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ABSTRACT: To study the ultra-high molecular weight
polyethylene (UHMWPE) wear particles-induced osteolysis
which leads to the failure of artificial joints, microfabri-
cated surfaces with controlled asperities have been applied
to generate narrowly distributed UHMWPE wear particles
with various sizes and shapes. Our previous study further
facilitated single wedge sliding tests to investigate the
mechanism of the UHMWPE particle generation. In this
study, the attempt was made to characterize the particle
generation process into a mathematical model to predict
particle volume with a given surface-texture dimensions
and mechanical loading conditions. The particle-generation
process is decomposed into two steps: (1) penetration of
the cutting edge, and (2) lateral sliding of the cutting edge.
By combining the indentation experimental data, the visco-
elastic responses of UHMWPE was incorporated in the

model. The effects of normal load, feature height, and cut-
ting edge angle on the wear particle volume were illus-
trated from model predictions. Both experimental results
and model predictions indicate the same trend of effects of
surface-texture geometry and mechanical conditions on the
volume of particles. The results of the model predictions
are close to the experimental results of the particle genera-
tion. However, the particle volume predicted by the model
is larger than the experimental results. It is believed that
the reprocessing of the generated particles and viscoelastic
recovery of UHMWPE in the experiments account for this
difference. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 103:
587-594, 2007
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INTRODUCTION

Tribology has emerged as a critical phenomenon in
the biological and medical applications in recent
years. Wear and wear particles of ultra-high molecu-
lar weight polyethylene (UHMWPE) induced immu-
nological responses have been identified as the major
reasons causing the failure of the joint prostheses.'™
To study the effects of size and shape of wear par-
ticles on the immunological responses, a wear testing
procedure by rubbing UHMWPE with controlled
asperities on the surfaces has been developed to gen-
erate UHMWPE wear particles with controlled sizes
and shapes.*® Figure 1 shows the micro-cutting pro-
cess of the UHMWPE particle generation. The wedge
features were fabricated on the silicon surface. By
rubbing UHMWPE with silicon surfaces with wedge
features, the mass production of the particles can be
achieved, and the particle size and shape can be con-
trolled by the dimensions of the surface features and
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the mechanical conditions of the rubbing process.
Microfabricated surface textures with various di-
mensions have been designed and prepared for
UHMWPE particle generation.* Figure 2 shows the
micrographs of various surface features along with
the generated UHMWPE particles under the same
contact pressure of 3 MPa and average sliding speed
of 57.2 mm/s in water.’

The morphology of the worn surface and the wear
particles of UHMWPE have been observed after the
particle-generation process. Figure 3 shows an exam-
ple of SEM photos of the UHMWPE worn surface,
the single surface feature, and generated particles.
Shear deformation of UHMWPE were observed
along the sliding direction.® The width of the sliding
track seen on the worn surface is consistent with the
length of the cutting edge. On the basis of this obser-
vation, the mechanism of the particles has been pro-
posed which is generated from the following steps:”
(a) deformation of the material due to the penetra-
tion and sliding processes of the surface features;
(b) strain hardening occurs under a surface-feature
sliding process; (¢) UHMWPE molecules align to the
direction where the shear stress is applied and the
surface layer of material becomes more brittle;
(d) detachment of the particle at the tip edge-
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Figure 1 [Illustrations of significant variables for the
particle-generation process.

material interface, according to the fracture of
UHWMPE. Single tip sliding experiments have been
designed to investigate the kinematics and the mate-
rial response of the UHMWPE particle-generation
process.” From in situ observation of the process, the
kinematics of the surface feature micro-cutting pro-
cess has been elucidated.

In this study, we attempt to characterize the parti-
cle generation process into a mathematical model to
predict particle volume with a given surface-texture
dimensions and mechanical loading conditions. The
particle-generation process is decomposed into two
steps: (1) penetration of the cutting edge, and (2) lat-
eral sliding of the cutting edge. The penetration
depth of a wedge-shaped cutting edge is calculated
based on the force equilibrium in Newton’s princi-
ple. During the sliding of the cutting edges, dis-
placed volume of UHMWPE leads to the material
resistant force acting on the cutting edges. The
resolved component force in the vertical direction
lifts up the cutting edge. The penetration depth then
decreases as the tip travels further. The balance of
forces between the normal load and the lift-up force
contributed from the material resistance is then
finally reached. We are going to calculate the dis-
placed volume of UHMWPE during the sliding pro-
cess. The volume is projected to be the volume of
generated particles. Finally, a model is developed to
determine the shear volume (displaced volume) of
UHMWPE with given surface texture geometry and
mechanical loading condition.
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MODEL

The variables of the model are the dimensions of the
surface texture, the mechanical operation parame-
ters, and the particle dimensions as output variables.
A schematic representation of the particle-generation
process is shown in Figure 1. The important dimen-
sions of the surface texture include the cutting-edge
feature length (L.), the feature width (W,), the
feature height (H.), the distance between features
along the sliding direction (D;), and the distance
between adjacent features (D;). Two mechanical opera-
tion parameters during the linear reciprocating wear
process are the load applied on each cutting-edge fea-
ture (W), and average sliding speed (S,). Based on the
sheet-like morphology generated from this process,
the particle is characterized as the particle length (L,),
the particle width (W,), and the particle thickness
(T,), and then the particle volume (V) is estimated
by the product of these three dimensions.

Penetration of the cutting edge

The penetration process of the cutting edge is dis-
cussed as a wedge indentation process. A schematic
representation is shown in Figure 4. The key para-
meters shown in the figure include the cutting-edge
length (L.), half angle of the cutting edge (0), average
normal load on each feature (W), and the penetration
depth (H,). Theoretical calculations of the penetra-
tion depth of a wedge tip with purely plastic and
elastic—glastic assumptions have been carried out
earlier.*” As shown in Figure 4, the average normal
load acting on each cutting edge is W. The contact
length after the indentation process is 2H,, tan 6. The
average contact pressure applied to the material can
be calculated by:

144

2L.H, tan 0 M)

Average contact pressure ppen =

With the perfect plastic deformation assumption,
no deformation will occur until the yield stress is
reached, after which plastic flow occurs. The relation-
ship between average contact pressure and the yield
stress has the following relationship:®

Ppen = CpY (2)
where C, is a coefficient for different geometry of

the indenter. For a wedge-shaped indenter, the C, is
a function of 0 and is described as’

C, = A[2.57 — 0.023(90 — 0)] 3)
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Figure 2 Micrographs of the surface textures and generated UHMWPE particles.

where L = 2/+/3 by the von Mises yield criterion, W

- - - Hyp =5 s ©)
and where 0 is expressed in degrees. By balancing PP = 2(C,Y)L. tan 0
the pressure in the z direction, we obtain: ’

where Y is the yield strength of the material.
W —CY ) With an elastic-plastic assumption of the material
T 1T +-— N0 p . . .
2L H, tan 0 property, a certain amount of deformation will be re-
covered after the applied stress is released. Johnson’
Thus the penetration depth (H,,) predicted by the = has derived that H/Y (H: hardness, Y: yield strength)
purely plastic hypothesis can be expressed as is a function of penetration depth and E/Y (E: elastic
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Figure 3 SEM micrographs of surface cutting-edge feature, UHMWPE worn surface, and generated UHMWPE particles.
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Figure 4 Schematic of the penetration process of the
cutting edges.

modulus). By representing hardness by the normal
force and the size of deformation site after penetra-
tion, the predicted penetration depth with elastic-
plastic assumption can be described as:

W
Hyep =sr——7—"7—5
PP 2(CepY)Lc tan 6 ©)
where C,, is a function of material property and
penetration edge geometry. For a wedge geometry,
Cep is derived by Johnson® as following:

1
=7
4 E L
X [1 +1In (3—15? tan(z - 6))], for wedge geometry

)

For example, the C., value of a 90° cutting-edge
angle (0 = 45°) wedge feature is 2.49, and the C,
value of a 60° cutting-edge angle (0 = 30°) wedge
feature is 2.80 for the indentation of UHMWPE
material. The assumption with constant E and Y
is applied in this current model (E = 14 GPa, Y
= 25 GPa).

To discuss the effect from viscoelasticity, we shall
obtain the experimental penetration-depth data for
UHMWPE. Wedge indenters (90° and 60° with 2 mm
edge length) have been applied to the indentation
tests in an earlier study.” The normal load was
applied at strain rate of 0.1 s' and holds for 15 s.
Given sufficient time (60 min) after the indentation
tests, profiles of the indentation marks were meas-
ured by profilometry. The various normal loads
were tested and the measured penetration depths
were compared with the elastic-plastic calculation in
Figure 4. We can also represent the experimental
results by the following equation that is similar to
that for the plastic and elastic-plastic calculations:

144
Hp:2

(CyY)L. tan 6 ®
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where C, is the coefficient for the viscoelastic
UHMWPE from the experimental results. By com-
paring the elastic-plastic prediction results with the
linear regression curve of the experimental results,
we obtain

Co =175 Cep )

where C., is the coefficient for the elastic-plastic
model. The penetration depth can be then predicted
from the above equation after the viscoelastic pro-
perties are taken into account. It means the ratio of
penetration depth predicted from the elastic-plastic
assumption to the measured penetration depth is
1.75 = 0.12 (mean = standard deviation).

Figure 5 shows that the prediction from the calcu-
lation with elastic-plastic assumption is larger than
the experimental measurements. It is suggested that
the difference arises from the viscoelasticity of
UHMWPE for the following possible reasons: (1) re-
covery of material deformation: after the indentation
process, removal of the applied stress results in the
gradually recovery of material deformation. (2) creep
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Figure 5 Comparison of the experimental data of wedge
indentation in UHMWPE with elastic-plastic calculation
results.
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behavior during the indentation: for a viscoelastic
material, the material deformation is a function of
the strain rate. Under a high strain rate, the time
allowed for material deformation is short and thus,
the final material deformation is smaller than for the
case with low strain rate under the same applied
stress, and (3) strain hardening of the material: dur-
ing the indentation process, the plastic deformation
brings the strain hardening of the material. It leads to
an increased material resistant during the indentation
process and a smaller penetration depth.

The viscoelastic recovery of the material in the
cutting-edge penetration process has a dramatic
influence on the final penetration depth. We conclude
that the final penetration depth can be estimated
from eq. (8).

Lateral sliding process

During the sliding process, a horizontal displacement
is applied to the cutting edge under a constant nor-
mal load and the material is lowered. A schematic
representation of the process is shown in Figure 6.
The introduction of the lateral sliding process
unloads the left-hand face of the cutting edge. Fur-
ther vertical deformation takes place by the cutting
edge sliding further deeper in the sliding process.
UHMWPE material displaced by the cutting edge
was accumulated in front of the edge. The resultant
force from the displaced volume acts on the cutting
edge as an encountered force to the normal load.
The net normal load is decreased and it leads to the
decrease of the penetration depth. During the sub-
sequent sliding process, the displaced volume for
unit sliding distance is decreased. More volume is
accumulated in front of the cutting edge with a
decreasing rate of increase of displaced volume. It is
an iterative process between increase of resistant
force by increased displaced volume and decrease of
penetration depth by the increase of material resis-
tant force. Finally, the cutting edge is pushed away
from the UHMWPE material and the displaced
volume of UHMWPE is projected to be the volume
of the generated particle. Calculation of the projected
volume of the particle is based on various dimen-
sions of cutting edges and mechanical loading condi-
tions. Figure 7 shows a flow chart of the calculation
procedure. With known L., W,, H., and 6, the pene-
tration depth can be calculated. During the sliding
process, one face of the cutting edge was unloaded
because of the horizontal sliding motion. The sup-
porting area of the cutting edge is half of the area in
an indentation process. Equation (8) is then modified
as eq. (10) to calculate the penetration depth during
the sliding process:
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Figure 6 Schematic representation of the sliding process
of the cutting edge.

W

Hpe = (C,Y)L. tan 6

(10)

If the calculated penetration depth is larger than
the feature height H,, the real penetration depth is
equal to the feature height. The minimum load W,,
needed to reach the penetration depth H. is then
back calculated:

W,, = H.(C,Y)L, tan 0 11)

With a small increment of sliding distance, we can
calculate the displaced volume by the product of
cutting edge length, penetration depth and the incre-
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Figure 7 A flow chart of calculation of the sliding process
of the cutting edge.

ment of sliding distance. With known quantity of
displaced volume (V;), the material resistant force
can be estimated. From an earlier study,® the mate-
rial resistant force per unit volume of UHMWPE
was obtained as m = 1.2 107® N/um® The resolved
resistant force in the vertical direction from the dis-
placed volume of UHMWPE is calculated:

F,, =F, sin® =mV,; sin® (12)

Obviously, the cutting-edge angle plays an impor-
tant role at distributing the material resistant force
in the vertical direction. With the same displaced
volume, a larger force is distributed in the vertical
direction for a larger cutting-edge angle. The pene-
tration depth was then updated by the new normal
load in the Eq. (13):

W_Frz

|2 A
P (CY)L tan 0

(13)

For the case with initial penetration depth equal to
the feature height, there exists excess load between
the cutting edge and UHMWPE material. The cutting
edge needs to displace a larger volume of UHMWPE
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during the sliding process to generate sufficient re-
sistant force to push away the cutting edge from the
material surface.

After the penetration depth for a small increment
of sliding distance is updated, the new penetration
depth was then used to calculate the displaced
volume in the next increment of sliding. Assuming
incompressibility of the material, the accumulated
displaced volume of UHMWPE was determined by
adding up the displaced volume from each sliding
increment. The iteration process was carried out until
the penetration depth reaches zero. It indicates that
the cutting edge was pushed away from the
UHMWPE surface. The total displaced volume dur-
ing the process is projected to the particle volume.

RESULTS

The model of particle generation was applied to pre-
dict the particle volume with given surface-texture
dimensions and mechanical loading conditions. For
the experimental results, the particle volume was
estimated by the product of particle length, particle
width, and particle thickness from the SEM observa-
tions in the earlier study.® The predictions by the
model are compared with the experimental results.
The effects of normal load, feature height, and cut-
ting-edge angle are discussed.

Effect of normal load

Figure 8(a) shows the comparison of the model pre-
dictions and the experimental results from various
normal loads based on the surface texture with
dimensions of L, = 7.0 ym, W, = 5.0 um, and H,
= 3.0 um. Both results show that increase of load
leads to a larger particle volume. The calculation
results indicated that the minimum load (W,,,) needed
on each feature to reach the penetration depth equal
to the feature height is only 0.0017 N. The loads
applied in the earlier experiments were far larger
than this value.® It means that the cutting edge was
pushed to the end of the surface. Most of the material
resistant force developed was used to encounter the
excess load on the surface. Thus, a linear relationship
between the normal load and particle volume is ob-
served. However, the model predicted that particle
volume is larger than the one from experimental
results. In the model, we have assumed that the
particle length is equal to the cutting-edge length.
Previous experimental results demonstrate that the
particle length is about 10-15% smaller than the cut-
ting-edge length. The viscoelasticity, leading to the
shrinkage of the particle dimension after the particle
is released from the bulk UHMWPE, can explain
some of the difference between predicted and the
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Figure 8 (a) Effect of normal load from model predictions
and experimental results; (b) effect of feature height from
model predictions and experimental results; (c) effect of
cutting-edge angle from model calculations.

experimental results. On the other hand, the multiple
surface features may reprocess the generated par-
ticles and further reduce the particle size. With the
same feature density of the surface texture, there
exists higher possibility for a larger particle to be re-
processed in the micro-cutting process. It is probably
why we observed a larger difference between the
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model prediction and the experimental results for
the larger particles.

Effect of feature height

Figure 8(b) illustrates the comparison of the model
prediction and the experimental results from various
feature height on the basis of the surface texture
with dimensions of L, = 15.0 pum, W, = 5.0 um, and
two different feature heights with H. = 3.4 and
2.8 um. The mechanical condition of the tests include
an average sliding speed of 57.2 m/s and a normal
load of 96 N (load applied on each feature W
= 0.0587 N). A larger feature height leads to a larger
particle volume observed from the model predictions
and experimental results. The applied load is also
sufficient to push the cutting edge to the end of the
surface. A larger feature height means a larger initial
penetration depth at the beginning of the sliding
process. Obviously, a larger penetration depth leads
to a longer sliding distance and a larger particle
volume. The results again show that the particle
volume predicted by the model is larger than the
experimental results. Figure 8(b) indicates that the
difference between the model prediction and experi-
mental results is smaller for a larger particle. Prob-
ably it is more difficult for the surface texture with
a larger feature height to entrap the generated par-
ticles between the cutting edges and UHMWPE
surface. Thus, less number of larger particles were
reprocessed and so that the experimental results are
closer to the model predictions, which are based on
a single cutting-edge process.

DISCUSSION

There is a lack of experimental data with different
cutting-edge angles, although maintaining the same
feature height of the surface texture. The feature
length L. = 15.0 pm, feature height H, = 2.8 um, and
normal load of 96 N (load applied on each feature
W = 0.0587 N) were applied for the calculation pro-
cess. By artificially changing the feature width in the
model, the effect of cutting-edge angle on particle
volume can be estimated. Figure 8(c) shows the par-
ticle volume versus different cutting-edge angles
from the model calculations. A sharper cutting edge
(smaller cutting-edge angle) results in a larger parti-
cle volume. With the same penetration depth, the
sharper cutting edge leads to a longer sliding dis-
tance because a smaller material resistant force is
distributed in the vertical direction to push away the
cutting edge. Obviously, the predictions from the
model are consistent with the theoretical approach
of the particle-generation mechanism.

Slip-line field analyses have been applied to model
the purely plastic deformation of metals of a wedge

Journal of Applied Polymer Science DOI 10.1002/app
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sliding process.'”!! Slip-line field analyses have pro-
vided the explanation of the movement of the wedge
and the results are consistent with the experimental
outcomes.'> Under the purely plastic assumption of
the slip-line field theory, the plastic deformation and
strain takes place immediately when a stress which
is larger than the yield criterion is induced. An
elastic region of material response and the strain
hardening behavior are neglected. However, for a
relatively high-speed plastic deformation of a visco-
elastic UHMWPE in the UHMWPE particle genera-
tion with surface textures, the strain hardening and
the viscoelastic characteristics should be further taken
into consideration in the model.

In this study, we have successfully established a
mathematical model to describe the particle genera-
tion in an accelerated testing by rubbing UHMWPE
with silicon surface with controlled asperities. The
basic principle of force balance was adopted in the
model. It should be noted that the viscoleastic effect
of UHMWPE is not fully included in this model.
Constant elastic modulus and yield strength assump-
tions were made in this study. By combining the
indentation experimental data, the viscoelastic re-
sponses of UHMWPE under a specific strain rate is
incorporated in the model. Therefore, the effect of
sliding speed was not discussed in this calculation.
This achievement enables us to predict the particle
volume from a first principle approach. This model
can assist on the design of surface textures to gener-
ate UHMWPE particles with desired size and shape.
A correlation model obtained from the experimental
results® shows that the experimental data can be pre-
dicted well by the following equation:

LH2WO®

(unit : pm, N, s) (14)

Both correlation and calculation models indicate
the same trend of effects of surface-texture geometry
and mechanical conditions on the volume of par-
ticles. However, the calculation model predicts a
larger particle volume. To further quantitatively pre-
dict the particle volume precisely, the model should
be further tightened to reflect the facts of multiple
cutting edges and limited penetration depth in the
real particle-generation process.

The original purpose of this series work is to gen-
erate UHMWPE wear particles for investigating the
particles-induced immunological responses. In addi-
tion, we can adopt this idea to perform accelerated
wear tests of materials. The uniformed surface asper-
ities were fabricated on the material surface and
applied in a linear reciprocating wear process to rub
against the testing materials. By doing so, friction,
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wear rate, and wear particle morphology under a
patterned stress situation can be observed and mea-
sured. The advantage is that the testing duration can
be shortened into 1-2 days and the comparison of
the wear rate can be made. By observing the wear
particles retrieved from the tests, the lubrication
mechanism can be easily investigated. An earlier
study also adopted this procedure to investigate the
biological lubrication on the wear of UHMWPE."* By
further incorporating the model built up in this
study, the role of various lubricants in wear preven-
tion and friction reduction can be analyzed.

CONCLUSIONS

Microfabricated surfaces with controlled asperities
have been applied to generate narrowly distributed
UHMWPE wear particles with various sizes and
shapes. A micro-cutting mechanism to generate par-
ticles was proposed. Contact mechanics model based
on the calculation of the penetration depth and the
displaced volume of UHMWPE iteratively from a
force-balance basis was established in this study. A
calculation procedure has been developed to predict
the UHMWPE particle volume with a given surface-
feature geometry and applied loads. The results of
the model predictions are close to the experimental
results of the particle generation.

The authors thank Dr. Stephen M. Hsu from National
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