubricant properties, hence its name “lubricin”.
Recently Klein and al. [12, 13] proposed that the
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boundary lubricating properties of lubricin are
caused by a mechanism similar to that observed for
brushes of end-grafted diblock polyelectrolytes.
These polymers are charged in water, and are
surrounded by a sheath of water molecules bound to
the charged and polar groups. The dense
polyelectrolyte brush structure gives extremely low
friction coefficient values, u~0.0005, at pressures up
to several atmospheres [13]. Israglachvili and al.
have measured higher friction coefficients (0.02 -
0.04) between biological polyelectrolytes (lubricin)
[14] and these coefficients increased to 0.2 at
pressures larger than 0.6 MPa. This difference could
be explained by the difference of molecular packing
between the synthetic polyelectrolytes tested by
Klein and the biological polyelectrolytes tested by
Israelaschvili. High friction coefficients are
obtained when testing biological polyelectrolytes
probably because of interpenetration effects and
lubricin layer rearrangements. In vivo, the low
concentrations of polyelectrolytes (for example 250
po/ml [14] in 1,1ml of synovia fluid of a healthy
knee articulation [15]) and large biological rubbing
surfaces (~121cm? for the knee articular cartilages
[15, 16]) suggest that the packing of these molecules
is not sufficient to obtain a dense brush. Therefore
low in vivo friction coefficients seem not explained
by polyelectrolytes boundary lubrication. In
addition, the advances in  biochemical
characterization of lubricin show that its molecular
structure is similar at 50% to vitronectin and at 40%
to hemopexin, with the remaining 10% being the
protein parts of the links [17]. The vitronectin part
endows lubricin with the role of molecular adhesive,
capable of binding itself at the same time to the
molecular components of the cartilage (collagen,
proteoglycan) and to the lipidic bilayers of the
synovia fluid [18]. As for the hemopexin part, it
makes lubricin an antioxidant for the lipidic
molecules [19] and thus ensures the consistency of
the lipidic bilayers in the synovid fluid. So, it is
possible that lubricin instead of forming dense
polyelectrolyte brushes which localize the dliding
(Figure 1.8), spreads on cartilage rubbing surfaces

Lubricin

dense
polyelectrolyte
brush

50-100 nm

with a role as a binder and protector for the lipid
layers (Figure 1.b).

This logic is upheld by discoveries made in
1984 by Hills and Butler [20] which show that the
samples of synovial fluid containing lubricin also
contain phospholipid molecules whose tensioactive
properties make it a “surface-active phospholipid”
(SAPL) [21-23]. The stacking of 3 to 7 SAPL
bilayers separated by aqueous layers has been
highlighted on almost all biological rubbing surfaces
[24, 25]. The lubricating properties of
phospholipidic bilayers were first assumed to be
obtained by the localization of the dip plane within
these bilayers [26]. Experiments carried out with a
single bilayer led to reports of high friction
coefficients [27, 28]. On the contrary, other studies
[29] showed that surfaces covered with phospholipid
multilayers result in alower (~0.01) and more stable
(lasting for 30min of friction tests) friction
coefficient than surfaces covered with a single
bilayer. These particular studies did not explain the
origin of this low friction coefficient. Ex-vivo pig
cartilage surfaces were used despite the fact that
dissected biomaterials are known to be greatly
affected by sampling and conservation methods.
The collagen membrane on the cartilage is partially
destroyed and the surface becomes hydrophobic in
air [29]. In spite of the progress made in
physicochemical characterisation techniques and
models of boundary lubrication, the manner in
which  phospholipid molecules adsorbed on
cartilaginous surfaces influence friction is ill
insufficiently understood.

In this context, the objective of thiswork isto
study the mechanical and tribological performances
of lipidic multilayers in order to understand their
role in joint boundary lubrication, by using a
synthetic but realistic model of cartilage.
Dipalmitoyl phosphatidylcholine (DPPC) lipid and
diolitoyl phosphatidylcholine (DOPC) lipid are used
as it is known that articular lipids are some in solid
phase (as with DPPC) and some in liquid phase (as
with DOPC) [25].

T

Physiological solution

Lubricin
adhesive and protector for the lipid layers

b)

a
Figure 1. Two schematic views of the [ubricin boundary lubricant in the synovial joint: a) dense polyelectrolyte
brushes which localize the sliding b) adhesive and protector layer for the lipid layers



Our home-made tribometer alows the
simultaneous measurement of shear force and
fluorescence observation of the bilayer in order to
detect any degradation during friction. We show
that it is possible to obtain a very low friction
coefficient which isaslow asin real cartilage [6-10],
when dliding is located in the agueous layers
“trapped” between the two lipid bilayers.

2. MARERIALSAND METHODS

Formation of lipid bilayers deposited on
two types of substrate. We used a convex lens
manufactured in soft HEMA (-1 nm RMS
roughness, 8mm radius) and a flat borosilicate glass
plate (~0.2 nm RMS roughness) as the surfaces on
which the lipid bilayers were deposited. When
swollen in saline solution (150 mM NaCl, pH 7), the
HEMA lens contains 25% water (% mass) and has
mechanical and physico-chemical properties similar
to those of healthy articular cartilage [30]. To study
the dependence between mechanical and tribological
properties of the HEMA lenses, used as a cartilage
model, and the physicochemical parameters of the
hydration medium, three types of hydration solutions
were used: pure water (OmM, pH~7), physiological
solution (150 mM NaCl, pH ~ 7) and a buffer
solution pH 3 (150 mM NaCl, pH ~ 3).

Borosilicate glass and HEMA surfaces were
sonicated twice for 20 min at 50°C in agueous
detergent Micro90 (Fisher-Bioblock, France), and
rinsed copiously with ultra-pure water immediately
before bilayer deposition. The fluid and solid lipid
bilayers deposited on the substrates were prepared
with  dioleoylphosphocholine  (DOPC)  and
dipalmitoylphosphocholine  (DPPC)  respectively
(Avanti Polar Lipids). The fluid and solid lipid
bilayers deposited on the substrates were prepared
with  dioleoylphosphocholine  (DOPC)  and
dipalmitoylphosphocholine  (DPPC)  respectively
(Avanti Polar Lipids). Lipids visible under blue light
(NBDPC lipids — ref. 810131P Avanti Polar Lipids),
whose fluorescent part is chemically linked to one of
the lipid tails (fig. 28) and lipids visible under green
light (DHPE-TRITC lipids — ref. T1391 Molecular
Probes), whose fluorescent part is chemically linked
to the lipid head (fig. 2b) were mixed at low
concentration (~1% by weight) with DPPC or DOPC
in order to visualize the bilayers deposited on
HEMA and borosilicate glass surfaces respectively.

Lipid bilayers were prepared using the
vesicle fusion method [31, 32]. The lipids were
solubilized at 2 g/l together with fluorescent lipidsin
chloroform/ethanol: 9/1 (vol/vol). The solvent of
the lipid solution was evaporated with nitrogen on
the wall of a tube and lipids left on the wall of the
tube were allowed to hydrate in ultra-pure water to
form a multilamellar vesicle suspension (2 g/l). This
suspension was sonicated for 5 minutes with
ultrasound (50 W power) to obtain unilamellar
vesicles. Glass and HEMA surfaces were incubated
for 5 minutes with the unilamellar lipidic vesicles
diluted ten times, to which 2mM of Ca™ ions were
added to stimulate vesicle fusion and bursting on the
surfaces. The lipidic surplus was then eliminated by
rinsing. The lipid bilayers obtained were conserved
in ultra-pure water and used within a day.

Friction test. A home-made tribometer
permitting in situ visualization of the contact was
used to measure the frictional forces between
surfaces covered with lipid bilayers. After bilayer
deposition, the HEMA lens was fixed to the bottom
of a tank containing the ultra-pure water or saline
solution (150 mM NaCl, actua pH 6) (Fig. 3A).
The tank was linked to a trandation stage by a
system of flexible blades. The trandation stage
imposed cyclic forwards and backwards trandation
movements. A flat borosilicate glass plate (~0.2 nm
RMS roughness) covered with another lipid bilayer
formed the contact with the upper surface of the
HEMA lens. When a normal load was applied by
gravity, the two surfaces were perfectly coplanar in
the contact area due to the compliance of the HEMA
(Fig. 3A). An upright epifluorescence microscope
(Leica DMLM) equipped with a fluorescence
camera (Leica DC350F) was used to view the
contact through the opposing glass body. This
observation was performed in situ during friction
and under white, blue and green light with constant
camera acquisition parameters. An eddy current
position sensor measured the deformation of the
flexible blades holding the tank, and permitted
calculating the tangential force. The sengtivity,
linearity range and sensor position were adjusted so
that the uncertainty on the force measurements
between -1 and 1IN was 0.0005 N. The friction
coefficient was defined as the ratio between the
shear force (once the surfaces dide against each
other) and the normal load. Several series of friction
tests were performed, each lasting 1h (about 180
back and forth cycles).

2nm |
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a) b
Figure 2. Chemical-molecular structure of lipids: (a) 1,2-dipal mitoyl-sn-glycero-3-phosphocholine (DPPC), (b)
1-palmitoyl-2-[ 12-[ (7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoy!] -sn-glycero-3-Phosphocholine (16:0-
12:0 NBDPC)
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Figure 3. Experimental friction device a) home-made tribometer to measure the friction coefficient between a
flat glass and a manufactured convex lensin soft HEMA, each covered with alipid bilayer in presence of ultra-
pure water b) - d) Typical friction curves: curve b) isthe back-and-forth shear amplitude Ax applied with timet

on the HEMA surface; curve c) is the transmitted shear force Fs versus time between the two lipid bilayers;
curve d) isthe transmitted shear force Fs versus time trace in the presence of only asingle lipid bilayer; the
adherence peak shows coupling of the two surfaces (HEMA and glass) in contact

3. EXPERIMENTAL SET-UP

The model used for the tribological tests (fig.
4) was composed as follows:

- First body in contact — semi-rigid HEMA
corneal lens hydrated 48h before the test. Hydration
was performed in saline solution 150mM of pH 7, in
demineralised water (OmM of pH=7) and in a saline
solution 150mM of pH 3. The rubbing surface of
the HEMA lens was convex (R=8mm) with an RMS
roughness of several nm.

- Second body in contact - flat glass
(borosilicate) plate with very low roughness (~
0.2nm RMS). Although using glass as the body in
contact changes the model contact conditions in
comparison to a real articular contact, it was a
necessary experimental compromise in order to
visualize the contact in situ and thus understand how
the boundary lubricant responds to tribological
stresses, and in particular for localising dliding.

- Lubricant - three types of lubricant were
used in order to study the adhesion of the lipid
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bilayers on the bodies in contact and the localisation
of sliding accommodation in the stacks of “lipid

bilayers/physiological ~ solution layer”.  These
[ubricants were:
e physiological  solution, used as the

reference,

e a single lipid bilayer deposited on the
HEMA rubbing surface and separated from the glass
surface by physiological solution,

o two lipid bilayers each of them deposited
on a body in contact and separated by a layer of
physiological solution. Each lipid bilayer was
distinguished by specific fluorescent markers,
visible under blue light for the lipid bilayer
deposited on the HEMA and green light for that
deposited on the glass.

- Mechanism — a contact pressure from 0.2 to
0.4 MPaand arelative velocity from 10 to 10° my/s.
These values are redlistic [33, 34] and permit good
visualization of the contact with optical microscopy
and eliminate the hydrodynamic effects.

Glass

L

Lipid
bilayer

Physiological
solution layer

HEMA

Lipid bilayer

Figure 4. a) Model of theqé;ticular tribological triplet: first bodies (HEMA lens and borosilicate glass), third
body, mechanism (pressure and velocity), b) Schematic view of the third body considered in the experiments:
physiological solution between the first bodiesinitially covered with lipidic bilayers



Fluorescence microscopy was used to
visualize the integrity of the lipid bilayer during the
friction tests since this bilayer is transparent under
white light. Two fluorescent markers were chosen
in order to distinguish by visualization the bilayer
deposited on the HEMA and that deposited on the
glass.

Visualization was performed by adjusting the
microscope to the surface on which the lipid bilayer
was deposited for observation. This adjustment was
obtained when the octagonal contour of the
microscope field aperture point became visible and
clear under white light (Figure 4.b). The adjustment
was conserved when using the blue and green
lighting required in visualizing the fluorescent
elements on this surface. Figure 4.a gives a
diagrammatic view of particularities of this
technique when visualising the contact in situ. The
following could be distinguished in the octagon
defined by the microscope lens aperture:

e the “glass — HEMA” contact zone, delimited
by the inner circle (in small dotted lines),

e the edge of the convex part of the HEMA
lens, delimited by the outer circle (in large dotted
lines).

Figure 5 shows the model contact, before
friction, visualized by classical optica microscopy
(white light) (Figure 5.8) and visualized by
fluorescence microscopy with blue light (Figure 5.b)
and green light (Figure 5.c).

The image with white light permits to
identify the inner circle delimiting the contact,
which is invisible in the visualizations using
fluorescence (Figures 5.b and 5.c). It is invisible
because before friction the lipid bilayers were intact
and uniformly distributed, thus in and outside the
contact. Visualization using blue fluorescent light
(Figure 5.b) showed the outer circle delimiting the
convex part of the HEMA lens more clearly.
Visualization of this circle was possible because the
edge of the HEMA lens is depicted by more intense
florescence as it incorporates the fluorescence of the
bilayer present in the thickness at the edge (h in
Figure 4.a).

a)

4. RESULTATSAND DISCUTIONS

Influence of the mechanical parameters of the
mechanism

The results are presented as a function of the
elements of the tribological model (mechanism,
body in contact, lubricant). The influence of the
mechanical and/or physicochemical parameters is
analysed for each element of the tribological model.

The mechanical parameters studied are the
velocity and the pressure.

The influence of velocity is presented on the
basis of 8 series of tests performed with two lipid
bilayers of DOPC. The duration of the tests was
limited to 10 min, i.e. about 45 cycles, due to the
destruction of the lipid layer. The average velocity
was varied from 0.1 to 1 mm/s by step of 0.2 mm/s
from one test to another without causing a
significant variation of the friction coefficient,
thereby confirming the absence of hydrodynamic
effects and implying the boundary type operation
desired.

The general shape of the friction coefficient
curve during a cycle (Figure 1.c) is representative
for the curves obtained for each of the associations
of the body in contact and lubricants presented in
what follows. Obviously, the friction value can vary
with time as a function, for example, with
“biological life” of the bilayers. For the tests
presented here, this evolution was always linear,
which is why only the initial and final values of the
friction coefficient are presented hereafter.

Theinfluence of pressureis presented on the
basis of 6 series of friction tests performed with lipid
bilayers of DOPC. The duration of the tests was
limited to 10 min, i.e. about 45 cycles due to the
destruction of the lipid layer. The normal load was
varied from 1 to 6 N by step of 1N, corresponding to
pressures ranging from 0.2 to 0.4 MPa. These tests
showed that the friction coefficient was not
influenced by variation of normal pressure. This
result suggests that the model used distributed the
tribological phenomena inside the contact area
uniformly, thereby explaining the stability of the
friction coefficient measured.

c)

Figure 5. Visualization with an optical microscope of the model articular contact before friction a) classical
(white light) b) with fluorescence (blue light) c) with fluorescence (green light)



As no significant variations of friction were
measured as a function of velocity or pressure, only
the following values will be used for the rest of the
study:

e a pressure of 0.3 MPa which corresponds to
realistic pressure and

e a velocity of 0.6 mm/s which aids
visualization while eliminating the hydrodynamic
effects.

Influence of physicochemical parameters of the
bodiesin contact

The influence of the physicochemical
(osmotic pressure and pH) parameters of the bodies
in contact is presented on the basis of 3 series of
friction tests and 3 complementary series of
compression tests performed with HEMA lenses
hydrated respectively in: in physiological solution
(150mM, pH ~ 7), water (OmM, pH ~ 7), and in a
buffer solution pH 3 (150mM, pH ~ 3).

These three series of tests were performed
with the lubricant: two lipid bilayers of DOPC
separated by a physiological salt layer. The duration
of the tests was limited to 10 min, i.e. about 45
cycles, due to the destruction of the lipid layer.

Complementary compression tests were
performed by applying a load incremented in steps
of 1 N every 30 minutes. Thistimeinterval between
the load increments was necessary to reach the
balance of stresses within the porous-elastic
structure of the HEMA lens.

The compression curves show (Figure 6.a):

e a reduction of the elastic modulus with the
reduction of the molar concentration of the hydration
solution, i.e. aso with the reduction of osmotic
pressure,

e an increase of the elastic modulus with a
decrease of the pH of the hydration solution.

The friction tests performed with HEMA
lenses hydrated either in physiological solution or in
water provided stable friction coefficient with
similar average values (fig. 6b) in the region of 0.01.
On the contrary, the friction curve obtained with the
HEMA lens hydrated with the buffer solution pH3
produced an increasing of the friction coefficient to
0.07. This difference could be explained by the
increasing of the elastic modulus generated by the
decreasing of the pH. The increasing of the elastic
modulus can increase the defaults of the roughness
of HEMA surface and the tribologica phenomena
are not uniformly distributed inside the contact area.

These results show that the mechanical
parameters of the tribological model are strongly
related to the physicochemical parameters of the
hydration solution of the HEMA lenses. To check
which hydration brings to the HEMA lenses the
closest mechanical characteristics of the articular
cartilage, additional compression tests were
performed using chicken cartilage. Samples of this
cartilage are easy to obtain, with thicknesses varying
between 4 and 5 mm. Fresh cartilage of condyle of
chicken femur was obtained on the same day as the
experiment. These samples were taken from chicken
legs at least one week following their slaughter and
kept, with the synovial membrane, without freezing.
Once removed, the cartilage samples were kept
hydrated in physiological solution. The compression
curves showed (Figure 6.8) sSimilar mechanical
behaviour between the HEMA hydrogel hydrated in
physiological solution and the chicken cartilage.
Consequently, for simulating the articular cartilage
only the physiological solution will be used for the
rest of the study.
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Figure 6. Effect of physicochemical characteristics (pH and osmotic stress) of the first body on: a) Mechanical
comportment. Average value of stressis calculated from 10 experiments b) Frictional behaviour. Average value
of friction coefficient is calculated from 6 experiments. Gray bars represent the initial value and white bars the
final value after 1h of friction. Error bars indicate minimum and maximum measured values of friction
coefficient (solid bar corresponds to initial range and dashed bar to the range of values after 1h friction)
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I nfluence of the physicochemical properties of the
lubricant

The study of the operation of the tribological
model presented in this part is dedicated to the
tribological role of the lipid layers, especialy on the
localisation of dliding in the stacks of “lipid
bilayers/physiological solution layer”. In order to
obtain precise localisation of dliding, the three types
of lubricant presented previously were used:

e physiological solution;

e asinglelipid bilayer;

e two lipid bilayers separated by a layer of
physiological solution.

Lastly, to study the influence of the
physicochemical properties of the lipid bilayers two
types of bilayer were tested:

e DOPC hilayers,
e DPPC hilayers.

For each type of lipid bilayer, a series of 6
tests were performed and the average values of the
friction coefficient obtained at the start and end of
the tests are given in Figure 7. Typicaly, the
duration of the tests was limited to 1h (about 360
cycles) as this appeared sufficient to obtain a stable
friction regime.

The analysis of the origin of changes in the
friction coefficient during a test was performed by
correlating the friction values (Figure 7) to the
interpretation of the visualizations obtained by
fluorescence microscopy given in Table 1. The
results of these correlations in the next three
paragraphs depend on the type of [ubricant tested.
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Figure 7. Effect of lipidic bilayers on frictional
behaviour. Average value of friction coefficient is
calculated from 6 experiments. Gray bars represent
theinitia value and white bars the final value after
1h of friction. Error bars indicate minimum and
maximum measured values of friction coefficient
(solid bar corresponds to initial range and dashed bar
to the range of values after 1h friction)

Case of asinglelipid bilayer (DOPC or DPPC)
The friction coefficients recorded at the
beginning of these tests show that the presence of
the lubricant containing a single lipid bilayer (DOPC
or DPPC) deposited on the HEMA and separated
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from the surface of the glass by physiological
solution resulted in a high friction coefficient (0.08).
For each change of friction’s direction the
coefficient reached a peak value of 0.1 (Figure 1.d).
This particularity may stem from the fact that the
glass surface is very clean, making it electronegative
and favoring the adsorption of the lipid head
belonging to the upper lipid monolayer deposited on
the HEMA. This adsorption occurs via the
formation of an aqueous layer from the
physiological solution that physically links the
positively charged lipid heads, to the surface of the
negatively charged glass. Furthermore, this
adsorption was confirmed by the visualization after
friction of the glass surface, showing the presence of
afluorescent and thus lipid deposit (Figure 8).

Consequently, it is probable that the peak
friction coefficient (0.1) corresponds to the adhesion
to the HEMA and glass surfaces of a single lipid
bilayer present in the contact. Once the tangential
force exceeds the adhesive force, the contact starts
diding. This explains the stabilisation of the value
of the friction coefficient at 0.08. This diding could
be localised either inside the bilayer (between lipid
tails) or in the aqueous layer. According to the
experiments performed by Klein [28] it is most
probable that the dliding is localised in the aqueous
layer whose thickness is estimated at about 0.5 nm.

Due to the adhesion peak and high friction
coefficient, the duration of these tests was limited to
10 minutes (45 cycles), to avoid damaging the
surfaces and even separating the HEMA sample
from its mounting.

In conclusion, the presence in the contact
model of a lubricant composed of a single lipid
bilayer physically adsorbed on the two surfaces in
contact increases the friction coefficient by about 2.5
times in comparison to the friction coefficient
obtained with the reference lubricant (physiological
solution). The two types of lipids tested, DOPC (in
fluid phase) and DPPC (in solid phase), had similar
behaviours. Therefore in this configuration, the
fluidity of the bilayer did not influence the friction
coefficient.

Case of two DPPC bilayer s separated by a layer
of physiological solution

The values of the friction coefficient (0.002)
recorded at the start of the tests show that the
presence of a lubricant composed of two DPPC
bilayers separated by a layer of physiological
solution reduces by a factor of eighteen the friction
coefficient (0.035) obtained with the reference
lubricant  (physiological solution) (Figure 7).
Furthermore, this very low friction coefficient was
maintained throughout the 360 friction cycles (~1h).
Visualizations using fluorescence  microscopy
showed that the low friction coefficient (0.002) was
associated with the non-destruction of the lipid
bilayers located on the glass (image 4B, table 1) and
onthe HEMA (image 4C, table 1).



Table 1. In situ visualization after 1h of friction of the recorded border of the contact zone between HEMA and
glassin presence of single DPPC bilayers (1A-1C), single DOPC hilayers (2A-2C), two DOPC bilayers (3A-3C)
and two DPPC bilayers (4A-4C). Images were performed with white light (LA-4A), green light (1B-4B) to
display the fluorescence from bilayer deposited on glass, blue light (1C-4C) to display the fluorescence from
bilayer deposited on HEMA

Friction direction

Figure 8. Visualization in blue light of the glass
surface after 1h of friction HEMA/glass contact in
presence of single DOPC bilayer. The clear zone

was confirmed (to be the) lipid deposit

Thisfriction coefficient (0.002) obtained with
two bilayers was much lower than that obtained with
a single bilayer (0.08), suggesting that the
tribological performances of the joint model are not
directly linked to the presence of lipid bilayers on
the rubbing surfaces but to the self-assembly of
these bilayers in the multilayers composed of stacks
of lipid bilayers and layers of physiological solution.
This stacking in multilayers, generated and
maintained in vivo by the physicochemical effects
therefore facilitates a very low friction coefficient.
The similitude between these friction coefficients
and those obtained by Klein [35-37] in his
“lubrication by hydrated ions” experiments, leads to
specifying the role of the lipid bilayers. This role
appears to consist in trapping in the lipid multilayer
structures very thin layers of physiological solution
in which sliding accommodation [38] is localised.
Klein [35] estimates the thickness of these layers of
physiological solution at 1nm and explains the
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accommodation mechanism by the electrostatic
effects linked to the presence of positive ions which
inthiscase are Na" and Ca"™.

Case of two DOPC bilayers separated by a layer
of physiological solution

The values of the friction coefficient recorded
a the start of these tests (0.01) show that the
presence of a lubricant composed of two DOPC
bilayers separated by a layer of physiologica
solution, reduces by a factor of three the friction
coefficient obtained with the reference lubricant
(physiological solution), which is 0.035. On the
other hand, the values of the friction coefficient
increased by up to 5 times (0.05) at the end of the
test, i.e. after 360 cycles. Visualization of the
contact under fluorescence microscopy permitted
linking this increase of the friction coefficient to an
increase of the number of fluorescent “stains” visible
under green light and located at the outlet of the
contact (image 3B of table 1). Since these stains
were not visible under blue light (image 3C of table
1) or under white light (image 3A of table 1), they
therefore stem from the lipid bilayer deposited on
the glass which was the only layer visible under
green fluorescent light. In conclusion, these
visualizations show that the bilayer deposited on the
glass was destroyed during friction, whereas the
lipid bilayer deposited on the HEMA remained
intact.

This destruction or not of the bilayers
deposited respectively on the HEMA and on the
glass may have two main origins:

o alower sticking of the lipids on the glass than
onthe HEMA,

o a difference of structure in the two lipid
bilayers due to the incorporation of different
fluorescent lipids in each bilayer. Thus the bilayer



deposited on the glass contains lipids whose
fluorescent part, in green light, is grafted on their
heads, making the latter twice as big as those of the
DOPC lipids. This increase in size creates
roughness peaks (~0.5 nm) that permit drawing the
lipids fluorescent under green light outside the
contact, thereby explaining the fluorescent stains
outside the contact. On the contrary, thisis not the
case for the lipids fluorescent under blue light as the
fluorescent part occurred at the tail without
generating roughness peaks in the bilayer containing
them (bilayer deposited on the HEMA).

Obvioudly, this type of destruction cannot
occur in vivo since joints contain neither fluorescent
lipids nor glass surfaces. Therefore only the friction
values prior to destruction are significant in vivo.

These values compared with those obtained
with the DPPC bilayers show that the DPPC lipids
withstand tribological stresses better than the DOPC
bilayers. Indeed:

o the DPPC hilayers remained intact after one
hour of test whereas the DOPC bilayers were
destroyed under the same stress conditions (pressure
0.3MPa, relative velocity 0.6 mm/s),

e the DPPC hilayers facilitate obtaining a
friction coefficient about five times lower than the
DOPC bilayers.

These differences in tribological behaviour
can be due to differences in the physicochemical
structure of these bilayers. Therefore from the
chemical viewpoint, the presence of double links in
the chemical structure of the DOPC means that these
lipids are highly sensitive to oxidation. This
oxidation generates the defaults in DOPC layers[39]
which can explain the difference of the friction
coefficient. From the physics point of view, the
difference of the friction coefficient can be
explained by the difference of mobility between the
DOPC and DPPC molecules inside the bilayer.
Under the previous test conditions (temperature
~25°C, osmotic pressure ~ 0.07 MPa, mechanical
pressure ~ 0.3 MPa) :

e DOPC lipid molecules are more mobile
inside the bilayer, favoring the expulsion of the
fluorescent lipids from the contact during friction
and thus destroying the integrity of the lipid bilayer
deposited on the glass,

e DPPC lipid molecules have amost null
mobility inside the bilayer, explaining why the
fluorescent lipids were not expelled from the contact
during friction and why the low friction coefficient
was maintai ned.

Once again, these differences could
obviously not exist in vivo since in healthy joints the
presence of lubricin prevents the lipids from
oxidising [17-19]. In conclusion, the results that can
help interpretation for the healthy joint are those
obtained with a lubricant composed of DPPC
bilayers separated by a layer of physiological
solution. On the contrary, the results obtained with
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the DOPC hilayers can be used to understand
pathological changes due for example to enzymatic
oxidation [40-42]. What is more, the coexistence of
fluid lipid phases (such as DOPC) and solid phases
(such as DPPC) in healthy joints requires that future
tribological studies reproduce this difference of
fluidity ex vivo. One solution would be to use, for
example, DLPC type fluid lipids that cause no
oxidation problems and tolerate fluorescent markers
that do not lead to roughness.

5. CONCLUSIONS AND PERSPECTIVES

The joint model proposed in this paper is a
simple experimental model that reproduces the
articular cartilage and lipid bilayers of synovial fluid
in a mechanical and physicochemical environment
close to redity while permitting the use of
tribological instrumentation capable of analysis at
molecular scale. In addition, this model has the
advantage of conforming to the local mechanical and
physicochemical conditions of a joint contact by
using synthetic materials that avoid the conservation
problems caused by living materials.

The tribological results show that the
lubricant formed by the stacking of two lipid
bilayers and a layer of physiological solution leads
to friction that can be 18 times less than the friction
obtained with physiological solution only. This
reduction stems from the localisation of dliding in
the layer of physiological solution “trapped”
between the two lipid bilayers. These results
suggest that the tribological role of the lipid bilayers
is mainly physicochemical. It consists in trapping
thin layers (~1nm) of physiological solution capable
of localising diding, making it possible to obtain a
very low friction coefficient (down to 0.002), due to
a mechanism that could be that of “lubrification by
hydrated ions”, presented by Klein [35-37].

The role of lipid bilayers, when two at least
are present, was highlighted in the case of boundary
lubrication but it is possible that the multilayers have
aso a role in hydrodynamic lubrication. In this
context, nanorheological studies made on surfactant
multilayers showed that this system has a
remarkable resistance to the dynamic stresses [43].
This dynamical resistance may play an important
role in the biolubrication of synovial joint where
lipid multilayers are present not only on rubbing
surfaces but also in their volume [44, 45]. For that
purpose, we are interested in the next future to study
simultaneously the rheological and tribological
response of lipid multilayers and to determine their
role in the hydrodynamic carrying capacity of
synovid fluids.

Furthermore, the results presented in this
paper show that the integrity of lipid bilayers during
friction is essential to obtain a very low friction
coefficient. This integrity ensured on the one hand
by the adhesion of bilayers on the surfaces in



contact, and on the other by their intrinsic
characteristics  (fluidity, oxidation, molecular
geometry) determines their resistance to tribological
stress. The ex vivo reproduction of these parameters
must be considered in future tribological tests.

Lastly, this work shows that the mechanical
(Young Modulus) and tribological (friction
coefficient) properties of the cartilage model
(HEMA) are modified when varying
physicochemical properties (osmotic pressure or
pH). Since this variation of physicochemical
properties has been observed in most synovial joint
pathologies, it is reasonable to assume that using the
joint model described here can also permit studies
into the evolution of pathological parameters in
terms of friction and wear.
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1. INTRODUCTION

Abdominal aortic aneurysm (AAA) diseaseisa
degenerative process whose ultimate event is the
A relatively new
treatment of such an aneurysm is the endovascular
repair: an endovascular graft (stent-graft) is
positioned inside the aneurysm (Figure 1). Because
there are smaller incisions, endovascular treatment is
a promising new alternative to the traditional

rupture of the vessel wall.

surgical repair [1-3].

Figure 1. Endovascular graft in an AAA

However, as with any medical procedures,
endovascular repair has a risk of complications.
Some problems that might occur are endoleak and
stent-graft migration. An endoleak is defined as a
persistent blood flow outside the graft and within the
aneurysm sac [4]. Endoleaks can be classified on
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ANALYSIS OF A BIOMECHANICAL FACTOR
AFFECTING TYPE | ENDOLEAKS IN A
STENTED ABDOMINAL AORTIC ANEURY SM

In order to improve endovascular graft used for the treatment of
abdominal aortic aneurysm, we develop a methodology to analyse
phenomena of type | endoleaks in a non invasive stented abdominal
aorta.  On the one hand, this study provides an evaluation of the
parietal stresses generated by the blood flow. As blood is a shear-
thinning, non-Newtonian fluid, we use the Phan-Thien and Tanner
model, resulting from the polymer rheology. On the other hand, we
develop an axisymmetric finite-element model of the complete
system. Plast2, an explicit dynamic finite element code, is used to
simulate the behavior of the system subjected to hydrostatic
pressure and to the stresses generated by the blood flow. As the
response of the solids is strongly affected by the response of the
fluid, and vice versa, a coupled fluid-structure interaction is
necessary and achieved in this work.

Keywords: abdominal aortic aneurysm, endovascular graft, type |
endoleaks, fluid-structure interaction, computational parametric
sensitivity analysis

the basis of the time of first detection and aso of the
source of perigraft flow. Type | endoleasks are
attachment site leaks and occur in 0 to 10% of
patients. Early type | endoleaks are considered to be
the most dangerous because they frequently induce
migration or AAA enlargement.

So far, there is no mechanical study on the
type | endoleaks. Only one computational work
provides a fully coupled fluid-structure interaction
dynamics of stented AAAS, [5-7]. Firgt, Li analyzed
the pulsatile 3D hemodynamics and itsimpact on the
endograft placement. Then, he investigated the
phenomena of stent-graft migration and type Il
endoleaks (retrograde flow into the aneurysmal sac
from patient side branches). However, in his work,
Li considered the aorta as being elastic and
neglected the blood particle effects.

To provide a better understanding of type |
endoleaks, this paper presents a computational finite
element model of the complete system: aneurysm,
atherosclerosis plaque and endovascular graft. Asa
stented AAA is a strongly coupled system between
blood flow and endograft/AAA wall, a coupled
fluid-structure interaction is achieved.

On one hand, this study provides, in section
2, an evaluation of the stresses generated by the
blood flow. As blood is a shear-thinning, non-
Newtonian fluid, we use the Phan-Thien and Tanner
model, resulting from the polymer rheology, which
accounts for many characteristics of the blood flow.
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The application of this model gives the wall shear
stress and the first normal stress difference. On the
other hand, in section 3, we present the
axisymmetric  finite-element model and the
numerical methods used. This model takes into
account the viscoelastic behavior of the aorta, the
specific geometry of an aneurysm and the presence
of the atherosclerotic plague. Section 4 presents the
results obtained by numerical simulations and
especialy the influence of proximal fixation length
on the occurrence of endoleaks.

2. BLOOD RHEOLOGY

2.1 Blood composition [8]

Blood has a quite complex composition. It
consists of a liquid called plasma which contains
suspended cells. The various blood cells are:

- Red blood cells: biconcave disk shaped, highly
deformable and able to squeeze through minute
gaps. They are the most numerous by far.

- Whiteblood célls;

- Platelets.

2.2 Blood viscosity [9]

When plasma is sheared in a viscometer, it
behaves like a Newtonian viscous fluid: the shear
stress is proportional to the shear rate. The plasma
viscosity is approximately 1.2-103Pa-s. When
whole blood is sheared in a viscometer, its non-
Newtonian character is revealed: the shear stress is
not proportional to shear rate. The blood viscosity is
afunction of shear rate. Blood has a shear-thinning,
non-Newtonian behaviour, as seenin Figure 2.

At very low or very high shear rates, the

viscosity reaches a constant value: g = 5.10%Pas
and p,, =5-103Pas, respectively.
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Figure 2. Shear thinning behavior of blood

Since the red blood cells make about 50% of
the blood volume, the non-Newtonian blood
properties result from the presence of these red
blood cells. The non Newtonian behavior can be
explained by two processes.

- a low shear rates, the red blood cells have a
tendency to stack together like coins, into aggregates
called rouleaux (Fig. 3), leading to a high viscosity.
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- at high shear rates, the aggregates break up and the
red blood cells deform, resulting in alow viscosity.

Figure 3. Rouleauix

Furthermore, blood exhibits normal stress
differences in a shear flow [10]. If the fluid moves
along one coordinate direction called ‘1’ and its
velocity varies only in the coordinate direction
called ‘2, then N;=1,—1,, is cdled the first

normal stress difference and N, =15, — 133, the
second normal stress difference.

2.3 Phan-Thien and Tanner model [11]

We tested different models for the blood
flow. Infact, in many cases, it is difficult to find an
accurate useful material description purely from
continuum considerations. It is instructive to leave
the classical approaches and adopt microstructural
ideas. We decided to use the Phan-Thien and
Tanner model, formulated by following the concepts
of the network theory for concentrated solutions.
This model has already been developed, [14].

The different modifications made to take into
account the shear thinning effect leads to the
following final model, called MPTT model [12]:

Dr;
ki’OFtl“l‘Gi (trTi )Ti = anD
with: G; g =1 (L-&)N; (KT (D)

c; =exp(e tri)
i,0

where:
-1; arethe stresses;

- DRt is anon-affine differential operator;

- D isthe deformation rate tensor;

-& is a measure of the deformation-induced dlip
between the network and the continuum;

- Mm the viscosity given by Carreau equation, which
has following form:

1+E(2- )%

=Tp (1 122) 72 ° @)

m

For details about the model parameters, see[12].



2.4 Application of the MPTT model

We consider the blood flow in an aorta. The
problem is axisymmetric with a parabolic inlet
velocity profile, Figure 4. The maximum velocity
varies sinusoidally with time.

L

r
3
-R;/ z

Figure 4. Flow in the aorta
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Figure 5. Dimensionless shear stress as a function of
radius and time

Width

Time t*

Figure 6. Dimensionless first normal stress
difference as afunction of radius and time

The model was applied to this specia
configuration, [12]. The aorta radius is R=10mm.
Figures 5 and 6 represent respectively the shear
stress and the first normal stress difference induced
by blood flow for the dimensionless MPTT model.

53

3. SYSTEM MODELING

3.1 System geometry

The representative axisymmetric stented
abdominal aortic aneurysm model is shown in
Figure 7. The system congtituts of 3 deformable
bodies: endoprosthesis wall, aorta’s wall and the
atherosclerosis plague.

Atherosclerosis plague

Aneurysm g

Blood flow
1
B _1_» ___________ 0 mm
? N
—F
G0mm

Figure 7. System geometry

We consider a cylindrical self expandable
endograft. The aorta’s wall includes an aneurysm
having a 60 mm diameter. We consider that the
cavity between the endograft and aneurysm wall is
filled with atherosclerosis plaque. This plagueisthe
result of the build up of fibrous and fatty deposits.

3.2 Material properties

The endoprosthesis is considered as a
homogeneous isotropic material. Its elastic behavior
is characterized by an elastic modulus, a Poisson
ratio and a density (Table 1). There are few
experimental data available to characterize the
plague so it is considered here as a homogeneous
isotropic elastic material (Table 1).

A large amount of experimental data on the
mechanical properties is available in the literature.
However, genera indications are quite difficult to
extract. The artery wall consists of three layers:.
intima, media and adventitia, Figure 8. These
consist of elastin, collagen and smooth muscle in
different proportions. This structure leads to a non
linear behavior and we have considered the aorta
homogeneous, isotropic, and viscoelastic. The
elastic properties are listed in the Table 1 and we
have to add arelaxation function G(t).




Table 1. Material characteristics

Endogr aft Aorta and Aneurysm Atheroscler osis plague
Young's modulus, E (Mpa) 50 2.7 0.3
Poisson coefficient 0.45 0.45 0.3
Density, p (kg/m3) 2400 1000 1000

= Adventice

o o_ _t Vasa

vasorum

Figure 8. Artery wall

3.3 Loading and contact conditions of the aorta are not alowed while the radid
A time dependent arterial pressure isimposed enlargement is free.
on the inner aorta wall and on the inner endograft The three interactions endoprosthesis-plaque,
surface, as shown in Figure 9. aorta-plaque and endoprosthesis-aorta are described
as contacts between deformable surfaces.
17000
16000 ~ 34 Numerical method and fluid-structure
& 15000 7 interaction
g 1‘3‘222 / The explicit dynamic finite element code
8 o000 / N PlastD, developed in the laboratory, is used to
= Oenn 1/ simulate the axisymmetric stented aneurysm.
10000 R, In order to help the convergence of the
0O 008 002 013 _0.24 0.34 059 0.78 0.84 S.mulation, numerica| dampl ng can be Used based on
Time the B, integration scheme. The classical difference
Figure 9. Pressure profile upstream the aneurysm scheme can be found when B, =0.5.

We aso load the endograft by an interna
uniform radial pressure which represents its Un = 1
deployment pressure, Figure 10. 1+28,

Finaly the complete system is subjected to
shear and normal stresses induced by the blood flow.
Theses stresses, calculated with the MPTT mode,
are applied through a fluid structure interaction. The
axial displacements of the upper and lower surfaces

[un—1+ At(l— BZ) un—l"‘%(um—l - uﬂ)]

. 2 .
Un = E(uml_un - At u") (4)

Deployment pressure

— Aorta — Endoprosthesis — Plaque

Figure 10. Deployment pressure
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This software uses a forward incremental
Lagrange multiplier method for the contact between
deformable bodies. The contact algorithm uses
slave and target surfaces. It enables the evaluation
of the normal and the tangential contact stresses in
the contact region as well as the determination of
whether the contact stick slide or separate locally.
Rayleigh damping is considered.

The friction law used is the standard
Coulomb friction model.

For the simulation of a stented aneurysm, the
code Plast has been implemented to take into
account aorta viscoelastic behaviour and fluid
structure interaction.

For the linear viscodasticity we used a
multiple element model: the generalized Maxwell
model for stress relaxation, Figure 11.

SIS
G] Gﬂ |
Gng i

T g

TT L]

Figure 11. Generalized Maxwell model
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The expression of function G(t) is:

t

G()=G, + anei e ®)

i=1

The Boltzman superposition principle is used
to get the stress response to a complex strain story:

t
ds(A)

)= | G(t—-A)——=dr. 6
o) = [ Gt-2) = ©)
The deviatoric stress tensor is then obtained.

. G
5j = 2Go(6; — > o), with oy ==~ 7)
k=1 GO

A stented aneurysm is a strongly coupled
system between blood flow and solid walls. Under
blood stresses the aorta-endograft-plaque mesh is
deformed so that the calculation of the fluid stresses
has to be updated. The MPTT model has been
implemented in the code. At each time step, the
informations on the deformed geometry of the
structure are transferred to the MPTT model and
stresses generated by the fluid are calculated. These
new stresses are then applied on the structure.

4. INFLUENCE OF PROXIMAL LENGTH ON
TYPE | ENDOLEAKS

4.1 Methods

Each simulation will include two loading
steps:

- The first step implies the application of only
the deployment pressure on the endoprosthesis. This
step represents the insertion and the deployment of
the endoprosthesis in the aorta.

- During the second step, we let the blood flow
in the system and we apply the arterial pressure and
the parietal blood stresses.

The am is to observe phenomena of
endoleaks, which means separations between the
endograft and the aorta, at the proximal end of the
endograft.

The FE model provides the deformation of
the complete system during severa cardiac cycles
and the interactions evolution between the endograft,
the aorta and the plaque.

With this tool, we aim to identify factors
which influence the propensity of an AAA treated
with an endograft to show type | endoleaks.

The influence of deployment pressure and
friction coefficients have already been tested, see[13].

Inaclinical study, Zarins[14] has demonstrated
the importance of proxima fixation. The post-
deployment distance from the rena arteries to the
proximal end of the stent graft and the proximal
fixation length were identified as factors that may
influence migration and therefore phenomena of
type | endoleaks.

L
—_— E‘_._______ .’E_ __________________
I Blood

Figure 12. Proximal fixation length



These complications appear to be largely
related to low initial deployment of the device,
below the renal arteries, and short proximal fixation
length.

The proximal fixation length is the length L of
the infrarenal neck covered by the stent graft (Fig. 12).
The length L is directly linked to the precision of
deployment of the stent-graft just below the renal
arteries.

We have decided to test three different
proximal fixation lengths, as shownin Table 2.

4.2 Results

In each case we followed the position of the
extreme proximal node on the stent-graft A, Figure
12. Itsinitia positionisgivenin Table 3.

At this node we observe the radia and
longitudinal displacements and also the eventual
occurrence of a contact separation, i.e. an endoleak.
The case 1 is considered as the reference model.

Table 2. Different models

The deployment pressure is fixed to 3000Pa
because, for the parameters of the reference model,
this value induces an endoleak. In these studies, the
displacements and the period of occurrence of type |
endoleak are compared with those of the reference
model.

The displacements of node A in the first and
the second cases are shown in Figure 13. Node A
displacements in the first and the third cases are
shown in Figure 14.

Main observations are summarized below:

- shorter proximal fixation length induces a
greater radial displacement of node A;

- shorter proximal fixation length induces a
greater longitudinal displacement of node A;

The effect of length L upon the occurrence of
type | endoleaks is shown in Figure 15. We found
that a shorter proxima fixation length induces a
sooner separation between the endoprosthesis and
the aorta’s wall.

Radial displacement (mm)

Proximal fixation length L Stent-gr aft total length
Casel 30 mm 120 mm
Case?2 20 mm 100 mm
Case 3 10 mm 80 mm
Table 3. Initia position of node A
Casel Case?2 Case 3
r 10 mm 10 mm 10 mm
ya 60 mm 50 mm 40 mm

035 T T T

03

[=]

]

i
T

o
3]
T

o
m
T

[=]
T

005

o 1 1 1

o 001 o0z 003

004 005 006 007 003 009 01
Time (s)

——L =20mm
—+—L =30mm

L1

N2k

03

o4k

Longitudinal displacement (mm)

05

Rk

a7 I 1 1 1 I 1 1 I 1
0 001 002 003 004 005 006 007 003 009 04

Time (s)

Figure 13. Node A displacementsin cases 1 and 2
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No migration was detected in all cases.

Finally, we have found what it is described in
clinical studies: the proximal fixation length can be
recoghnized as an important element in attaining
optimal early and late outcome. In particular, the
risk of type | endoleak increases with shorter
proximal length.

|
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Figure 15. Period of occurence of type | endoleak in cases 1 and 2

57

5. CONCLUSIONS

Endovascular treatment of an abdominal
aortic aneurysm is a promising new aternative to the
traditional surgical repair. However, endoleaks are a
major unsolved problem when aortoiliac aneurysms
are repaired with endovascular grafts. In this study,



we developed a methodology to observe the contact
between the endograft and the aorta’s wall, and
especialy to analyse when type | endoleaks might
occur.

This work supplies a new numerica
technique, i.e. fully coupled fluid-structure
interaction, which allows a physical insight into the
biomechanics of stented AAAs. With this numerical
tool, one can identify the factors that may predispose
the stented aneurysm to type | endoleaks.

Our previous investigations concerned the
influence of friction coefficient, [13]. In this study
we were particularly interested in the influence of
proximal fixation length.

Type | endoleaks after endovascular
aneurysm repair appears to be largely related to
precision of deployment of the stent-graft just below
the renal arteries and the length of proximal fixation
achieved after device deployment. This result
highlights the importance of the technical aspects of
stent-graft deployment.  Improved intraoperative
imaging and deployment techniques, together with
improved patient selection, may result in achieving
increased length of proximal fixation at device
implantation.

For the future, our attempts are to identify
other factors (stent graft mechanical properties, aorta
mechanical  properties) which influence the
propensity of an AAA treated with an endograft, to
develop endoleaks.
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GEOMETRICAL CONSIDERATIONS RELEVANT
TO THE INITIAL STABILITY OF HIP
PROSTHESES

The stability of hip prostheses is one of the determining factors for
their long-term performance. Certainly in the case of cementless
implants, where the prosthesis stem is only fixed to the bone by a
so-caled interference fit, sufficient stability is hard to achieve.
Peroperatively manufactured custom-made stems, which give
optimal fit and fill of the intramedullary canal, might resist the daily
loads on the hip better than standard stems. However, alarge variety
of stem geometries can be expected with this technique. We used the
principle of virtual work and a straightforward mechanical model to
obtain algebraic formulas to estimate the role of the geometry of
custom-made hip stems on their initial stability. The initial stability
of 10 custom-made hip stems was estimated and compared with the
stability of the Charnley and 3M Capital hips.

Keywords: hip implants, custom-made implants, initial stability,
geometry, analytical model

1. INTRODUCTION

The stability of orthopaedic implants with
respect to the host bone is determined by a
combination of two factors: the resistance of the
implant-bone system against displacement under
loading on the one hand and the magnitude of the
loads imposed upon this system on the other hand. A
good initial stability is an important prerequisite to
achieve long term functionality of cementless
implants [1].

If the prosthesis is not sufficiently well fixed
initially to the surrounding bone and it undergoes
too much relative displacement under loading, a
strong lasting interface with living bone (so-called
osseointegration) will not be established [2] and the
implant will fail by loosening [3].

While the resistance against displacement of
cemented implants is more or less guaranteed by
interlocking of the bone cement with the pores of the
trabecular bone [4], cementless implants initially
have to rely on an interference fit with the
surrounding bone [4, 5]. To achieve interference fit
in the case of hip implants, the shape of the hip stem,
the characteristics of the implant-bone interface (e.g.
the friction coefficient) and the pre-load (achieved
during implantation) are the most important
parameters [6].

Since the intramedullary canal can be highly
irregular in form, the optima stem geometry to

obtain sufficient fit and fill can only be realised by
custom-manufacturing the stem during the operation
[7, 8]. Thus, custom-made stems, by their very
nature, cover a wide range of different shapes in
contrast to standard hip stems for which only a few
sizesare usualy available.

A system to produce such hip stems was
developed about twenty years ago at our division, in
collaboration with the university hospital [9]. Since
then, more than four thousand patients have had an
implant of this kind. A survival study showed that
our hips performed dightly better after ten years
than the cemented Charnley prosthesis (which can
be considered as the “gold standard” [10, 11]), and
performed much better than most other cementless
implants[12].

We wanted to find out how, in our custom-
manufacturing system, size and shape of the stem
are related to its resistance against subsidence, axial
rotation and sideways tilting (which are the three
most relevant loads on the hip). Rather than
performing a finite element analysis for a number of
stem geometries, we chose to work out a less
realistic, but much simpler and faster model.

Afterwards, the model was applied to
estimate the resistance against displacements of a set
of ten, previously implanted custom-made hip stems.
As a negative control, we also applied the model for
two cemented hip stems, the Charnley and the 3M
Capital.
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Indeed, because these stems are designed to
be cemented, their geometry is not optimised to
achieve a high resistance against displacement. This
paper presents the model that we developed and the
results of an estimation of ten custom-made stems as
compared to the Charnley and the Capital stem.

2. METHODSAND MATERIALS

2.1Model description

We consider the hip stem as a rigid body in
our simple model. The geometry of the stem surface
is described by a point cloud and can be divided in a
set of triangles (a so-called STL-description). The
stem is supposed to be in contact with supporting
bone with equal thickness over the entire surface.
Each triangle is only supported by a beam of bone
located directly underneath the triangle. The other
end of the beam is assumed to be rigidly fixed. The
mechanical resistance of the bone present at the
sides of the triangle is neglected. Thus, the whole
bone structure is reduced to a set of unconnected
beams of bone.

The bone beams behave as a linear elastic

material. We assume that the resistive forces F

from the supporting bone act at the centre of gravity
C; of each triangle and are perpendicular to its
surface. Furthermore, frictional forces are neglected
(although friction could be easily implemented in a
later stage):

—

F=-Fn, (1)

for each trianglei.

The normal vector is directed to the outside
of the prosthesis surface, while the force is of course
directed towards the surface, hence the minus sign.

F;, the magnitude of the resistive force, can
be written as (Figure 1):

=[S,
gOi

Where E is the Y oung's modulus of bone, A;
is the area of triangle i, £ is the thickness of the
supporting bone when it is undeformed and Ag; is
the change in thickness of the bone due to
displacement of the prosthesis. A¢; can also be
written as.

@

Al = Arg -1y 3)

when

Arg-n, >0, and
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Al =0,

when

—

Arg-n <0,

with Fm' the displacement of the centre of gravity
of trianglei.

Ar, and n. should have the same sense,
because otherwise the prosthesis becomes loose in
point C;.

Figure 2.a shows a prosthesis with the
externa load R on the head H that it experiences.
This situation is of course mechanically equivalent
to the situation shown in Figure 2.b, where the

moment M in point O is due to the pure force R on
the head H of the prosthesis (in other words: M can

be deduced from R as. M =RxHO). We will
work further with the representation in 2b.

2.2Materials

The resistance against subsidence, axial
rotation and sideways tilting was derived for a set of
ten randomly selected custom-made hip stems.
These were clinically relevant stems that were
previously implanted in patients.

The results were compared with the results
for a standard Charnley hip stem and a 3M Capital
hip stem (both of which are cemented prostheses).
Since cemented stems are not specifically designed
to give a high resistance against displacement for
which they rely on cementation, they can be
considered as negative controls. We expect these
two stems to show lower resistance against
displacement than our custom-made stems.

F
n

F =6.A = Ec.A = EACA, = EAJE,. AL,

Figure 1. One element of the prosthesis surface
supported by bone

We used for E avalue of 15 GPa and for €5 a
value of 1 cm (thus assuming that the prosthesis
stem rests against a cortica bone wall with a
thickness of 1 cm).

The geometry in a frontal view of the
cemented stems and of the most stable and least
stable custom-made stems is shown in Figure 3.



a

b

Figure 2. Loading on a hip prosthesis
a) single force on the head, b) combination of force and moment on the stem

@ (b) (© (d)

Figure 3. Frontal view of the (a) Capital, (b) Charnley, (c) least stable custom-made and
(d) most stable custom-made implants

3. RESULTSAND DISCUSSION

3.1Resistance of a hip stem against displacement
The principle of virtual work says that in
static equilibrium the following equation must hold:

R-5iy+M 30+ Y F -5, 0. @

Combining (4) with the equations (1), (2) and
(3) leads to:

ﬁ.@m.s—e‘_zﬁi‘\i

i Oi

.E.EJ.H{.%}:Q ©)
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in which the sum is made for al triangles where
FC; : ﬁ; >0.

The virtual displacement &r, of C; can be
written as:

_ = s ——  ——  —  —

8y =0ry +00x OC, = 8r, +60xT1, . (6)
Likewise, the real displacement Arg of C
can be written as:

—_— — s —— —— —— —

Arg; = Ary + AOx OC, = Ary + AOxT . @)



The prosthesis stem has six degrees of
freedom. Thus, vector equation (5) gives rise to six
scalar equations. In this paper, we are only
interested in the three equations corresponding with
subsidence, axial rotation and sideways tilting.

3.1.1Subsidence
This corresponds with a virtual displacement
along the vertical stem axis:

8ty =(0 0 -dr,)and36=(0 0 0). ®)
Using (8) in (6) gives:
g =(0 0 =dry), ©)

and the set of equations (5) leads to only one non-
zero eguation:

_RZ+Z|:[E€Ai Egﬁljn|z:|:0
1 Oi

If we assume that the real displacement of the
prosthesis due to this load is a trandation in the
vertica direction Az (which is a further
simplification), we get:

(10)

—RZ+ZKE£Ai -Az-niz}niz}:o, (11)
! 0i
or:
AZ:EL' (12)
7ZAI .niz2
0, 4

If we define the resistance against subsidence
as the amount of force which is needed to make the
prosthesis subside one unit of displacement, this is
equal to:

E'ZAi n,’. (13)
ly, 5

3.1.2Axial rotation
This corresponds with avirtual displacement:

8ty=(0 0 0)and30=(0 0 &6). (14)
Using (14) in (6) gives:
STCi' :(_yCi 80 X 00 0)! (15)

and the set of equations (5) leads to only one non-
zero equation:
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0.3

If we assume that the real displacement of the
prosthesis due to thisload is arotation A8 around the
vertical axis (which is a further simplification), we
get:

'E'EJ'(XCiniy ~Yailix ):| =0.(16)

E :(_yci -AB X¢i A 0) (17)
and:
EA.
M, - S (=Yg +Xgh, 'Ae]'
ZK Co (Yon,+xan, ) (18)
'(_ycinix + XNy ):| =0
or:
A6 = M, (19)

Z‘ZAi '(_yCinix + XNy )2

If we define the resistance against axial
rotation as the external moment which is needed to
make the prosthesis rotate over one radian, this is
equal to:

E
g_'ZAi .(_yCiniX +Xg Ny )2 . (20)
o i

3.1.3Sidewaystilting
This corresponds with avirtual displacement

8, =(0 0 0)and36=(0 8¢ 0). (21)
Using (21) in (6) gives:
8 =(26, -3¢ 0 —Xg-30) (22)

and the set of equations (5) leads to only one non-
Zero equation:

M, _ZHEgAI 'Fci"ﬁi}(zdnix
i oi

—xCiniz)} =0.(23)

If we assume that the real displacement of the
prosthesis due to this load is a rotation A¢ around
the horizontal axis (which is, again, a further
simplification), we get:

_—

Arg = (ZCi A 0 —Xg 'A(P) (24)

and:



W _ZKE: (2ams "XCi”iz)'A@j' (25)
.(ZCi Nix = XNy, )} =0
or:

EE'ZAi '(ZCinix — XN, )2
0 I

If we define the resistance against sideways
tilting as the moment which is needed to make the
prosthesistilt over one radian, thisis equal to:

gE.ZAi ’(ZCinix — X, )2 ' (27)
0 i

3.2Resistance of the different stem types

Based on the above derived formulas, we can
now calculate the resistance of each stem against the
three displacements. These resistance values are
shown in Table 1. For the ten custom-made designs
only the average, standard deviation and range are
given.

Table 1. Resistance againgt subsidence, axid rotation
and sidewaystilting for the different stem geometries

Subsidence Axid Sideways
rotation tilting

[10° N/m] [10" Nmvrad]  [10" Nmvrad]
Average 6.66 14.38 2.95
StdDev 217 6.95 2.04
Min 3.14 242 0.66
Max 10.80 23.80 7.50
Charnley 1.83 247 0.62
Capital 1.85 1.67 0.41

Average geometric resistance values for the
uncemented custom stems are significantly higher
than for the cemented reference stems (p<0.01). This
was expected, as the custom stems cannot rely on
cement for primary stability. Nevertheless, also
cemented stems need sufficient stability within their
cement mantle to avoid fretting between the stem
and the cement. The low resistance against
displacement of the cemented stems could present a
problem in this respect. Regarding resistance against
rotation and tilting, the Capital has the lowest values
of all considered designs and also the highest failure
rate [12, 13].

These findings support the relevance of the
derived geometric parameters for the stability of hip
prosthetic stems, athough the comparison between
cemented and non-cemented designs requires further
analysis.
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A preliminary validation of the anaytica
model was performed on two stem geometries by
comparing rotational displacements obtained from
finite element models of two stem geometries with
estimates from the analytical model. Although the
relative ranking of the stems was the same for both
methods [14], a quantitative agreement was not
found and not expected because of the unredistic
simplifying assumptionsin the analytical model.

4. CONCLUSIONS

A very simple mechanicak model was
developed to estimate the resistance against
subsidence, axial rotation and sideways tilting of hip
stems, taking only their geometry into account. The
model led to three very simple algebraic equations
which are easy to evaluate if the stem surface
geometry is described as a set of triangles (so-called
STL-description).

The mode currently neglects friction and
assumes a perfect fit and fill of the prosthesis stem
within the surrounding bone. Eliminating the need
for these two (rather unrealistic) assumptions will be
the next step of the development.

The model was then applied for a set of ten
custom-manufactured cementless hip stems and two
cemented stems. Although the resistance against
displacement of the custom-made stems covered a
wide range of values, each of these stems had a
significantly higher resistance against displacement
than the cemented stems for all three load cases.
This was more or less as expected, since custom-
made cementless stems are specificaly designed to
achieve a nearly perfect fit and fill within the
intramedullary canal.

It was, however, not expected that even the
least stable custom-made stems still had more
resistance against displacement than both cemented
stems.

Future work will include validation of this
relation with both experimental and clinical data
(e.g. with migration measurements) from custom hip
stems.
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A METHOD BASED ON VIBRATION ANALYSIS
TO ASSESS THE STABILITY OF PARTIALLY
CEMENTED HIP STEMS-A CLINICAL STUDY

A change of the boundary conditions of an implant can be indicated
by an dteration of the vibrational behaviour of the implant-bone
structure. In the case of partialy cemented hip stems the contact
conditions vary between different situations: uncemented stem and
cemented stem with the cement in different polymerisation stages.
A pilot study was set up to study the feasibility of monitoring the
curing of poly-methyl methacrylate (PMMA) bone cement in situ
by vibration analysis during a total hip replacement (THR)
procedure. The frequency response function (FRF) evolution
reflected the changes at the bone-implant interface due to the
presence of the cement.

Keywords. cemented hip implant, boundary conditions, cement
curing, vibration analysis, frequency response function

1. INTRODUCTION

Custom made hip stems (Advanced Custom
Made Implants, Leuven, Belgium) are designed to fit
and fill as much as possible the femoral cavity to
obtain a good stability and their geometry depends
on the patient’s femur properties [1]. After preparing
the femoral shaft by removing al very soft or very
loose cancellous bone tissue, a mould is taken of the
cavity by injecting an elastomer into a very thin
rubber bag, Figure l.a. The surgeon evaluates the
patient’s characteristics and decides if the hip stem
will be inserted without using cement (cementless
stem) or if the hip stem will be partially cemented in
distal part (hybrid stem).

For a partially cemented stem, the distal part
is made thinner than the corresponding femoral
cavity to alow the necessary space for the cement
layer between the implant and the bone. The
proximal part of the stem is designed to have direct
contact with the bone and fills completely the
corresponding cavity. Using the mould and
following the surgeon’s instructions, a hip stem is
manufactured in the shortest possible time, during
surgery [1, 2]. Figure 1.b shows a mould and the
corresponding hybrid hip stem.

When poly-methyl methacrylate (PMMA)
bone cement is used, the quality of fixation will not
be optimal if the prosthesisis manipulated before the
cement is completely cured. The instructional leaflet

provides curing times estimated under standardised
conditions, but in situ curing times in individual
patients may vary. Curing is often monitored on a
separate sample volume of the cement batch
prepared for the implantation. This alows only
approximate monitoring and often overestimates the
curing time.

A per-operative protocol was set up to study
the feasibility of monitoring the curing of PMMA
bone cement in situ by vibration analysis during a
total hip replacement (THR) procedure. The stability
of hybrid hip stems was studied in different
situations (uncemented and cemented stem with the
cement in different polymerisation stages) using
frequency response function (FRF) analysis.

A change in the stability of an implant can be
indicated by an alteration of the vibrationa
behaviour of the implant-bone structure [2 - 12] and
the analysis of FRF evolution was successfully used
to assess the hip implants stability in previous in
vitro studies [2, 9, 10, 13]. An FRF shift to the right
indicates an increasing stiffness [14] of the stem-
bone structure, thus an increasing stability of the
implant. If the FRF is not changing between two
measurements, then the mechanical properties of the
structure did not change between the two
corresponding stages.

This paper presents the partid results
obtained in a pilot experimental study performed in
per-operative conditions.
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Figure 1. Custom made hip stem
a) mould technology, b) mould and corresponding hip stem

2. MATERIALSAND METHODS

The experiments were performed on custom
made hybrid hip stems that were partially cemented
distally [1] using poly-methyl methacrylate bone
cement (Palacos®).

At various stages of cement curing, the input
force of the excitation signal and the response
acceleration of the stem-femur structure are
measured in the range 0-12.5 kHz using a Pimento
vibration analyser (LMS International). The
spectrum analyser is connected to a portable
computer which calculates and records the

corresponding FRFs using appropriate software
(Pimento 5.2, LMS International). Only the 0-10
kHz interval isused for analysis.

The neck of the prosthesis is excited by a
shaker (Bruel & Kjaer model 4810) by white noise.
The input force and the response acceleration are
measured in the same point using an impedance
head (PCB Piezotronics model nr 288D01). The
impedance head is mounted on the shaker and the
attachment to the prosthesis neck is realised through
a stinger provided with a clamping system which
allows a rigid and stable connection during the
measurements.

Figure 2. Measuring hardware
Left: a) vibration analyser Pimento, b) portable computer, c) power amplifier
Right: a) femur, b) hip stem, ¢) clamping system, d) stinger,
€) impedance head, ) shaker



The excitation system uses low amplitude
vibrations and introduces approximately 0.5W of
power into the femur-prosthesis system. This is
considered as safe and no adverse effects have been
reported by other authors using a similar excitation
system[5, §].

The hardware and the experimental setup
used in this study are represented in Figure 2.

Volunteering patients in the orthopaedic
hospital Pellenberg, Belgium, were included in this
experimental pilot study after informed consent and
approval by the institutional review board.

In afirst stage, the surgeon inserts completely
the stem in the femoral canal through hammer
blows, without cement, for a trial reduction of the
artificial joint. In a later stage, the stem is removed,
cement is introduced in the distal part of the femoral
canal, the stem is re-introduced and, after the cement

Figre 3. Theinsertion of p

artially cemented hi em

has fully cured, the implant is supposed to be well
fixed.

The FRF was measured as follows:

o After completely insertion of the stem
without cement.

o After completely insertion of the stem with
cement at 6, 10, 12, and 14 minutes after cement
mixing.

In anormal situation, the cement is still easily
malleable at 6 minutes, the polymerisation is in
progress at 10 minutes and the curing process is
finished at 12 minutes. The FRF is measured at 14
minutes to confirm the cement stability.

In some cases the obtained FRFs were
compared using the normalised cross correlation
function (NCCF).

The insertion process of a partially cemented
hip stem isillustrated in Figure 3.

O

sl

a) the beginning, b) hammering,
¢) thefinal stage, d) the final stage — different view

3. RESULTS

Nine cases of partialy cemented custom
made hip prostheses were studied.

A set of FRF graphs of atypical stem-femur
system during cement curing at 6-10-12-14 minutes
after cement mixing is shown in Figure 4.

The highet FRF graph peaks can be
observed above 4000 Hz. The frequency peak
mostly influenced by the curing of the cement
shifted from 7180Hz to 7680 Hz between the initial
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stage (6 minutes) and the final stage (14 minutes)
after the cement mixing. There is no noticeable
difference between the FRF graphs corresponding to
12 and 14 minutes stages in all nine studied cases.

In seven cases, representing 77.8%, an
important difference was observed between the FRF
graph corresponding to the cementless stage and the
FRF graph corresponding to the cemented stage, in
frequency and amplitude.

Two typical such examples are shown in
Figures5.aand 5.b.
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Figure 4. FRF graphs of atypical stem-femur system during cement curing at 6-10-12-14 minutes after
cement mixing. The resonance frequency of the vibration mode associated with the cement increases from
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Figure 5. FRF and NCCF graphs

a)-d) FRF graphs for hip stems completely inserted in femur in two different boundary conditions
(uncemented and cemented after complete curing of the cement)

a)-b) Two of seven similar cases when an important FRF graph change was observed

¢)-d) The two cases when the difference between FRF graphs was not very important

€) NCCF calculated for the FRFs represented in Figure 5.c
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f) The maximum value of the NCCF represented in Figure 5.e (detail)



In the other two cases, although an amplitude
ateration could be noticed, the resonance
frequencies did not substantially change (Figure 5.c
and 5.d). In order to analyse the FRF evolution for
the case presented in Figure 5.c, the normalised
cross correlation function (NCCF) was calculated
(Figures 5.e and 5.1).

4. DISCUSSION

The structures analysed in this study are
composed by stinger, hip stem, cement and femur.
During the measuring process, the single variable
element is the connection between the stem and the
femur which is influenced by the presence of the
cement and its mechanical properties depending
upon the polymerisation process. Thus, the
resonance frequencies of the studied structures are
influenced only by this variable.

When polymerisation sets in, the resonance
frequency of the vibration mode associated with the
cement will increase by several hundred Hz (arrow
on Figure 4). When the polymerisation is complete,
no further changes are observed in the FRF. In
Figure 4, the FRFs at 12 and 14 minutes after
cement mixing are nearly identical; similar patterns
were observed in all cases of the pilot study.

During the per-operative protocol, in a first
stage, the stems are introduced in the femur without
cement and, as a consequence, they are well fixed
only in the proximal part. The stability of the same
implants should increase after curing of the cement
because the dista part is then rigidly fixed in
cement. Thus, the comparison between the
uncemented stage and the cemented stage, after the
cement fully cured, presents a particular interest
because it allows assessing the stability increase
after cementation.

In seven cases the FRFs indeed shifted to the
right indicating an increased <tiffness, i.e. an
increased stability. An important change of the FRF
graph shape was also observed, which indicates an
important change of vibration modes as result of an
important change of boundary conditions.

In two cases the FRF change was not very
important and the resonance frequencies
corresponding to the highest FRF peaks did not
substantially increase. The interpretation could be
that the implant stability did not considerably change
after cementation. Probably the stems were already
quite well fixed in non cemented stage.

Although the FRF evolution is a good
indication concerning the stability evolution, in
some cases the FRF graph changes are complex and
difficult to evaluate directly (Figure 5.c). It is
possible to extract more information from the
subsequent FRFs using the NCCF. The NCCF
calculated between two FRF graphs assesses the
direction and the magnitude of the FRF graph shift.
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The abscissa of the maximum value of the cross
correlation function indicates the displacement
direction. A positive value means that the current
FRF graph shifted to the right with respect to the
previous FRF graph. The maximum value of the
cross correlation function indicates the similarity of
the two FRF graphs. When two graphs are identical,
the cross correlation function becomes the
autocorrelation  function and its normalised
maximum has the coordinates x=0 and y=1.

An analysis using the NCCF (Figures 5.e and
5.f) shows that the FRF graph shifted dightly to the
right after cementation, thus the stability did
improve somewhat.

5. CONCLUSIONS AND FUTURE WORK

In a per-operative experimental pilot study, it
was shown that the curing of bone cement in a
partially cemented hip stem system can be
monitored by vibration analysis.

During the per-operative procedure the
change of boundary conditions and implant stability
between different stages are reflected by the FRF
evolution and the most sensitive frequency band is
above 4 kHz. This observation is in accordance with
the work of Qi et al [15].

The FRF graphs corresponding to the non
cemented and cemented stages could be used in
further THR studies as a reference for distal
loosening and, respectively, well fixed hip stems.

The per-operative experimental study should
be completed and validated by an appropriate post-
operative follow-up of the patients. In an ongoing
clinical study, part of project OT/03/31, migration of
the stems is followed up by Roentgen
Stereophotogrammetric Analysis (RSA) and bone
remodelling is followed up by Dual energy X-Ray
absorptiometry (DXA). Conventional follow-up by
clinical examination, radiographs and standardised
guestionnairesis also part of the protocol.

ACKNOWLEDGEMENTS

This research was partially funded by a grant
from the K.U.Leuven research council (OT/03/31).

Custom made hip prostheses provided by
courtesy of Advanced Custom Made Implants
SA./N.V., Leuven, Belgium.

REFERENCES

1. Mulier, J.C., Mulier, M., Brady, L.P,
Steenhoudt, H., Cauwe, Y., Goossens, M., Elloy,
M.A., 1989, “A New System to Produce
Intraoperatively Custom Femoral Prosthesis from
Measurements During the Surgical Procedure,” Clin.
Orthop Rel Res; 249: 97-112.



2. Padtrav, L.C., Jaecques, S.\V.N., Deloge, G.,
Mulier, M., and Van Der Perre, G., 2005, ,A
System for Intra-Operative Manufacturing and
Stability Testing of Hip Prostheses,” Proceedings of
Xllith  International  Conference on  New
Technologies and Products in  Machines
Manufacturing and Technologies (TEHNOMUS
X)), May 6-7, University “Stefan cel Mare”,
Suceava, Romania, Published by University of
Suceava, Ed. |. Dumitru, ISBN 973-666-154-7, pp.
505-510.

3. Meredith, N., Shagaldi, F., Alleyne, D.,
Sennerby, L., Cawley, P., 1997, “The Application
of Resonance Frequency Measurements to Study the
Stability of Titanium Implants During Healing in the
Rabbit Tibia,” Clinical oral implant research; 8:
234-243.

4. Van der Perre, G., 1984, Dynamic analysis of
human bones. In: Functional Behaviour of
Orthopedic Biomaterials; Vol I: P. Ducheyne and
G.W. Hastings, Eds., CRC Press, Boca Raton, 99-
159.

5. Rosenstein, A.D., McCoy, G.F., Bulstrode,
C.J., McLardy-Smith, P.D., Cunningham, J.L.,
and Turner-Smith, AR, 1989, “The
Differentiation of Loose and Secure Femora
Implants in Tota Hip Replacement Using a
Vibrational Technique: An Anatomical and Pilot
Clinical Study,” Proc. Instn. Mech. Engrs.; 203: 77-
81.

6. Li, P.L.S, Jones, N.B., and Gregg, P.J., 1995,
“Loosening of Total Hip Arthroplasty; Diagnosis by
Vibration Analysis,” J Bone Joint Surg; 77: 640-
644.

7. Li, P.L.S,, Jones, N.B. and Gregg, P.J., 1996,
“Vibration Analysis in the Detection of Total Hip
Prosthetic Loosening,” Med. Eng. Phys.; 18: 596-
600.

8. Georgiou, A.P. and Cunningham, J.L., 2001,
“Accurate Diagnosis of Hip Prosthesis Loosening
Using a Vibrationa Technique,” Clinical
Biomechanics; 16: 315-323.

70

9. Jaecques, SV.N., Pastrav, C., Vegehan, E.,
and Van der Perre, G., 2004, ,Analysis of the
Fixation Quality of Cementless Hip Prostheses
Using a Vibrational Technique,” Proceedings of
ISVIA2004 International Conference on Noise and
Vibration Engineering, September 20 - 22, Eds. P.
Sas and M. De Munck, K.U. Leuven, Belgium,
ISBN 90-73802-82-2, pp. 443-456.

10. Jaecques, S.V.N., Pastrav, C., Van der
Perre, G., 2004, “Analysis of the Fixation Quality
of Tota Hip Replacements Using a Vibrational
Technique”, Proceedings of ESDA 2004, T7th
Biennial Conference on Engineering Systems Design
and Analysis, July 19-22, Manchester, United
Kingdom, CD-ROM ISBN 0-7918-3741-6, paper-1D
ESDA2004-58581, 10 pp

11. Nokes, L.D.M., 1999, “The Use of Low-
Frequency Vibration Measurement in Ortho-
paedics,” Proc. Instn. Mech. Engrs. 213H: 271-290.
12. Collier, R.J., Donarski, R.J., Worley, A.J.
and Lay, A., 1993, “The Use of Externally Applied
Mechanical Vibrations to Assess Both Fractures and
Hip Prosthesis,” in: Micromovement in Ortho-
paedics, A.R. Turner-Smith, Ed., University Press,
Oxford, 151-163.

13. Jaecques, S., Pastrav, L., Mulier, M., Van
der Perre, G., 2005, ,,Determination of THR Stem
Insertion Endpoint by Vibrational Anaysis,” in: R.
Cabral, M. Cassiano Neves, C. Camilo, Eds,
Transactions of the EORS, Voal. 15, p. 92, ISBN:90-
9018444-9, published by Soc. Portuguesa de
Ortopedia e Traumatologia.

14. Heylen, W., Lammens, S., Sas, P., 1997,
Modal Analysis Theory and Testing, Katholieke
Universiteit Leuven, Departement Werktuigkunde,
Leuven.

15. Qi, G., Mouchon, W.P., Tan, T.E., 2003,
“How Much Can a Vibrational Diagnhostic Tool
Reveal in Tota Hip Arthroplasty Loosening?”
Clinical Biomechanics; 18: 444-458.



ISSN 1220 - 8434

LuminitaIRIMESCU!

e-mail: lumi@fim.usv.ro

FlorinaCIORNEI*

Emanuel DIACONESCU* Afin  d'évaluer ‘
comparativement les contacts sphere — plan et galet — plan, pour la

méme distribution des contraintes de contact.

Les essais expérimentaux ont donné une bonne validation
qualitative du modéle analytique proposée pour le microglissement
a l'interface d'un contact élastique en roulement

Keywords: microglissement, frottement en roulement, surface de

Yves BERTHIER?

! University of Suceava, ROMANIA
2 Laboratoire de Mécanique des Contacts et des
Structures, INSA Lyon, FRANCE

contact

1. MODELISATION

Pour étudier l'influence des déformations
élastiques des deux corps en contact avec roulement
sur la vitesse relative a l'interface, une modélisation
en trois dimensions de la vitesse relative a été mise
au point, pour le cas d'un contact elliptique, général.

La modélisation se base sur les hypothéses
suivantes :

- les deux corps en contact sont parfaitement
élastiques et lisses ;

- les éléments de contact sont calculés avec les
relations de Hertz ;

- les déformations plastiques sont négligées.

Suivant la théorie du contact élastique, la
projection de la surface de contact sur le plan
tangent commun au point initial de contact est
dénommeée aire de contact. Souvent, dans I’analyse
des contacts ponctuels la surface de contact est
remplacée par I’aire de contact. En réalité, cette
approximation est correcte seulement dans le cas des
contacts avec une surface de contact plane, [1], dans
tous les autres cas cela modifie les résultats.

Pour un contact avec roulement et la force
tangentielle appliquée nulle, le mouvement est
nommé, généralement, "roulement pur". En fait,
cette définition est correcte seulement dans le cas
des contacts avec une surface de contact plane, [1].
Le formalisme utilisé en [1] a été développé pour
d'autre type de contact [2], négligeant le fait que
dans de tels cas, la surface de contact ne coincide
plus avec sa projection sur le plan tangent commun.
Dans ces cas, se pose le probleme d'évaluer I'effet du
microglissement induit par les déformations
élastiques sur la vitesse relative a l'interface.

Pour cela, on considere le cas d’un contact
général, type galet — plan, chargé normalement avec
la force P, Tableau 1. Les corps sont rapportés aux
deux systémes de coordonnés cartésiennes Oxyz; et
Oxyz,, avec l'origine au point initial de contact des
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le frottement a [linterface, on a étudié

deux corps et Ox dans le plan tangent commun,
paralléle a la direction de roulement. Les axes Oz;
et Oz, sont colinéaires et suivent la normale
commune des deux surfaces en contact (1-cylindre,
2- galet). Les deux corps ont un mouvement de
roulement avec les vitesses angulaires m; et m,. Riy
et Ry, sont les rayons de courbure des deux corps
dans le plan xOz; et Ry, et Ry, les rayons de
courbure dans le plan yOz, (Rix= Ry,=x). A cette
géométrie correspond une aire elliptique de contact
avec les demi-axes a et b, donnée par la théorie de
Hertz. La répartition des pressions normales sur
I'aire de contact est donnée par:

_ 3P x\V (yY
p(X:Y)—m 1—(;] _(EJ , 1)

ou P est la charge normale appliquée quasi-
statiquement au contact.

Le modéle d’un contact élastique peut étre
remplacé par le modéle d’un contact équivalent entre
un poingon rigide avec une géométrie équivalente et
un demi-espace élastique ayant des paramétres
élastiques équivalents, [3], [4]. L’équation de la
surface frontale du poingon équivalent est:

2(x,Y) =2y (X, ¥) + 2, (X, ) 2

ou zj(X,y) et zix(x,y) sont les équations des surfaces
limitrophes initiales des deux corps, avant
déformation.

Dans la théorie hertzienne des contacts
ponctuels, les surfaces limitrophes des solides en
contact sont approchées par des paraboloides
elliptiques. La géométrie des contacts intervient
dans les calculs seulement par l'intermédiaire des
rayons de courbure principaux des surfaces. Dans le
calcul présenté ici on a considéeré les équations des
surfaces initiales réelles.



La condition de déformation de Hertz est:
=]
L

ou J est le rapprochement des solides en contact;
1 - la constante élastique des deux corps (la rigidité
2 2

du contact), n = 17v  1-vy :

El E2
vy et v, - les coefficients de Poisson des matériaux
constituant les deux corps;
E; et E; - modules d'élasticité (de Young) des deux
corps;
A et B — deux constantes données par la théorie de
Hertz.

p(x’,y")dx'dy’

: - =5—Ax? - By?,
X=X +(y-y)

©)

La nouvelle condition de déformation est:
n ,U p(x',y")dx'dy’
T \/(X—X’ 2 RVAYA

Le déplacement élastique selon z d'un point
quelconque de linterface, peut étre calculé avec
I'équation suivante:

=8-2(x,y). (4)

W, (X, y)=%[8—z(x,y)] k=12 (5)

k

L'équation de la surface déformée des corps
en contact est donnée par la relation:

Za (%, Y) = Zig (X, Y) + Wy (X, Y) =W, (0,0) k= 1,2. (6)

Etant donné la géométrie spatiale des
surfaces en contact, les points correspondants situés
sur des droites paralléles a I'axe z ont des vitesses
périphériques différentes, [5], [6]. Cela induit du
microglissement sur la surface de contact.

On considére vy, et vy, les composants de ces
vitesses périphériques sur x et on appelle
microglissement relatif ¢, la grandeur sans
dimension définie par le rapport entre vitesse de
microglissement et vitesse de roulement:

Vix —Vox ) (7)

0yR oy

eE=

On appelle g le glissement imposé dans le cas
de roulement avec glissement, [7], défini par le
rapport entre la différence et la somme des vitesses
périphériques des deux solides dans le point initial
de contact:

Vox ~Vix _ (’OZRZX _(DlRlx

9= R R ®)
Vix ¥ Vax R +01Rq

Aprés le calcul de I'équation de la surface

déformée, les vitesses linéaires des points

correspondants a l'interface sont déterminées a partir
des équations cinématiques fondamentales et le
microglissement relatif &, peut étre calculé. On
développe ainsi une méthode rapide pour déterminer
les zones de microglissement de signe alterné sur
une surface de contact élastique en roulement.

La Figure 1 montrent la variation
tridimensionnelle du microglissement relatif sur
I'interface de contact et la forme des courbes de
roulement pur dans le cas sphere-plan.

Dans le cas sphére-plan les points de
roulement pur sont situés tout le temps sur un cercle
Celui-ci divise l'aire de contact en deux zones
distinctes: une zone circulaire centrale (y petit) ayant
un micro glissement négatif et deux zones
périphériques (y grand) ayant micro glissement
positif. ~ Cette configuration apparait pour un
glissement imposé ayant des valeurs 10°< g < 310~
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Figure 1. Microglissement relatif, cas du contact sphére-plan
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Figure 2. Microglissement relatif en cas du contact galet —plan

Pour le contact elliptique galet — plan, les
points en roulement pur sont situés sur une ellipse
pour un glissement imposé petit et sur deux arcs
d'ellipse pour un glissement imposé éleve, Figure 2.

Afin de quantifier le frottement, la contrainte
tangentielle t,, dans le cas dun contact en
roulement, peut étre déterminée. Une fois calculée
la composante sur la direction de roulement de la
vitesse relative a linterface, Av, et le
microglissement relatif &, on connait la distribution
du microglissement sur l'aire de contact. Le signe de
Av donnera le signe de la contrainte tangentielle t,,
induite par microglissement.

Pour un coefficient de frottement constant p,
les contraintes tangentielles  induites  par
microglissement a l'interface sont données sous
forme sans dimension par I'équation:

)

ou Av est donné par

AV(X,Y) = V3, (X, Y) = Vo (X, Y) s

et po est la pression de Hertz au point initial de
contact.

La distribution de la contrainte de
cisaillement induite par microglissements sur l'aire
de contact et influencée par le signe de la vitesse

relative,  Av(X,y)/|Av(x,y)| et exprimée par
I'équation:
3uP XV 2 AV(X,Y)
(X, y) = o 1 [— —(Xj AVXY) )
2mab b) |av(x,y)|
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La force de frottement, induite par les
microglissements, qui agit sur l'aire de contact, est
obtenue par intégration sur l'aire de contact:

e e P (] ()

Av(x.y) dyadx

— 11
|Av(x,y)| D

2. RESULTATS

La modélisation présentée a été appliquée
comparativement pour deux géométries de contact
galet — plan et sphére — plan, pour la méme
pression de contact, Tableau 1.

Les premiers essais utilise une géométrie de
contact sphére - plan et des écrans naturels:

- S; - éprouvette sphérique en acier avec
R,=R,=12.7mm;

- S, 4-écrans naturels;

- Sg-éprouvette plane acier 35 NCD 16
(E=2.0124-10" N/m?, v=0.3);

- Milieu ambiant;

- Charge normale: P=59 N;

- Vitesse du centre de I’éprouvette sphérique:
v=4 mm/s;

- Déplacement: 10 mm;

- N=10 cycles;

- Glissement imposé: g=0.01% ;

- Pression maximale de Hertz: p,=950 MPa;

-a=b=0.171mm.

Le deuxiéme essai a été realisés avec une
géomeétrie galet-plan équivalente avec celle utilisée
dans la premiere série d’essais afin d’obtenir la
méme pression maximale de Hertz:



- Si- éprouvette galet en acier avec R,=50
mm, R,=12.5mm;

- S, 4-€crans naturels;

- Sg-éprouvette plane acier 35 NCD 16
(E=2.0124-10" N/m?, v=0.3);

- Milieu ambiant;

- Charge normale: P=195 N;

- Vitesse du centre du galet: v=4 mm/s;
Déplacement: 10 mm;

N=10 cycles;

Glissement imposé: g=0.01% ;

Pression maximale de Hertz: p,=950 MPa;
a=0.198 mm ;

- b=0.495mm.

Avec les paramétres de ces essais, le modéle
analytique prévoit la distribution du microglissement
relatif présentée en Figure 3.

Pour le premier cas, contact sphere-plan on
obtient des microglissements positives sur toute la
bande de contact. Dans ce cas-la on n’a pas une

Tableau 1

division de I’aire de contact et tous les points ont la
méme direction de microglissement.

Dans le deuxiéme cas, on obtient sur
I'éprouvette plane une ellipse de non glissement ou
roulement pur, qui divise l'aire de contact en deux
zones distinctes, avec des microglissement de signes
Opposés:

= une zone elliptique
microglissement négatif;

= une zone annulaire — elliptique vers la
périphérie du contact avec microglissement positif.

Les traces obtenues expérimentalement sur
les éprouvettes planes confirment bien les
prédictions du model analytiques.

Le microglissement & l'interface induit des
contraintes tangentielles de cisaillement t,,, est
illustré en Figure 4 sous forme sans dimension, par
division par la pression maximale de Hertz.

centrale  avec

Géométrie de contact

L’aire de contact

Sphére — plan

yX

Ry
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Figure 3. Distribution du microglissement relatif

Spheére — plan

Galet-plan

Figure 4. Contraintes tangentielles a l'interface

Pour le cas galet-plan s’obtient une zone
centrale ou la contrainte t,, est négative et deux zone
vers les bords du contact ou la contrainte T, est
positive. Par conséquent, la force de frottement
induite présente des signes opposés a I’intérieur de
la méme aire de contact.

La force tangentielle mesurée au cours des
essais est présentée en Figures 5, respectivement 6.

La force de frottement induite par les
microglissements, obtenue par intégration sur l'aire
de contact, équation (11) est comparée avec celle
mesurée pendant I’essai.

On obtient une concordance assez bonne des
résultats théoriques avec I’expriment. Responsable

75

pour la différence est la composante de la force
tangentielle due aux pertes par hystérésis élastique.

La force de frottement dans le cas galet-plan
est plus grande que celle du cas sphére plan étant
donne le degré de conformité supérieure dans le
premier cas.

Tableau 2
La force de frottement induite
par les microglissements
Expérimentale Théorigue
Sphére - 9,01 N 8,7N
plan
Galet-plan 16.6N 16,57N
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3. CONCLUSIONS

Afin d'évaluer le frottement a l'interface, on a
étudié comparativement les contacts sphere — plan et
galet — plan, pour la méme distribution des
contraintes de contact, donc la méme pression
maximale de Hertz sur la surface de contact.

Les essais expérimentaux ont donné une
bonne validation qualitative du modéle analytique
proposée pour le microglissement a l'interface d'un
contact élastique en roulement, obtenant seulement
en cas galet-plan la division de I’aire de contact en
deux zones distinctes, avec des microglissement de
signes oppose:

= une zone elliptique
microglissement négatif;

= une zone annulaire — elliptique vers la
périphérie du contact avec microglissement positif.

Pour la validation quantitative, un model
analytique pour calculer la force tangentielle induite
par les microglissements a été utilise, [6].

Les résultats théoriques montrent une bonne
concordance avec ceux expérimentaux.

centrale  avec
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METROLOGIE THERMIQUE DU CONTACT
PAR PYROMETRIE BISPECTRALE

Un pyromeétre bichromatique a fibre optique a été développé afin de
caractériser le comportement thermique d’un disque de frein
pendant le freinage. Le pyrométre est composé de deux détecteurs
HgCdTe équipés de filtres passe-bandes et d’une fibre optique en
verre fluoré. Ce pyrometre permet la mesure de la température de
surface du disque de frein dans la gamme 200-800 °C avec un
temps réponse de I’ordre de 8 ps. Le pyrometre a été étalonné a
I’aide d’un corps noir cavité. Des essais ont été effectués sur un
banc de freinage pour différents types de freinages: freinage de
maintien et freinage d’arrét, permettant ainsi I’obtention de la
température de surface sur un disque de frein.

Keywords: pyrométrie bispectrale, contact patin-disque en freinage

NOMENCLATURE

A: constantes d’appareillage, V.W™.m?.sr
K: coefficient d’erreur

L: luminance, W.m?sr*

S: signal du détecteur, V

T: Température, K

Symboles grecques

A: erreur de mesure

g: émissivité

A: longueur d’onde, um

1. INTRODUCTION

La chaleur produite lors d’un contact patin-
disque en freinage est une des principales causes de
dégradations de surface du disque comme
I'oxydation, I’'usure et I’apparition des fissurations
[1]. Elle peut aussi étre la cause d’une chute du
coefficient de frottement. Dans ce contexte, la
connaissance de la température au niveau du contact
patin-disque est un élément essentiel pour I’étude du
comportement tribologique des matériaux en contact
glissant. Plusieurs techniques ont été ainsi
développées: mesures par contact a I’aide des
thermocouples [2] et mesures optiques comme la
pyrométrie [3] et la thermographie [4]. Cependant,
la mesure de la température de surface par détection
du rayonnement implique la connaissance de
I’émissivité [5] susceptible de varier fortement
pendant un freinage [4, 6]. Partant de ce contexte et
des problemes spécifiques liés a la mesure des
températures de surface d’un disque de frein, un
pyromeétre bispectral a été développé au laboratoire,
permettant de mesurer la température sur un disque
de frein pendant le freinage. Le pyrométre est

composé de deux détecteurs HgCdTe équipés de
filtres passe-bandes et d’une fibre optique en verre
fluoré. Ce pyrométre permet la mesure de la
température et de I’émissivité d’un disque de frein
dans la gamme 200-1000 °C avec un temps réponse
de I’ordre de 8 s.

2. PRINCIPE DE LA METHODE

Le principe de la pyrométrie bispectrale est
donné dans plusieurs références [7-11].  Cette
méthode utilise une approximation de la loi de
Planck [8]:

L, =eC;A~°.exp(-C,/AT), (1)

avec: A: longueur d’onde (um); T: température (K) ;
g émissivité ; C;=3.74x10™® W.m?; C,=1.44x10?
K.m.

Elle consiste a effectuer deux mesures
simultanées de luminance grace a deux détecteurs
pour deux longueurs d’onde différentes A, et A,:

Sp1 = A Cihy > exp(—Co /AT ; @
Sio = AyeCrhy 2.exp(=Cy /A, T), @)

avec: S;;, S;, signaux en sortie de la chaine de
détection et A,;, A,, constantes d’appareillage des
deux détecteurs.

En faisant I’hypothese que I’émissivité de la
cible est la méme pour les deux longueurs d’onde A;
et A, (hypothese du corps gris), on peut déterminer la
température de surface a partir du rapport des deux



signaux spectraux S;; et S;, en sortie de la chaine de
détection:

o[))
T= 2 1 -
In SLA}LZ (MJ

S)\'Z A}\‘l }\42
L’erreur relative sur la température ainsi

déterminée en fonction des erreurs de mesure de la
chaine de détection est donnée par:

AT K AS,, +Asx2

le
avec AS; /Sxi erreur relative sur les signaux en

(4)

(®)

sortie de la chaine de détection et K une constante
qui dépend de A4, 2,,T, et Cy:

2Th,
Co(hy —1y)

. (6)

Le choix des deux longueurs d’onde A, et A,
est un compromis, car I’hypothése du corps gris est
respectée si la différence AA=A;-A, est petite, mais
pour un A\ petit la précision sur la mesure de
température est faible [8]. Les deux longueurs
d’onde ont été choisies en calculant I’incertitude
relative de la mesure de température (formule (5) )
pour une température maximale de 1000 °C, qui
représente I’ordre de grandeur de la température des
points chauds sur un disque de frein TGV lors d’un
freinage d’urgence. Deux filtres passe bande a
bande étroite commercialisés par Optilas dont les
longueurs d’onde sont respectivement 2.55 +2% um
et 3.9 £2%pm, ont été finalement choisis. Ces
longueurs d’onde assurent un bon compromis entre
des valeurs suffisamment proches de A; et A, pour
respecter I’hypothese de corps gris sans amplifier les
erreurs de mesures (K= 1.3).

3. LE DISPOSITIF EXPERIMENTAL

Le pyrometre bichromatique mis au point se
compose de deux détecteurs HgCdTe équipés de
deux filtres passe-bande & bande étroite et d’une
fibre optique en verre fluorée (tableau 1). Le temps
de réponse des détecteurs HgCdTe est inférieur a 2
ps. Cependant, le temps de réponse du pyrométre
bichromatique est de I’ordre de 8 us, qui correspond
au temps de réponse des préamplificateurs des
signaux de mesure. La fibre optique en verre fluorée
a été choisie en raison de sa transmittivité élevée (de
I’ordre de 0.85 pour la gamme spectrale 0.5-4 um
[12]) et sa faible atténuation (0.3 dB/m pour une
longueur d’onde de 4 um [12]). Cette fibre optique
peut étre placée prés du disque de frein, permettant
ainsi de viser un spot de mesure de quelques mm,
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correspondant a la taille des points chauds observés
sur un disque de frein pendant le freinage. Par
exemple, si la fibre est placée a 5 mm du disque, le
diamétre du spot de mesure est de 2.4 mm.

Tableau 1. Caractéristiques des composants du
dispositif bichromatique

Détecteurs HgCdTe
Taille: Imm x1mm
Temps de réponse <2ys

Filtres passe
bande

Filtre 1: Longueur d’onde 2.55 pm+2%
Filtre 2: Longueur d’onde 3.9 um+2%
Transmittivité: 0.7

Fibre optique | Verre fluoré. Bande spectrale: 0.5-4 pm
Atténuation a 4 um: 0.3 dB/m

Longueur: 1m

Transmittivité: 0.85

Surface a mesurer

Dispositif bi-
couleur
Fibre —_—
optique |

Detecteurs |

Figure 1. Schéma du dispositif bi-chromatique

Le pyrométre bichromatique a été étalonné
grace a un corps noir cavitt AGEMA (BB 400-3
émissivité =0.99+0.01) dans la gamme 200 a 400 °C.
A partir des courbes d’étalonnage nous avons

déterminé les constantes d’appareillage:
A, =1309x10°  V.Wimsr; A, =1.235x10°
V.Wim?sr.

L’erreur sur la mesure de température a été
estimée a partir de I’incertitude obtenue pour les
signaux issus des deux détecteurs lors de
I’étalonnage en utilisant I’équation (5). La Figure 3
montre I’erreur obtenue sur la mesure de
température en fonction de la température du corps
noir. On remarque que pour des températures
supérieures a 300 °C, I’erreur sur la mesure de la
température est inférieure a 10 °C, répondant ainsi
aux besoins de I'utilisation envisagée (gamme de
température 300 — 1000 °C).

35.000 4
30.000
25.000 1
20.000 4
-
<
15.000 4

10.000 -

5.000 -

0.000

200 220 240 260 280 300 320 340 360 380 400
T(°C)

Figure 2. Erreur sur la mesure de température



4. ESSAIS SUR BANC DE FREINAGE

Une série d’essais a été réalisée sur le banc de
freinage SCHENK du Centre Technologique en
Transports Terrestres de Valenciennes (Figure 3)
afin d’obtenir la température sur un disque de frein
pendant le freinage. Le banc de freinage est
composé de la cellule d’essais, du systéme
d’entrainement, des volants d’inertie et du socle. La
cellule d’essais (1) est une enceinte close assurant un
contrle de la température ambiante et permettant
une ventilation du frein. L’enceinte posséde deux
hublots autorisant des mesures de température par
pyromeétrie.

Le systéme de frein a tester est placé a une
extrémité de cette ligne d’arbre a I’intérieur d’une
cellule d’essai. A Iintérieur de celle-ci on
retrouve une équerre (1-a) sur laquelle viennent
s’adapter différents types d’étriers, une buse
soufflante (1-b) qui permet de refroidir le frein, un
arbre d’entrainement (1-c) pour la mise en rotation
des disques. Un collecteur tournant permet la
transmission  des signaux de mesure de
thermocouples installés sur la partie tournante du
frein. Un PC assure le pilotage, I’acquisition et le
contrble en temps réel de plusieurs paramétres tels
que le couple, la pression de freinage et la vitesse.

Nous présentons les résultats obtenus pour un
freinage de maintien (vitesse de rotation: 500 tr/min,
couple freinage 172 N/m, pression de contact patin-
disque 10 bar) et pour un freinage d’arrét (vitesse de
rotation: 500 & O tr/min, vitesse: 58 a 0 km/h,
pression de contact patin-disque 2 bar). Le disque
utilisé est un disque ventilé en fonte. Le rayon de
frottement moyen est de 0.109 m. Ce disque est
instrumenté avec deux thermocouples de type K
placés au niveau des ailettes de refroidissement a 5
mm de surface.

Les Figures 4 et 5 montrent les valeurs de
température au cours d’un essai de freinage de
maintien et d’un freinage d’arrét. T,y est la

3 volants d'inertie 2

Socle 4

température de surface du disque obtenue a partir du
dispositif bichromatique. T,; et T,, sont les
températures de surfaces obtenues avec les
détecteurs monochromatiques S; et S, pour une
émissivité g=1. Ty est la température obtenue avec
un pyromeétre monochromatique commercialisé par
IMPAC pour une émissivite g=1. Tgisque €St la
température de masse du disque mesurée par un
thermocouple de type K.

On remarque que les températures
monochromatiques obtenues a partir des deux
détecteurs S; et S, sont en bon accord avec la
température  enregistré  par le  pyrométre
monochromatique.

On observe cependant un écart significatif
entre la température bichromatique T;1;. et les
températures monochromatiques. Des essais en
cours ont permis de montrer que ces écarts peuvent
étre attribués a I’émissivité de la surface du disque
qui évolue entre 0.3 et 0.5 durant I’essai de freinage.

5. CONCLUSION

Un pyrometre bichromatique rapide a fibre
optique a été développé afin de pouvoir mesurer la
température sur les disques de frein pendant le
freinage. Le pyrometre a été étalonné a I’aide d’un
COrps noir cavité.

Des essais ont été effectués sur le banc de
freinage du Centre Technologique en Transports
Terrestres de Valenciennes. Deux types de freinage
ont été étudiés: freinage de maintien et freinage
d’arrét, permettant ainsi I’obtention des mesures de
températures de surface sur les disques de frein.

Une bonne corrélation a été obtenue entre les
mesures  bichromatiques, des mesures mono-
chromatiques et des mesures thermocouple.

Les résultats obtenus ont mis en évidence
I’influence de I’émissivité sur la mesure de la
température de surface du disque.

Systéme
d'entrainement g

Figure 3. Schéma du banc de freinage du Centre Technologique en Transports Terrestres de Valenciennes
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1. INTRODUCTION

The nanotechnology, described often as the
technology of the future, focused on research and
development activities in the last two decades.
Many miniaturized devices, known as MEMS
(micro electromechanical systems) were redlized
both for research in the laboratories and for various
applications in the automotive industry, medical
instrumentation, and informatics technology.
Typical applications are the micro sensors, linear
and rotary micro actuators, micro motors, micro
pumps, micro gear transmissions, micro grippers.

In microsystems, tribological processes are
developed between elements with relatively small
mass under lightly loaded conditions. In this
situation, negligible wear occurs and the surface
properties dominate the tribologica performance.
As a result, friction is highly dependent on the
surface interactions. In the Microsystems,
interfacial forces as adhesion, as well as van der
Waals, electrostatic, capillary forces are important
and have an important contribution on the friction
losses. Adhesion between two solid surfaces based
on the thermodynamic interfacial free energy can
develop attraction forces of (200 — 300)uN or more.
As a result of adhesion, a micro contact can be
loaded supplementary with normal force and the
contact area increases.

Capillary forces are present as a result of the
condensed water from atmosphere on the solids.
The most of the solids posssess hydrophilic surfaces
and the atmospheric water cover these surfaces with
molecular layers. In the contact zone between the
two solids, the adhered water leads to an increase of
normal force by capillary effect. Many experiments
evidenced the influence of the air pressure,
temperature and humidity on the thickness of the
condensed water films[1].
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A NEW PIN ON DISC MICROTRIBOMETER

To investigate the dliding friction in microsystems, a new pin on
disc microtribometer having the normal load between 5 and 150
mN has been realized. Experimental investigations were performed
to determine the friction coefficient between a steel spherica
surface and a steel, glass or silicon flat surface. The new pin on
disc microtribometer was attached to a CSM Microtribometer and
friction forces with magnitude of 1-10 mN have been
experimentally measured.

Keywords: pin disc machine, microsystems, microtribometer,
dliding friction

To investigate the diding friction in
microsystems a new pin on disc microtribometer
having the normal load between 5 and 150 mN has
been redlized. Experimental investigations were
performed to determine the friction coefficient
between a steel spherical surface and a stedl, glass or
silicon flat surface, both in dry and water condensed
conditions.

2. ANEW PIN-DISC MICROTRIBOMETER

The new pin on disc microtribometer is
shown in Figure 1. The weight of a small pin, called
pin 2, with the diameter of 3 mm and with various
lengths generates a normal force G with values
between 5 and 25 mN.  Supplementary, with
additional |oads attached on the pin the normal force
can be increased to 100mN. A glass disc having a
diameter of 200 mm rotates with 33 and 48 rpm.
The radia position of the pin on the disc can be
modified between 10 mm and 90 mm, thus obtaining
dliding speeds between 0.03 and 0.7 my/s.

Elastic beam with strain gages

Radial position of the pin

R R— Disc

Rotational speed of the disc

Figure 1. New pin disc microtribometer
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The friction force is measured by a Futek
Force Sensor model FBB350 (elastic beam with
strain gauges). Data acquisition is performed by a
Vishay P3 Strain Indicator and Recorder and the
results are saved in a computer as shown in Figure 2.
The measurement system was calibrated with loads
between 5 and 50 mN. The measurement precision
isabout 0.2 mN. The pinis mounted in his support
and is free in the direction of the normal load G.
The friction force Fs is determined directly during
the experiment and the coefficient of friction is
determined as ratio between F; and normal load G.
At the top of the pin, in contact with the disc is
fixede amicro ball having the diameter of 3 mm.

The other end of the elastic beam is mounted
in a support attached to the pin of the CSM pin on
disc microtribometer, called pin 1. This does not
contact the rotating disc.

Two measurement systems were used:

1. Data acquisition from the force sensor is
achieved by a Vishay P3 strain gauge indicator and
recorder and the results are saved in computer.

2. Frictional forces are transmitted from pin 2 to
the pin 1 and they are measured by the data
acquisition system of the CSM pin on disc
microtribometer.

{\?i”sh’ay"ﬁs" Strain Indicator and Recorder ‘

l
-

v

Friction force, F;

Elastic beam with strain gages

Computer
Figure 2. Data acquisition system

Thus, the newly conceived microtribometer is
composed of an elastic sensor force cell in the center
of system, a pin with a ball at the bottom, a linear
high precision guide for pin sliding and anadapter
for attaching at CSM pin on disc machine. Figures
3 to 7 show, respectively, photographic images of
the new pin assembly, the general view of the CSM
tribometer with the new pin assembly, acquisition
file and edit system, and Vishay P3 apparatus with a
file of itsrecorded acquired data.

Figure 3. The pin on disc tribometer adapted on the CSM tribometer
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TRIBOMETER

Figure 4. The final ensembly made of: CSM tribometer, new pin on disc microtribometer
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Figure 5. The acquisition datain real time with new pin disc tribometer

83



Edit tribo parameters

—Acquisition parameter

Acauisition rate

10,0 3 [Hz]
File size
503 [MEBEwtes]

Test duration

F03:15 [HH:mmms=]

Tribological environement

Sample Temperature 2300 | [’

— Triba parameter:

Load | 0113 vi [H]
[T Eriction threshold

: [ s =

R adius | 17.500 vI [rrimn]

Coating I
Substrate IEDDguf-pepoeder-‘l
Cleaning I

Distance Linear Speed 1.000 = [emds]
Stmozphers air £ |nimeters |1|:|9_5|55? 3‘ T Foto d 5,46 [rrr]
[rm] ator spes 003 He]
Huirridity 24.00 3 [x] ® Inlaps | 1000 3, [Iap]
—Partner
I Lubricant
T =L Static friction partner
Coating |
Yolume 0.00 = [ml]
Substrate I
Sample

Application method |

Supplier |

I Cleaning I
E Supplier I

Dimenzion 1.98 = [mm]

@ Geometry IBaII vI

x LCancel |

MEMORY
CARD

e e v e s v e e s v sl=

Model P3 Strain Indicator and Recorder

[CochiT wchz Wach3 [ achd |

10 18 20 25 30 35 40 45 S0 55 B0

DataLog | Chart

CEY) (Hsm

Figure 7. The recording Vishay P3 Strain and the acquisition datain real time




3. EXPERIMENTAL RESULTS

A high volume of experiments was
performed to determine the friction coefficient in dry
and humid conditions using both measurement
systems. The experimental work was carried out in
the Surface Technology and Tribology Laboratory
of Twente University. A CSM pin on disc
microtribometer was used at diding speeds between
0.01 and 0.1 m/s and normal load between 5 and 10
mN. Similar results were given by both
measurements methods. The influence of condensed
water on the friction coefficient at very low normal
loads was evidenced.

The experiments aimed to determine the
friction coefficient in dry and condensed water
conditions both for steel pin — glass disc and steel
pin — silicon disc friction pairs. Figure 8 shows the
friction coefficient variation in time for two diding
speeds, 0.06 and 0.16 m/s, for steel pin and glass
disc in dry conditions under anormal load of 10 mN.

Steel - glass dry conditions: G= 10 mN; v=0.06 m/s

At lower speed a friction coefficient between
0.2 and 0.3 was obtained. Sliding speed increase
leads to the increase of friction instability, the
friction coefficient having important variations
between 0.15 and 0.45.

In Figure 9 is shown the friction coefficient
variation in time for two diding speed: v = 0.06 m/s
and v = 0.16 m/s, for steel pin and glass disc in
condensed water conditions under a normal load of
10 mN. The presence of condensed water on the
glass disc leads to an obvious friction stability,
especialy at higher speed. It is assumed that in the
presence of condensed water capillary bridges
between the pin and the disc formed leading to a
reduction of the instability.

Figure 10 shows the friction coefficient
variation in time for the two sliding speeds, 0.06 and
0.16 m/s, for steel pin on the silicon wafer in dry
conditions and with a normal load of 10 mN whereas
Figure 11 illustrates the friction coefficient variation
in time for condensed water conditions.

Steel - glass dry conditions: G = 10 mN; v=0.16 m/s
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Figure 8. Variation of the friction coefficient in dry conditions for steel-glass contact
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Steel - silicon wafe dry conditions: G=10mN, v=0.06m/s
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Figure 10. Variation of the friction coefficient in dry conditions for steel-silicon contact
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4. CONCLUSIONS

A series of experiments was performed to
determine the friction coefficient in dry and humid
conditions using two measurement systems.

The experiments were realized in the
Tribology Laboratory of Twente University using a
CSM pin on disc microtribometer for diding speeds
between 0.01 and 0.1 m/s and normal |oads between
5and 10 mN.

Similar results were obtained for
measurements methods.

The influence of condensed water on the
friction coefficient at very low normal loads was
evidenced.

both
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1. INTRODUCTION

Increasing attention to fluor-polymer and
oligomeric films having the thickness from 0.1 up to
10 pm is recently given. The reason is their specific
properties, such as good thermal stability, low
coefficient of friction and simple coating of the
friction surface [1, 2]. Fluor-oligomeric materials
(FOM), known under trade names as “FOLEOX” and
“EPILOM?”, are liquid steamy oligomeric compounds
of fluorine with oxygen and carbon and it is a kind of
perfect self-lubricating material due to its low friction
coefficient, good high-temperature stability and
chemical stability [3]. This new family of composite
materials frequently exhibits remarkable
improvements of material properties in comparison to
conventional micro- and macro-composite materials.
The chemosorbic compounds with metal are formed
after coating the surface with FOM. Surface
modification afects a few mono-layers of the FOM
polymer surface whereas the deeper layers (bulk
material) is not altered. This transferred top mono-
layers (what is known as Rebinder effect) has
different (generally desired) properties than the bulk
material, which retains its origina properties.
Generaly, chemical reactions that involve the
incorporation of particular elements (fluorine atoms
etc.) in the tribo-film formation are responsible for
modification processes [4]. The mechanical behavior,
the elastic modulus and the hardness of thin coatings
is usually characterized by indentation hardness tests,
patticularly  using  depth-sensing  indentation
equipment. The maximal indentation depth, which
eliminates the influence of the substrate to hardness
measurement, can be quite small for very thin films.
The aim of this investigation is to characterize the
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SURFACE MODIFICATION OF CARBON STEEL
BY DEPOSITION OF FLUOR-OLIGOMERIC

Chemosorbic compounds with metal occur after coating the surface
with fluor-oligomeric material (FOM). Hardness, indentation and
friction behaviour of FOM coat were investigated. Scratch adhesion
and friction tests show that the fluor-oligomeric film decreases the
micro-hardness of solid body and modifies the contact rheology by
reducing the interfacial shear force at local contacts. FOM coatings
show good elasticity in rough contacts, but at a higher hardness it
may be more suitable for abrasive applications, i.e. reduced
plasticity in a given tribo-contact.

Keywords: fluor-oligomeric films, indentation, micro-hardness,
chemosorbic compounds

fluor-oligomeric coatings from ductility, coating
thickness and tribological properties points of view.

2. EXPERIMENTAL PROCEDURE

The solutions of FOM type FOLEOX
(0.5...10% concentration) were used for creating
polymer coating on metal surface. The specimen
materias are carbon steel used for machine structures
(carbon content 0.45%). Cylindrical samples of 30x30
mm in size of medium carbon steel grade AlSI 1045
(DIN 1.1186), the composition in % weight being
(0.37...0.44)Fe, (0.6...0.9) Mn, (0.19...0.23) Si, were
cut, quenched and tempered for various hardness
levels (40<HRC<63). The samples were grounded
and mechanically polished to a surface roughness Ra
of 0.2 ym. They were cleaned with acetone before
testing. The mass of the FOM films in this study,
depending of the thickness, was in the ug range. After
the surface is coated with fluor-oligomeric, the
chemosorbic bindings are created between metal
surface and the film. The thickness of FOM layers
was about 0.1...0.16 pm. Although the films allow
water vapor diffusion, the films are both hydrophobic
and they do not get “wet” when liquid water contacts
these layers. The main goa of depth-sensing
indentation is to obtain the elastic modulus and the
hardness of the FOM film specimen by processing the
experimental simultaneous readings of indenter load
and penetration depth. When the load is removed,
there is some degree of recovery due to the relaxation
of elastic strains within the material. The analysis of
the initial portion of this elastic unloading response
gives us an estimation of the elastic properties of the
coated material. Hardness tests were carried out with
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a Vickers pyramid indenter, using a Fischer HP 100
XY -PROS ultra-micro-hardness tester [5]. A diamond
indenter of standard geometry, typicaly a 1360
square based pyramidal diamond (Vickers), is
indented under a known load, into the surface of the
sample. During tests, load — indentation depth — time
data were recorded. Hardness measurements were
performed under six different indentation loads,
ranging from 0.1 to 1.0 N. At each load level, at least
10 measurements were done on the coatings.
However, besides the properties of the coatings, the
testing methods can also affect coating performance.
Firstly, the contact is dominated by film hardness at
small scales compared to the coating thickness and by
substrate hardness at larger scales. Secondly, the
stress-strain states during indentation are triaxial. The
scratch machine consists of a free lever arm with an
indenter attached onto one side. After applying the
normal load to the indenter, the specimen mounted on
a stage, was moved at constant speed using a stepper
motor. In this way scratches were produced on the
specimen surface. Vickers pyramid indenter and
conical tungsten-carbide indenters of inclination
angles of 90°, 120°, 160° and 170°, and 10 pym radii
spherical tips were used for scratching. The range of
normal load was 0...100 N; the range of scratch
length varied between 1 ym and 10 mm; friction
measurement was performed during a mono-pass.

3. RESULTSAND DISCUSSION
The depositing process was optimized

according to the values of hardness, adherence and
wear, by using micro hardness and scratch tests.

Indentation depth h  [pm]
L

Un-coated steel
= =FOM-coated on steel subshrate HRC=60

====FOM-coaled on steel subshiate HRC=45

o

] 200 400 600 800 1000 1200

Indentation load F [mN]

Figure 1. Typical loading and unloading curves of
micro-indentation test cycle for un-coated sample and
samples coated with fluor-oligomeric film; hf isthe
residual indentation depth and hm is the maximal
depth of indentation
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Figure 1 shows the loading-unloading cycle
obtained using a micro-indentation tester operating in
the ramp mode and corresponding to Vickers contact
geometry with non-coated sample and samples with
fluor-oligomeric film. The load is incremented at
constant speed up to the maximum load (F.) and
subsequently released at the same rate as in the
loading cycle. The geometrical similarity of a
pyramid Vickers indenter results in the quadratic
relationship of the load F versus the penetration depth
h in the indentation loading, i.e. F=k1h2. In contrast
to the loading, the unloading path follows the non-
quadratic relationship of F=a(h-hf)m (1.2<m<2.0),
where hf is the residua depth of the pyramidal
impression after complete unloading [7]. In other
words, after being modified by FOM films, the
surface can be investigated in the elasto-plastic
indentation regime and the locally distorted convex
surface profile of the impression yields a non-
quadratic F-h relationship with an exponent m less
than 2.0 [8]. Figure 1 shows that each loading curve
coincides with others in their common parts,
indicating that the first assumption made in the
previous section is reasonable. Experimental results
show that, for all investigated samples the surface,
parameters t and the elastic properties of the samples
remain constant irrespective of the depth. This
observation agrees with the fact that the surface
modified by FOM film has no significant influence on
the elastic modulus of the surface layer. The micro-
hardness test does not guarantee that the coating
hardness is measured independently of the substrate,
particularly when the coating thickness is reduced. In
order to get accurate results from indentation, the
indenter penetration (1/7 of the indenter diagonal for a
Vickers indenter) needs to vary between t/10 and t,
wheret is the coating thickness.

The difference in the hardness gradient causes
a coating film with higher fluorine content not always
leading to a lower specimen hardness. This becomes
noticeable when the coating is sufficiently thick. This
behavior can be interpreted as the combined effect of
the decrease in the hardness due to the increase in the
fluorine content and of the increase in the hardness
due to an increase in the film thickness. Surface
modification by fluor-oligomeric film usually
introduces a hardness gradient in the near surface
region of the material. The fluor-oligomeric treatment
decreases the micro-hardness of solid body up to
15% at 0.02...0.03 mm depth because of chemosorbic
interaction with the steel [6]. It is difficult to measure
the coating thickness which introduces the most
significant error into the results. The unknown values
of Young’s modulus for many coatings are another
source of error as well as the assumption that the
modelled scratch is made by a conical indenter, when
in fact the Vickers indenter is pyramidal. Quantitative
measurements show that al coatings displayed
hardness values between 200 and 300 HV after
preparation. The observed hardening loss process is



assumed to be the result of a structure change, which
is induced by fluor-oligomerisation and Rebinder
effect [9].

Fluor-oligomeric films formed by immersion
into FOLEOX solution show a weaker scratch
resistance than the films formed by dropping. It is
possible to conclude that thickness of FOM film
formed by immersion into solution is much thinner
than that formed by dropping. Frictiona
measurements of all material were carried out during
the hardness measurement tests. A simplified model is
presented below for analysis of the frictional force.
Two hard tungsten carbides cones with various apex
angles are pressed into a soft steel specimen surface,
until plastic flow occurs. The torque required to slide
the specimen relative to the cone indenters at low
velocity is then measured. A small hole is provided at
the center to eliminate the singularity that would
otherwise exist there. The mean shear stress (t) and
normal stress (o) may be estimated for different
values of applied load. Test results show clearly a
deviation from Amonton’s law as well as the
reduction in the coefficient of diding friction with the
increase of the applied load. It may be noticed that the
static frictional force increases at first almost linearly
with increasing contact pressure and then it tends to
approach a critical value, above a specific value of
contact pressure.
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Figure 2. SEM micrographs obtained from the scar
surface of FOM/steel coating after wear testing at 10
N load showing (a) un-coated sample, (b) FOM-
coated sample
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Results show that FOM layer formation occurs
a low FOLEOX intensity. The film has a porous
structure and adheres to the worn surface. The surface
seems to be oxidised and has a different morphology.
The FOM film modifies the contact rheology,
reducing the shear force, thus facilitating siding and
decreasing the damage due to plastic deformation.

Typical morphology of wear scar surfaces with
and without FOM composite coatings obtained from
scratch testing are shown in Figure 2. The SEM
micro-graphs of all as-deposited coatings show a
combination of very fine powders and patterns of
compacted debris along the side of the wear track. For
both composites with and without coatings, the wear
path showed similar morphology with some regions
along the wear track that are covered with a FOM
film. The difference of surface conditions can be
clearly seen. The worn surface of the scratch without
FOM (Figure 2a) clearly shows flaking and
delaminating of the surface. The transition from non
damaged coating to its adhesive delamination from
the surface can be seen, but otherwise it remains
adhesively intact. Micro-cracks were generated under
the center of the intender propagating outwards at 45°
angles. The removal of a small piece of material
results, consequently leaving the substrate exposed
and even damaged by the indenter (Figure 2a). Large
wear fragments are stuck to the surface and the parts,
which are close to flaking, and have a crude form.
Those fragments are able to generate deep abrasive
wear during the dliding contact. In the presence of
FOM, the wear particles which are attached to the
surface, are very thin. Figure 2b shows the effect of
FOM layer formation. The film is porous and adheres
to the worn surface. The FOM film modifies the
contact rheology, reducing the shear interfacial force
in the contact, thus facilitating diding and decreasing
the damage due to plastic deformation.

The surface modification by FOM coating
shows good elasticity in rough contacts but at a higher
hardness it may be more suitable for abrasive applica-
tions, i.e. reduced plasticity in a given tribo-contact.

4. CONCLUSIONS

With regard to the enhancement of the mecha-
nical contact respons of substrate to thin fluor-
oligomeric coatings we draw following conclusions.
The coating process should be optimised
according to hardness, adherence and friction values,
measured using the micro-hardness and scratch tests.
For a displacement having the order of the coating
thickness, the maximal residual displacement of
indenter is reduced by ~30%.

The fluor-oligomeric coating has a pronounced
effect on hardness and dominates the response at
small displacements, < t/10.

Surface modification by fluor-oligomeric film
usualy introduces a hardness gradient in the near



surface region of the material. The fluor-oligomeric
treatment decreases the micro-hardness of solid body
up to 15% at 0.02...0.03 mm deep because of chemo-
sorption interaction with the stedl.

Fluor-oligomeric films formed by immersion into
FOLEOX solution show a weaker scratch resistance
than the films formed by dropping. It can be
concluded that thickness of FOM film formed by
immersion into solution is much thinner than that
formed by the dropping the FOLEOX solution onto
the specimen surface.

A certain coating system may induce fracture
which follows a substrate crack path in conditions of
plastic yielding.

FOM coating shows good elasticity in rough
contacts; when having a higher hardness, it may be
more suitable for abrasive applications, i.e. reduced
plasticity in a given tribo-contact.
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TRIBOLOGY LOADING CAPACITY OF UHMWPE
FROM TOTAL JOINT REPLACEMENTS

The wear rate of ultra-high molecular polyethylene (UHMWPE) total
joint prosthesis is known to be influenced by various factors such as
material and design. However, it is not known if these factors affect
the size or morphology of the wear particles. It is known that the
molecular chain structure at the articulating surface of UHMWPE
undergoes a re-organization process due to strain accumulation
caused by surface traction. A theoretical model of wear particle that is
based of intimate conical asperity interactions is proposed to account
for the observed differencesin dliding and rolling wear. Cyclic plastic
strain accumulation is identified as the common cause for wear debris
generation in diding and rolling joints, as examples being hip and
knee replacements. In the case of acetabular cup wear (dliding
velocity), the scale of plastic deformation is limited to the sites of
intimate conical-asperity contacts and the wear is defined by a critical
strain criterion. In the case of tibial component wear (rolling velocity),
however, plastic deformation spreads into the subsurface to the site of
macro-asperity contact, and material can be removed by subsurface
cracking and delamination. In both cases, the wear rate is strongly
affected by the ultimate tensile strength and breaking elongation of
UHMWPE material.

Keywords: wear debris, UHMWPE, diding joint, rolling joint,
conical asperity

1. INTRODUCTION

Wear particles generated during functioning
of joint replacements have been associated with
metallosis, osteolysis and prosthetic loosening, the
factors, which often necessitate revision surgery [1].
Wear debris are not only generated at the prosthetic
articular interfaces but aso originate from non-
articular modular and screw junctions as well as the
external surfaces of the implants. Some of the
particles can even be introduced during surgery from
surgica tools. As a result of their different origins,
the particles vary in composition, size and
morphology. Small particles, often submicronic in
size, have mostly been found in microphages. Their
presence has been associated with aseptic loosening
of the prosthesis due to inflammatory tissue response
to wear debris [2-4]. Although the role of larger
particles with respect to the stability of the prosthesis
or metallosis is not yet clear, their presence usually
indicates abnormal wear of the prosthetic
components.

Clinical studies have found that loosening and
failure in total hip replacement can be closely
associated with osteolysis and bone resorbtion that
are induced by fine polyethylene particles. Studies
on clinica retrieved components and bone tissues

have revealed that the majority of the wear debris
produced in a total hip replacement is less than one
micron in size and often particulate or fibrous in
shape [5].

The most severe form of knee wear is,
however, identified as pitting and delamination that
can produce wear debris of much larger scale, as
shown in references[2], [5].

In this paper, we proposed a theoretical
model of UHMWPE loading capacity when the
particles wear appears for the sliding and the rolling
contact between an elastically ovoid asperity and an
elastic-plastic UHMWPE plan surface.

2. MOLECULAR STRUCTURE AND STRESS
FIELD INTERACTIONS OF UHWM PE

As alinear polymer, UHMWPE undergoes a
molecular re-organization process during diding.
Under dry dliding conditions, polymer chains within
a thin surface layer are realigned in the direction of
diding [2]. This molecular realignment process
creates a fiber-like texture on the surface which
exhibits some unique tribological characteristics. For
instance, the extremely low friction behaviour
associated with dry diding of polytetrafluorethene
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(PTFE), HDPE and UHMWPE against hard smooth
counter faces is attributed to this unique molecular
structure at the diding surfaces. It is believed that
such molecule re-organization processes may also
occur under boundary lubrication conditions. In
fact, previous studies [2] using cross-polarized
microscopy have revealed heavy hbirefringent
patterns within the surface layer of retrieved
UHMWPE acetabular cups, which indicated a
significant degree of molecular orientation at the
worn surfaces. In the hip and knee joints, it is
reasonable to assume that this molecular chain re-
organization process occurs primarily aong the
flexion direction in which the frictional energy
release rate is the highest. Because of constraints
imposed by neighbouring chains, it is impossible for
the molecular chains to follow the constantly
changing velocity vector. Therefore, at the most
instants, the molecular chains will be stressed by the
passing asperities at the angle off fibre axis. The
articulation of hip or knee joint involves both linear
(flexion/extension) and rotational (femoral or tibial
rotation) motion. The instantaneous velocity vector
at agiven contact spot at a given instant is the sum of
the linear velocity vector v, and the rotational
velocity vector v,. Both the linear and rotational
vectors are functions of the angular velocities of
flexion and rotation, the location of the velocities
vectors at the articular surface, and the angle of
flexion and rotation. We consider that the
instantaneous velocity vector makes the angle o with
a unidirectional composite ply loaded in-plane off-
axisas shown in Figure 1.

Velocity direction
A

G
Tit
G,

g

NN

Gt T
1>,

4
Molecular chain direction

Figure 1. Schematic of an in-plane off axisloading
of aunidirectionally reinforced composite ply

The strength of unidirectional ply loaded in-
plane off-axis depends critically upon the angle of
loading [5]. At very small angles the failure is
dominated by longitudinal strength as shown in
Figure 2. At angles larger than 40° failure is due to
the resolved component of the applied stress in the
transverse direction. At angles in the range 5-40° a
shear mode is often responsible for failure. For
oriented linear polymers, the strength between
molecular chains can be several orders of magnitude
lower than that within molecular chains. Therefore,
under multi-axial motion conditions such as in hip
and knee joints, failure of the polymer surface is
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most likely to be initiated by intermolecular shear or
inter-molecular splitting rather than intra-molecular

rupture.
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Figure 2. Schematic of the failure stress as a function
of the off-axis loading angle

Since the diameter of the instantaneous
asperity contact spot (of the order of a micron or
less) is much smaller than the length of the
molecules, the interfacial shear force applied to the
molecules by each asperity contact is likely to be less
than that required to cause an instantaneous shear
rupture of the molecules from their neighbours.
Therefore, in order to produce wear particles of the
order of a micron or less, the molecules must be
broken. At the microscopic scales which are directly
relevant to the generation of wear particles, the fibers
must be broken. Therefore, it is the strength of the
fibers rather than the strength between them that
determines the wear resistance.

3. THEORETICAL MODELING OF ASPERITY
CONTACT

3.1 Wear model

When two engineering surfaces come into
contact, plastic deformation normally occurs at the
tips of intimate asperity contacts within the softer
material. Depending on the magnitude of the applied
load and the geometry of asperity, plastic
deformation may or may not spread into the bulk of
softer material. In the case of conformal contact
(acetabular cup/femoral head - Figure 3.9), we
consider that microscopic asperities can be
plastically deformed while the overall or nominal
contact is elastic.

During walking or articulation, every contact
asperity on the UHMWPE surface will experience
repeated cyclic deformation by the passing asperities
on the femoral head. We adopt a model of the
conical asperity with the spherical tape, as shown in
Figure 3.c. This asperity has a cutting angle 6 and
the spherical tip radius R..
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Figure 3. Schematic illustrations of (a) hip conformal
contact, (b) a knee hertzian contact and (c) conical-
spherical asperity

An incremental residual plastic strain is
possible to build into each unit contact spot with
every encounter from the passing asperities on the
counterface. Failure will occur when the ductility of
the material within each unit contact spot is
exhausted [2]. Therefore, this wear process can be
modelled by a critical strain criterion. The geometry
of the wear particle is considered as a contour of the
plastically asperity volume. To obtain the real form
of wear particle, we consider also the initial elastic
deformation before the plastic limit of the strain.

In the case of Hertz contact (femoral
component — tibia component - Figure 3.b), we
consider that the plastic deformation is limited to the
sites of intimate micro-asperity contacts in acetabular
cups, while the plastic deformation can spread into a
much larger macroscopic scale in tibia components
during normal articulation. The macroscopic plastic
deformation can be initiated in the subsurface, at the
points in which the principal shear stress is at
maximum.

The relationship between material failure and
strain discontinuities has been reported in severa
studies [6]. Material fracture processes can be
categorized into three distinct zones - diffuse failure,
weak discontinuity and strong discontinuity zones.
The diffuse failure zone is denoted by an increase in
strain concentration in a continuous fashion, without
meaterial discontinuities. The weak discontinuity zone
is characterised by arapid increase in the strain field,
resulting in a narrow strain band, which exhibits
strain discontinuities, however the displacement field
remains continuous. The strong discontinuity zone is
defined as the development of the weak discontinuity
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zone into a band, where the displacement
experiencesareal jump (discontinuity).

3.2 Stresses in UHMWPE in contact with a
conical asperity with spherical tip

3.2.1 Elastic contact

In friction between a conical with spherical
tape asperity, the initial contact pressure is defined
by the Hill’s procedure, when the contact is axi-
symetric [8]. In this case, is defined the loading
capacity of spherical asperity. The object of studying
the stress state induced by the spherical and conical
contacts is to be able to design them so that failureis
avoided. The appropriate failure criterion will
depend on the exact regime in which the contact is
used. Suppose that a shear force sufficient to cause
diding is applied, with a coefficient of friction f.
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; I / =03 |
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T v =1
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3 0O 02 04 06 08 1
L% Dimensionless depth, z

Figure 4. Equivalent Huber-Mises-Hencky stress of
UHMWPE from spherical contact

For the incipient spherical contact, we
consider the elastic deformation and the maximum
stress by Huber-Mises-Hencky (owmp) and Tresca
criteria (Toe) are defined as a function of the
coordinate of point, as well as normal and friction
load. These dimensionless equivalent stresses are
presented in the Figures 4 and 5.

From these figures can be observed that the
depth with maximum equivalent stress is a function
to the friction coefficient. Thus, when the friction
coefficient is smaller to 0.3, the maximum equivalent
stress appears in inside of UHWPE materia and
when the friction coefficient is bigger to 0.3, the
maximum equivalent stress appears to contact
surface. The position of point with maximum
equivalent stress is shown in Figures 6.aand 6.b asa
function of the Huber-Mises-Hencky (HMH) and
Tresca (t1;) criteria. This point will be named the
critical depth of equivalent stress.



Figure 5. Equivalent tangential stress of UHMWPE from spherical contact
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The elastic capacity of UHMWPE loaded by
a conical with spherical tip steel asperity is defined
as a function of dimensionless critical depth
(6 =0 /R). Thus, one can write:

Oacrt 27% Oc , (€N}
O tHMH
2
I
Bacroct :771921(:2 2 2
T toct

where . is the elagticity parameter of the UHMWPE
(elasticity modulus E,, Poisson coefficient v,) and
biocompatibile steel (elasticity modulus E;, Poisson
coefficient vy):

2
_ 1-vi

1-v3
+—
Ne E,

E,

and 1. and o, are the yield shear strength and yield
tension strength of UHMWPE.

Figures 7 and 8 show the dimensionless
critical depth separating the plastic deformation.
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Figure 7. Dimensionless critical depth HMH criteria
versus friction coefficient
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Figure 8. Dimensionless critical depth 1, criterion
versus friction coefficient f

For a conical asperity, we consider the
solution of Sneddom [9] and the pressure continuity
in the points of the circle delimiting the conical and
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spherical punch surfaces [11] (shown astheline T in
Figure 9).

The dimensionless asperity profile can be written
asfollows:

z=0r?/2 if 0<r<i
(3)

z=0r-0/2 if 1<r<1/cosg,,

where r is the dimensionless contact radius and
¢, =acos(R.sin6/b).

Figure 9. Conical asperity with spherical tip

The normal axi-symmetric contact pressure
can be defined by Shtaerman’s solution [11]:

4

where F(r) is the supplementary function which
depends on contact geometry, z(r), and on normal
displacement 5:

b '
p(r):-ifls)ds, 0<r<b,
Tmer

AU
F(r):S—rI dt,0<r<b
2 2
®)
b
(t
5=b 22( )2 dt
The equilibrium condition of contact
pressure, p (r), and normal load, Q, is.
b _, 2
z'(t)t
Q-2 ]2 ®)

The analytical solution of equation (4), when
considering equations (3) and (5), is.



pa(r) = p(f)ﬂe =

1 2

0 -re,

cos? ¢,

@)

eln{tan[%+%ﬂ, 1<r<1/cose,,

where r - dimensionless radius of contact point,
sing, =al/b, and ¢, =rcose, (a b - geometrical
radius of asperity asin Figure 9).

Figure 10 shows the contact pressure between
a conical biomedical steel asperity with spherical
tape and the UHMWPE flat, for several values of

working angle of asperity, 0.
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Figure 10. Contact pressure distribution on the
conical — spherical asperity

3.2.2 Plastic contact

When the contact of the UHMWPE flat
surface with the conical asperity enters plastic
regime, after reaching Huber-Mises-Hencky or
Tresca criteria, we approximate the spherical tip with
the conical punch with the angle n/2. The geometry
of conical asperity isshown in Figure 11.
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Figure 11. Conica punch on UHMWZPE plastic
contact
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In this case, the analytical solution for contact
pressure and displacements can be obtained as a
function to the semi- angle of conical punch a, tip
radius R, and the shear strength of the UHMWPE T,
The Hencky’s slip line theory was used [10], and it
yields:

Pas =Pats If 0<hy <L

()
Pas = Pazs if ha 21,
where h, = h/R - dimensionless displacement;
f - friction coefficient,

Pas(Na, f) = (4.71+1)-h2, ©)
Pas being the dimensionless contact pressure
Fa/ (TR?Te) when the plastic deformation on loading
direction is small and the dlip lines appear in the first
part of conical asperity (inside of CB zone in Figure
11); Fy1- normal load.

paZS(haia!f):(D(haaohf), (10)

P2s 1S dimensionless contact pressure Fnzl(nRzrs)
when the plastic deformation on load direction is
grater than R and the dlip lines appear in the second
parte of conical asperity (in inside of BA zone in
Figure 11); F., - required normal load to obtain a
displacement superior to R; ®(h,0,f) - analytica
functionintermsof hy, a, f.

Figures 12 to 14 show the dimensionless
contact pressure p,s as a function of plastic
displacement h,, attack angle of conical asperity
B=m/2 — a and friction coefficient f, respectively.
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Figure 12. Plastic contact pressure versus
penetration
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3.3 Displacements of UHMWPE under conical
asperity with spherical tip

For the initial spherical contact, the radial U,qs
and the vertical elastic dimensionless displacements
U,os defined in [9] are expressed below and they are
plotted in Figures 15 and 16.
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Figure 15. Radial displacement of UHMWPE flat
under the spherical tip
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Figure 16. Axia displacement of UHMWPE under
the spherical tip

Total elastic dimensionless displacements of
the UHMWPE flat under the spherical tip varies
along both radial and axia directions as shown in
Figure 17.
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Figure 17. Total displacement of UHMWPE under
the spherical tip



When the spherical tip of the asperity is
totally plowing to UHMWPE material, the radial and
axial displacements can be evaluated by Sneddon’s
solutions [9]:

U =~[(1-2¥2) Jn =83 ] —— (13

(1-vy) ;

Uza = [(1‘\’ 2)2300+§310J - ! 1 (14)

(1—\/2)

where Jyo, J1, Jio and Ji; are functions of
dimensionless contact radius p and depth of conical
punch &.

Dimensionless UHMWPE radial and axial
displacements under the conical punch are shown in
the Figures 18 and 19, whereas total dimensionless
elagtic displacement is seen in Figure 20.

4. LOADING CAPACITY OF UHMWPE

The critical depth of biomedical steel asperity
in the polymeric plane defines the loading capacity
of UHMWPE. Thus, dimensionless loading capacity
of UHMWPE in contact with the conical asperity
and the spherical tip (theradius R.), can be write as:

Qne
C,.= . (15)
pe - Rc2

If equation (6) is used, the dimensionless
loading capacity can be written as a function of
critical depth 4 (equation 1) or dqo (EQuation 2)
and, finaly, as a function of asperity geometry
(R.,0), yielding strength (o.. 1), and elagticity of the
biomedical steel and UHWPE (n).

Figures 21.a and 21.b show the dimensionless
load capacity when plastic deformation occurs under
the surface, f < 0.3, or on the surface, f >0.3.
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Figure 18. Radia displacement of UHMWPE under
conical punch
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Figure 19. Axia displacement of UHMWPE under
the conical punch
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It is known that the yield strength of
UHMWPE depends on loading direction. As an
example, Figure 22 shows the load capacity N when
the friction coefficient is small, f = 0.08, and tip
radius measures 400, 800, and 1600 pm.
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Figure 22. Load capacity of UHMWPE material

5. CONCLUSIONS

Thiswork is summarized as follows:

e The modd of a loaded dliding contact
between a conical asperity with spherical tip and a
UHMWRPE flat was advanced. The results confirm
that the positions of maximum plastic strain and
Huber-Misses-Hencky or Tresca stress depend on
the friction coefficient and the magnitude of applied
load.

e The eastic capacity of UHMWPE pressed by
a conical steel asperity with spherical tip is defined
as afunction of dimensionless critical depth.

e The total elastic and plastic dimensionless
strain from the spherical cape and conical punch
varies strongly with the friction coefficient.

e The evolution of equivaent stress and
equivalent strain within the polyethylene, resulting
from a frictional dliding contact, might be useful in
interpretation of wear particle detachment
mechanisms in tough polymers, like UHMWPE.

e Thetotal strain might be useful in interpreting
the shapes and boundaries of wear particles
generated in joint replacements.
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OPTIMIZATION OF THE TRIBOLOGICAL AND
VIBRATORY BEHAVIOUR OF THE ROCKER
ARMSOF A FOUR-VALVE ENGINE

The aim of this work is to model the dynamic and tribological
behaviour of the valve train of an industrial vehicle engine and to
understand the phenomena involved in its operation. This model
allowsidentifying and quantifying the significant parameters for the
optimization of the mechanical system. For instance the results
show that the working conditions of such a mechanism give a very
important relative axis eccentricity: it can be higher than 0.98 for a
radial clearance of 33 pum. This induces very small minimal film
thicknesses. lower than 0.33 um that are of the same order of the
surface roughness. The given friction torque becomes zero when the
fall speed becomes zero: this alows determining power losses in
the contact (P=Cw). The axial flow represents the leak flow due to
the hydrodynamic load. This flow is close to the load area and
presents some important variations inside the given clearances. It
turns out to be very small for the minimum radial clearance, which
induces a worse evacuation of the power losses and thus film
degradation.

1. INTRODUCTION

Valve train plays an important role for the
engine performances and in the limitation of the
atmospheric emissions. The development of multi
valve train is atechnological solution to increase the
output while having a low level of pollution.
However the use of this technology on the engines
of big capacity involves an increase of dynamic
efforts and friction in the valve train elements. The
aim of this work is to model the dynamic and
tribological behaviour of the vave train of an
industrial vehicle engine. This model allowsto know
and to quantify parameters and to adjust them for the
optimisation of the system.

2. DYNAMIC STUDY

The design procedure of a valve train begins
with the generation of an optimal theoretical lift law
of a cam for engine performance. It does not take
into account mechanical constraints. From the
dynamic behaviour of the elements of a valve train
one can optimize the geometry and mechanical
characteristics [1], even to straighten the lift law.
There are numerous models which simulate the
dynamic functioning [2, 3]. However the evolution
of the valve train towards a technology in four

Keywords: rocker arm, valve engine, hydrodynamic, power losses

valves for each cylinder leads to a new behaviour. It
is necessary to find the origin to be able to evolve.
The used model is built with the ADAMS software.
It takes into account all the elements and their spatial
positions as well as al the connections. The
resolution of the system can give al the necessary
congtituents to understand and to modify the
mechanical behaviour of avalve train.

2.1 Model description and calculation

To get closer to best rea behaviour, an
approach by equivalence is not enough. Deeper
analysis is required. Our approach uses various
elements as follows:

- A solid is represented by its mass, its mass
inertia matrix and the stiffness which occur in the
kinematics of the rocker arm.

- Connections are completed without friction
except in the case of the contact between the rocker
arm and the stirrup where a specific model of mixed
elastohydrodynamic friction gives the traction force
according to the speed of contact surfaces.

- Line and plane contacts are digitized in
several contact forces.

- Connections are realised without clearance.
N.B.: each stiffness is associated with an equivalent
viscous damper.

The model entry data are the cam lift law AZ
and pressure force on the valves.


mailto:fantino@insa-lyon.fr
mailto:bou-said@insa-lyon.fr

Y

Figure 1. ADAMS dynamic model

Friction force

valve/cylinder head
contact

Pressure force
Figure 2. Valvetrain plan

2.2 Mechanical characteristics taken into account
in the model

The camshaft,
modeled by:
- the mass,
- the stiffness,
- the connections with the other elements.

The rocker arm is modeled by:
- itsmass and itsinertia,
- the rotational stiffness KO with respect to the axis
of rotation derived by finite element calculations
KO=F/A0,
- therigidity of the rocker arm bearing,
- the contact of the rocker arm on the stirrup is
discretised in two contact forces,
- the traction forces of the rocker arm on the stirrup
are calculated for each contact force using a mixed
EHL model.

tappet, and pushrod are
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The stirrup istaken into account by:
- itsmass and itsinertia,
- the guide of the stirrup is modelled by two elastic
dlip pivots along X and Y directions, equivalent to
the flexion stiffness of the guide,
- the contact of the stirrup on the valve stem is a
plan contact of finite length.

Each valve is modeled as follows:

- the mass,

- the guide is ensured by a dlip pivot connection
along Z axis,

- acontact force gives the valve pressure on its seat,
- a force along Z axis models the action of the
cylinder pressure during the cycle.

Each spring is decomposed into severa
springs of equivalent stiffness and masses to model
the distribution of kinetic energy along the spring
and to obtain the first modes of the spring.

2.3 Traction force

The used friction model allows estimating the
friction coefficient according to applied load and the
surface speed. A first step consists in calculating the
lubricant film thickness in the contact (3). The
minimal film thickness for aline contact is given by
the relation established by Dowson and Higginson:

% =0.985U°%7G%oW, 013, (1)

where U =uOM, Wi =£, G=0aE,
ER ERL

1 1 1-v? +1—\/%

E 2| E E, |

with: a - piezoviscous coefficient, U, - surface
Speeds;, E - equivalent Young modulus;, v, -
Poisson ratio; W - contact load; R - radius of
curvature; o - dynamic viscosity of the lubricant; L
- contact width.

The minimum film thickness should be
compared with the surface roughness, Ra, because
when the film is very thin, the normal load is shared
between the lubricant and the contacts between the
top of asperities [4, 6]:

N = Nlubricant + Na' (2)
Therefore, the traction forceis:
T = perp Nisricant + Hsteat/sted Na s 3

h
N, by
with —2-¢ "
N

In the contact rocker arm-stirrup, b=1.2 and ¢
=0.7. Only the term pPgeq/see Nais kept in the model

because metal-metal  friction dominates the
hydrodynamic part: penr Nigbricant<< Heteel/stedt Na:
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Figure 4. Power supplied in the contact rocker arm — stirrup

3. VALIDATION OF THE MODEL AND
RESULTS

The power supplied in the contact rocker arm
- stirrup computed by the program is shown in
Figure 4 in comparison with measurements
performed on the engine. A good agreement occurs,
which validates the proposed model.

4. SYNTHESISOF THE DYNAMIC PART

There is a good agreement between the valve
train dynamic model and the engine measurements.
So it is possible to use it to optimize the mechanism
during a stage of design or modification of the valve
train. Moreover the knowledge of all the dynamic
parameters of the valve train allows to understand
and to describe the phenomena during the engine
operation.

5.HYDRODYNAMIC STUDY

Asthe load varies strongly during a cycle, we
have to solve the Reynolds equation into a dynamic
regime.

5.1 Data

To solve this problem, the mobility method is
used [7-9]. The calculation is completed during one
driven cycle (two crankshaft revolutions) which
corresponds to one camshaft revolution. This study
evidences and gives optimum values of parameters
which have an effect on the hydrodynamics of
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rocker arm bearings. The bearing behavior is
modeled by a computer code which determines the
position of the centre of the bearing and the field of
pressure, for the load and speed diagrams (Figures 5
and 6). Thus, the minima film thickness, the
necessary minimum axial flow and the resisting
torque during adriven cycle can be obtained.
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Figure 5. Force on the rocker arm bearing
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Figure 6. Reversal speed of rocker arm



The lubricant supply is done through a hole
made in the bearing. The pressure field
determination allows placing this oil feed in an area
close to the load without disrupting the bearing lift.
This is necessary because of the weak angular
clearance of the rocker arm.

By the determination of the relative position
of the rocker arm axis, it is possible to obtain the
minimal film thickness and then to compare it to the
surface roughness.

5.2 Results

The minimum film thickness and the friction
torque of the bearing are given in Table 1 as a
function of the cam angle for various bearing
arrangements.

Tablel

Bearing radius R: 0.016 m

Bearing length L: 0.024 m

Radial clearance C: 12; 22; 33 m
Rotational speed N: 1600 rev/mn
or o: 167.552 rd/s

Oil dynamic viscosity p: 0.015 Pa.s
Oil density p: 860 kg/m®

Specific heat of the lubricant at constant pressure:
2000.

Exchange coefficient: 0.85
Temperature supply: 90°C

All the results have been obtained for the
exhaust phase.
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Figure 7. Minimum film thickness for bearing

arrangements
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Figure 8. Friction torque for various bearing
arrangements

5.3 Discussion

The results show that the working conditions
of a mechanism give a very important relative axis
eccentricity: it can be higher than 0.98 for a radia
clearance of 33 um.

This induces very weak minimal film
thicknesses, lower than 0.33 um, which are of the
same order as the surface roughness, Figure?.

The given friction torque, Figure 8, is nil
when the speed of fall is nil: it allows to determine
power losses in the contact (P=Cw).

6. CONCLUSION

We proposed here a model which can be used
for the design and the optimization of an engine
valve train. We evidence some specific mechanism
parameters which improve the behavior and the life
of avalvetrain.
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