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In this paper, a state of the art on computer simulation and prediction of wear in mechanical components is reviewed. Past and
recent developments as well as approaches employed in the simulation and prediction of wear are reviewed. In particular, the wear
models, contact analysis schemes, and wear evolution prediction procedures as well as their application to the mechanical
components (including cam-follower, gears, bearings, and cylinder/piston/piston ring wear) are reviewed. Recommendations and
suggestions on possible directions for further research studies are also presented.

1. Introduction

)ere has been a considerable amount of discussion about
the definition and classification of the wear phenomenon. In
general, wear is defined based on the mechanism through
which it occurs. Two main categories of wear mechanisms
appear to emerge from previous discussions. )ese include
pure mechanical wear and mechanical wear involving some
element of active chemistry (oxidation/corrosion) [1]. In the
first category, as the name suggests, the wear is purely
mechanical involving the removal of material from the
surface of the bodies in contact and in relative sliding. )is
category was mentioned in an early definition of wear that
described wear as “the progressive loss of material from the
operating surface of a body occurring as a result of relative
motion at its surface” [2]. It is worth mentioning that in the
literature[3], aphenomenon in which there is material re-
moval from a surface when the surface is in contact with a
stream of fluid or a stream of solid particles is also con-
sidered as pure mechanical wear. In the second category,
removal of material from the concerned surfaces is the result
of mechanical interaction between the contacting surfaces in
the presence of a corrosive environment [1]. )is category is
referred to as corrosive wear or tribo-corrosion. A formal
definition for this wear mechanism is presented in the

encyclopedia of tribology as “. . .the damage caused by
synergistic attack of wear and corrosion when wear occurs in
a corrosive environment” [4]. )e two categories have
further been categorized into other subcategories giving
additional insight into the wear phenomenon. Supple-
mentary details on these descriptions and categorizations
can be found in [1, 3–7].

From the definition of wear, it is deduced that wear is
expected to occur whenever bodies are in contact and in
relative motion to each other. It is therefore inevitable that
wear will be experienced in almost all engineering systems
with moving parts. )e problem of wear in industrial ap-
plications has been reported widely, and while wear is not
catastrophic, its presence in these systems gradually degrade
the performance of the systems and if left unchecked can
cause damage to other system components and may even-
tually lead to failure or loss of functionality of the system.
Consequently, there have been many studies, spanning a
variety of fields, investigating wear in various systems. Ta-
ble 1 gives a sample of the studies and investigations on wear
in various mechanical components including gears, bear-
ings, wheel/rail, and cylinder–piston/piston ring pair. )ese
studies have their roots in problems experienced in real-life
operation of components in mechanical systems. )e ob-
jective of these studies is to increase the understanding of the
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wear phenomenon and thus inch closer to finding solutions
to the challenges that accompany wear.

An important aspect of wear on a tribo-pair, which has
elicited significant attention, is surface roughness. Surface
roughness is defined as the variations in the height of the
surface with respect to a reference plane [64]. In addition to
contact load and relatively sliding velocity between a tribo-
pair, surface roughness has been reported to significantly
affect tribological properties [65]. )is is to such an extent
that it has become part of the technical requirement for
mechanical products and components [65, 66]. Conse-
quently, numerous studies seeking to relate tribological
properties to surface roughness have been undertaken.
Among the works that can be mentioned in this regard
include the works of Masouros et al. [67], Kumar et al. [68],
and Hanief et al. [69, 70], among others. In these works, the
authors demonstrate, through numerical and experimental
work, that both surface roughness and wear rate reduce with
time (as wear progress). It is further demonstrated in
[67, 70, 71] that wear rate increases with increasing initial
surface roughness or reduces with reduced roughness. )is
relationship lends credence to the fact that surface roughness
should be considered in the study of wear for mechanical
components as it is desirable to have an appropriate
roughness in order to achieve acceptable wear rate. )is also
further clarifies why surface roughness may be specified as a
technical requirement for mechanical products and
components.

In addition to the problems experienced due to wear in
mechanical systems, wear has also presented a variety of
challenges in biomedical products, specifically in the dis-
cipline of orthopedics. )e bone surface at the joints of the
human body such as the knees and hips are covered with
articular cartilage, which is a smooth substance that is
designed to protect the bones and to allow for movement
with ease. )ere is also a membrane known as the synovial
membrane between the joint capsule and the joint cavity.
)is membrane secretes a fluid, known as the synovial fluid,
which serves as a lubricant for the cartilage and thus re-
ducing the friction at the joint to a bare minimum. In the
event of injury or illness (such as arthritis or other such
conditions), the cartilage can become damaged (or worn

out). )is would expose the opposing bones to each other
and result in contact and rubbing (of the bones) during
motion. )e consequences of this are considerable dis-
comfort to the patient and loss of joint functionality in
severe cases. In other cases, the synovial membrane may
become inflamed (or damaged) due to illness or injury and
consequently reduce its ability to produce the lubrication
effect. )is could then damage the cartilage and once again
expose the opposing bones to contact and rubbing.

Medical procedures such as knee replacement or hip
replacement aim to restore joint functionality by resurfacing
the joints with implants. )ese procedures have a high
success rate in restoring join functionality and improving
the patient’s quality of life. It is estimated that the re-
placements are successful to about 85–90% for a period of
10–15 years [72, 73]. )ere are, however, a number of issues
that have arisen due to these procedures. Of particular in-
terest, to the current discussion, is the wear of the implants at
the joints. As in the case of mechanical components, wear on
implants is not catastrophic but will cause the performance
of the joint to degrade with time. In addition, the wear
occurring in such joints produce debris that accumulate or
spread to other areas of the body and could become
problematic [74–77]. )ese two issues have elicited a large
amount or research as researches seek to understand the
problems created by the wear on implants and develop
corresponding solutions. Table 2 lists previous studies done
on wear of the joint replacements. )e studies reported in
Table 2 include observation and fundamental studies of wear
on the implants, wear experiments on the implants, studies
of the effect of the wear debris from the implant on the
human body, as well as wear simulation and prediction of
the hip and knee replacements.

It can be inferred from the preceding discussion and the
large amount of associated research that wear has indeed
presented a significant challenge in the functioning of
mechanical systems as well as in the field of orthopedics
(with reference to joint replacements). Researchers have put
in enormous efforts with the aim of addressing these
challenges. As a result, research has evolved along multiple
fronts that include but are not limited to fundamental
studies aimed at understanding the wear phenomenon,

Table 1: Sample of wear studies on mechanical systems found in the literature.

Systems Focus of article

Cam-follower (i) Wear prediction on cam-followers [8–10]
(ii) Running-in behavior of cam-follower [11]

Gear wear

(iii) Spur gear wear simulation and prediction [12–17]
(iv) Helical gear wear simulation and prediction [15, 18–20]
(v)Wear studies including experiments, testing, and performance investigation of gears (spur, helical) under
various conditions [15, 16, 21–29]

Bearings wear

(vi) Wear simulation and prediction in bearings [30–33]
(vii) Wear studies including experiments, testing, and performance investigation of bearings under various
conditions [34–38]
(viii) Monitoring of wear in bearings [39]

Wheel-rail wear (ix) Wheel/rail wear simulation and prediction [40–55]
(x) Understanding and identification of wear regimes and transitions [56, 57]
(xi) Reduction of wheel/rail wear [58]
(xii) Wear prediction on cylinder/piston/piston ring wear [59–63]

Cylinder/piston/piston ring
wear
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experimental studies seeking the same, anti-wear design
studies, wear simulation, and prediction studies, among
other efforts. With the continuous and rapid development
and advancements in research in this field, it may be nec-
essary to take a critical review of the past and recent de-
velopments so as to provide a purposeful orientation for
future studies. Due to the importance of simulation and
prediction in all engineering fields, a review on simulation
and prediction of wear is presented in this paper. Past and
recent developments and approaches employed in the
simulation and prediction of wear are reviewed. While there
is a wide range of disciplines that can be reviewed (including
wear in cam-follower, gears, bearings, cylinder/piston/pis-
ton ring, wheel-rail, and wear in orthopedic implants), the
focus of this article will be limited to a few mechanical
components (cam-follower, gears, bearings, cylinder/piston/
piston ring wear). In particular, the focus is on the most
commonly used wear model, contact analysis schemes, wear
evolution prediction procedures, and their application in the
selected mechanical components. Recommendations and
suggestions on possible directions for further research
studies are also presented.

2. Simulation and Prediction of Wear

Research work on simulation and prediction of wear has
been ongoing for over three decades. Some of the early
notable attempts (prior to the late 90s) to conduct computer
simulation of the wear process included the works of Fries
[8], Hugnell [9, 10], Flodin [13–15, 18, 22], and Podra
[97–99]. A number of these studies sought to estimate the
wear in mechanical components such as cam-followers,
gears, bearings, wheel-rail wear, cylinder/piston/piston ring
as previously indicated (Table 1) while others explored
different techniques for wear simulation and prediction on
general geometries [97–99].

A close examination of these early works (specifically for
the abovementioned components) reveals a general trend in
the simulation procedures that consists of the following
main aspects: (1) contact analysis to determine the contact
pressure (at the contact surface) and the relative surface
sliding amounts; (2) application of a wear model to estimate
wear; and (3) geometry updated to reflect evolution of the
geometry with wear. In majority of the studies, these aspects
are incorporated into a routine that is iterated until the
number of desired cycles is achieved. A typical wear sim-
ulation/prediction procedure, as observed in these studies, is
depicted in Figure 1.

Further exploration into later works (2005–2020) related
to wear simulation and prediction on mechanical compo-
nents [16, 17, 20, 60, 92, 93, 100–102] reveal that simulation/
prediction procedures similar to those in the previous works

(as illustrated in Figure 1) have been adopted in (these) later
works. It is therefore logical that this review scrutinizes the
various aspects related to the mentioned simulation/pre-
diction procedure more judiciously. In line with that ap-
proach, a list of references for studies on wear simulation
and prediction performed on various mechanical compo-
nents (including cam-follower, gears, bearings, cylinder/
piston/piston ring wear) is presented in Table 3. Also listed
in the table are details of the wear models, contact pressure,
information on geometry update, and general comments
corresponding to the various components.

An important aspect for the proper functioning of
mechanical components is lubrication. Most mechanical
components are lubricated with the aim of controlling
friction as well as wear. When a tribo-pair (such as a variety
of mechanical components) is operating under steady lu-
brication condition, the wear experienced is maximum in
the boundary lubrication regime and then decreases in the
mixed lubrication regime and becomes virtually zero in the
hydrodynamic regime [131]. )is behavior is depicted in
Figure 2. It is observed from Figure 2 that within the
boundary lubrication regime, the wear is approximately
constant, whereas in the mixed lubrication regime the wear
decreases approximately linearly with increasing film
thickness. It is postulated that within the boundary lubri-
cation regime, most of the load is carried by the surface
asperities, whereas in the mixed lubrication regime the
amount of load carried by the lubricant steadily increases
until the lubricant film is developed fully (corresponding to
the hydrodynamic regime) and the opposing surfaces of the
tribo-pair are completely separated.

)ere have been a number of attempts to model wear in
lubricated contacts for a variety of mechanical components.
Among these efforts features the work of Wu et al. [12] who
used a model developed for partial elasto-hydrodynamic
(EHL) contacts, to model wear in spur gears while taking into
account gear dynamics, lubrication (EHL), oxidation, and
thermal desorption. Olofsson et al. [33] introduced a wear
model, based on the Archard wear equation [133], to study the
wear for a thrust bearing. A similar approach was used by
Flodin [15] for spur and helical gear wear calculations. Haneef
et al. [111] considered the wear in an internal combustion
engine (IC) with clearance and developed a prediction model
taking into account dry contact and full-film lubrication
conditions. )ey employed Archard’s equation with constant
wear coefficient to estimate wear. In [134], Xiang et al. de-
veloped a wear analysis model that coupled mixed lubrication
and wear in a journal bearing. In the model, wear is predicted
by a wear fatigue model (which they developed), whereas a
mixed lubrication model was used to analyze and predict the
asperity contact as well as pressure distribution. )e proce-
dure was implemented for a journal bearing and validated

Table 2: Sample of wear studies on joint replacement (orthopedic) found in the literature.

Systems Focus of article

Joint replacements (orthopedic)
(i) Wear studies and wear experiments for hip/knee replacements [78–83]
(ii) Wear simulation/prediction of hip/knee replacements [84–94]
(iii) Wear debris from hip/knee replacements [74–77, 95, 96]
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through experiments. Lyu et al. [60] established a wear
prediction procedure for a piston-cylinder pair in which
lubrication is considered. )e procedure couples lubrication
parameter and loading condition calculations and is validated
through an experiment. In another recent article, Zhuang
et al. [112] proposes a hybrid wear prediction model based on
Archard’s equation to predict wear in a revolute joint under
various lubrication conditions. )e hybrid model uses a time
varying wear coefficient to represent three lubrication con-
dition including dry contact, boundary lubrication, and full-
film lubrication.)e authors report that themodel, which was
tested against the wear experiment on the door of an airplane
cabin, had the ability to reasonably predict the remaining
useful life of a revolute joint. )ese efforts have enabled a
better understating and therefore better simulation of the
wear in mechanical components.

In addition to the wear prediction approaches outlined
above, another methodology that has emerged in the study
of wear simulation and prediction is the entropy and energy
approaches. )e approach is based on the hypothesis of the
correlation between entropy and degradation of tribo-
mechanical components. As will be detailed later, these
approaches have been developed and used to determine the
wear in mechanical components [131, 135–139] considering
various conditions such as boundary lubrication, mixed
lubrication, transient wear, and multiple wear mechanisms.
A detailed review on this approach was presented in [140].

What follows is a more detailed review on the various
aspects of the wear simulation/prediction trend as previously
mentioned and depicted in Figure 1. )e main aspects of the
trend included (1) the most common wear model used in the
simulations/prediction, (2) the techniques used in esti-
mating the contact analysis, (3) general procedures used in
the geometry update, as well as the (4) computational cost
management. In addition, a brief review of the entropy and
energy approach to wear estimation is presented.

2.1. Wear Model. )ere are a number of fundamental wear
models (in general) that have been proposed [141]. As is
evident from Table 3, the most widely used wear model is the
generalized form of Archard’s wear model [133]. Other
models, observed in the literature related to wear simulation/
prediction of mechanical components (see in Table 3), in-
clude the partial-EHL contact wear model [12, 60] used in
lubrication contact and Rhee’s wear formula [129].

)e partial-EHL contact wear model is expressed as
follows [60, 142]:

dw �
udt

dA
δ0e

− (Δ/2uτ)
− h􏽨 􏽩

2Δ
δ0

, (1)

where w, A, v, t, h, δ0, and τare material loss at fixed
temperature, wear area, sliding velocity, sliding time, height
of the roughness peak, wavelength of the roughness peak,
and the delay time of the opposing material, respectively.
)is model and has been used for simulating wear in gears
and cylinder-piston-piston rings (as listed in Table 3) where
the presence of lubrication is considered.

Rhee’s wear model is expressed as follows:

Δw � kF
a
v

b
t
c
, (2)

where k and F refer to the wear rate and normal contact
force, respectively. )e quantities a, b, and c refer to pa-
rameters specific to the material friction and the operating
environment.

By far, the most popular wear model is Archard’s wear
model (see Table 3), a linear model initially proposed by
Holms in 1946 [143] that estimates the wear from the contact
conditions (relative sliding and contact pressure), operating
conditions, and tribological data that inform about the
materials in contact. In the model, it is assumed that the
worn volume is directly proportional to the corresponding
normal load and is expressed as

V

s
� K

FN

H
, (3)

where s is the relative sliding between the opposing bodies,V
is the amount of wear volume, FN is the normal force (N), K

is a nondimensional wear coefficient, and H refers to the
Brinell hardness of the softer material in the contact pair.
Since the wear depth is usually the quantity of interest, the
worn volume V is usually replaced with the expression,
V � hA. In addition, the dimensionless wear coefficient and
the hardness are normally bundled into a dimensioned wear
coefficient k (i.e., k � (K/H) with units Pa− 1). If it is further
noted that the contact pressure can be expressed as
p � (FN/A), then the wear model can be expressed in the
following form:

h � kps. (4)

Number of
cycles?

Contact analysis to determine:
Contact pressure 
Slip/sliding characteristics

Application of wear model
to estimate wear increment.
Perform geometry update

End of
simulation

Wear analysis
iterations

Yes

No

Start

(i)
(ii)

(i)

(ii)

Figure 1: Flow chart depicting typical wear simulation procedures.

4 Advances in Tribology



Ta
bl

e
3:

Re
fe
re
nc
es

fo
r
th
e
va
ri
ou

s
w
ea
r
sim

ul
at
io
n
an
d
pr
ed
ic
tio

n
pr
oc
ed
ur
es

(w
ea
r
m
od

el
s,
co
nt
ac
ta

na
ly
se
s,
an
d
ge
om

et
ry

up
da
te
).

A
pp

lic
at
io
ns

Re
fe
re
nc
e

W
ea
r
m
od

el
C
on

ta
ct

an
al
ys
is

G
eo
m
et
ry

up
da
te

C
om

m
en
t

A
rc
ha
rd

Pa
rt
ia
l-E

H
L

co
nt
ac
ts

w
ea
r

m
od

el
O
th
er

FE
M

EF
M

BE
M

O
th
er

C
am

-f
ol
lo
w
er

[8
]

x
x

x
C
on

ta
ct

fo
rc
es

ar
e
de
te
rm

in
ed

an
al
yt
ic
al
ly

an
d
th
e
co
nt
ac
tl
oc
at
io
n
is
de
te
rm

in
ed

nu
m
er
ic
al
ly

us
in
g
an

ite
ra
tiv

e
se
ar
ch
.

[9
]

x
x

x
C
on

ta
ct

pr
es
su
re

is
de
te
rm

in
ed

nu
m
er
ic
al
ly

by
di
sc
re
tiz
in
g
th
e
su
rf
ac
e
an
d

de
te
rm

in
in
g
th
e
pr
es
su
re

in
th
e
in
di
vi
du

al
su
rf
ac
e.

[1
0]

x
x

x
Pr
es
su
re
co
nt
ac
ta
na
ly
sis

ba
se
on

in
fin

ite
ha
lf
pl
an
ea

ss
um

pt
io
n.
W
ea
rc
on

du
ct
ed

in
fo
rt
hr
ee

ca
se
s:
1)

w
ea
ro

n
ca
m

al
on

e,
2)

w
ea
ro

n
fo
llo

w
er
al
on

ea
nd

3)
w
ea
ro

n
bo

th
ca
m

an
d
fo
llo

w
er

[1
03
]

x
x

x
Fi
ni
te
el
em

en
ta
na
ly
sis

(F
EA

)c
on

du
ct
ed

to
de
te
rm

in
ec

on
ta
ct
pr
es
su
re
,w

he
re
as
th
e

sli
di
ng

di
st
an
ce
s
ar
e
de
te
rm

in
ed

an
al
yt
ic
al
ly

ba
se
d
on

H
er
tz

th
eo
ry
.

G
ea
r
w
ea
r

[1
2]

x
x

Sp
ur

ge
ar

[1
3]

x
x

x
[1
4]

x
x

x
[1
7]

x
x

x
[1
04
]

x
x

x
x

[1
05
]

x
x

x

[1
06
]

x
x

x
Im

pl
ic
it
tr
ea
tm

en
to

fw
ea
rb

y
su
bs
tit
ut
in
g
A
rc
ha
rd
’s
w
ea
rl
aw

in
to

th
e
co
nt
ac
tl
aw

(S
ig
no

ro
ni
’s
co
nt
ac
tl
aw

)w
he
re
in

w
ea
r
is
bu

ilt
in
to

an
y
pa
rt
ic
ul
ar

lo
ad

st
ep

be
in
g

co
ns
id
er
ed

[1
5]

x
x

x

H
el
ic
al

ge
ar

[1
6]

x
x

x
[1
8]

x
x

x
[1
9]

x
x

x
[2
5]

x
x

x
[2
0]

x
x

x
[1
07
]

x
x

Sp
ur

an
d
he
lic
al

ge
ar
s.

[1
08
]

x
x

x
H
yp
oi
d
ge
ar
s.

Be
ar
in
gs

w
ea
r

[3
3]

x
x

x

C
yl
in
de
r/
pi
st
on

/p
ist
on

ri
ng

w
ea
r

[6
0]

x
x

x
x

Tw
o
w
ea
rm

od
el
sa

re
us
ed

to
co
ve
rt
he

di
ffe
re
nt

lo
ad
-b
ea
ri
ng

co
nd

iti
on

s(
pr
es
en
ce

of
lu
br
ic
at
io
n)
.

[1
09
]

x
x

A
na
ly
tic
al

m
et
ho

d
em

pl
oy
ed

to
es
tim

at
e
bo

re
w
ea
r
pa
tte

rn
fo
r
a
pi
st
on

en
gi
ne
.

H
yd
ro
dy
na
m
ic

lu
br
ic
at
io
n
th
eo
ry

be
tw
ee
n
th
e
pi
st
on

ri
ng

an
d
th
e
cy
lin

de
r
is

co
ns
id
er
ed
.

[1
10
]

x
x

Si
m
ul
at
io
n
re
su
lts

fr
om

th
e
fir
st

pa
rt

of
th
is
st
ud

y
[1
09
]
ar
e
co
m
pa
re
d
w
ith

th
e

ac
tu
al

w
or
n
cy
lin

de
r
bo

re
s.

[1
11
]

x

Advances in Tribology 5



Ta
bl

e
3:

C
on

tin
ue
d.

A
pp

lic
at
io
ns

Re
fe
re
nc
e

W
ea
r
m
od

el
C
on

ta
ct

an
al
ys
is

G
eo
m
et
ry

up
da
te

C
om

m
en
t

A
rc
ha
rd

Pa
rt
ia
l-E

H
L

co
nt
ac
ts

w
ea
r

m
od

el
O
th
er

FE
M

EF
M

BE
M

O
th
er

O
th
er

co
m
po

ne
nt
s
an
d

ge
ne
ra
lg

eo
m
et
ri
es

[9
7]

x
x

x
C
yl
in
de
ro

n
fla
ta
nd

sp
he
re
on

fla
tc
on

fig
ur
at
io
n
ar
ec

on
sid

er
ed

fo
rw

ea
rp

re
di
ct
io
n.

[9
8]

x
x

x
x

)
e
ge
om

et
ry

co
ns
id
er
ed

is
of

co
ni
ca
ls
pi
nn

in
g
co
nt
ac
t.

[9
9]

x
x

x
Se
ve
ra
lg
eo
m
et
ri
es
ar
ec

on
sid

er
ed

in
cl
ud

in
g
(1
)s
ph

er
eo

n
pl
an
ec

on
ta
ct
,(
2)

co
ne

on
co
ne

co
nf
or
m
in
g
co
nt
ac
t,
(3
)c

on
e
on

co
ne

no
nc
on

fo
rm

in
g
co
nt
ac
t,
an
d
(4
)
co
ne

on
to
ru
s
co
nt
ac
t.
)

e
pi
n-
on

-d
isk

tr
ib
ol
og
y
ex
pe
ri
m
en
t
w
as

al
so

sim
ul
at
ed
.

[1
00
]

x
x

x
W
ea
rs
im

ul
at
io
n
im

pl
em

en
te
d
us
in
g
pa
ra
lle
lc
om

pu
ta
tio

n
to

sp
ee
d
up

th
e
an
al
ys
is.

[1
01
]

x
x

x
W
ea
ra

na
ly
sis

of
a
re
vo
lu
te
jo
in
t(
of

a
sli
de
rc

ra
nk

m
ec
ha
ni
sm

)c
on

du
ct
ed

w
ith

in
a

m
ul
tib

od
y
dy
na
m
ic
s
fr
am

e
w
or
k
co
up

lin
g
w
ea
r
an
d
sy
st
em

dy
na
m
ic
s.

[9
3]

x
x

x
A

w
ea
r
sim

ul
at
io
n
pr
oc
ed
ur
e–
ba
se
d
BE

M
is
us
ed

to
pr
ed
ic
tw

ea
r
on

pi
n-
on

-d
isk

co
nfi

gu
ra
tio

n.
W
ea
ri
sc

on
sid

er
ed

fo
rt
he

ca
se

w
he
n
(1
)o

nl
y
pi
n
is
w
ea
ri
ng

an
d
(2
)

w
he
n
bo

th
th
e
pi
n
an
d
th
e
di
sk

ar
e
m
od

el
ed

to
w
ea
r.

[1
02
]

x
x

x
x

C
om

pa
ri
so
n
be
tw
ee
n
th
e
FE

M
an
d
EF

M
pr
oc
ed
ur
e
in

w
ea
r
an
al
ys
is
of

a
re
vo
lu
te

jo
in
t
of

a
pl
an
ar

m
ec
ha
ni
sm

.

[1
12
]

x
x

A
tim

e-
va
ry
in
g
w
ea
rc

oe
ffi
ci
en
tt
o
re
pr
es
en
tt
hr
ee

lu
br
ic
at
io
n
co
nd

iti
on

si
nc
lu
di
ng

dr
y
co
nt
ac
t,
bo

un
da
ry

lu
br
ic
at
io
n,

an
d
fu
ll-
fil
m

lu
br
ic
at
io
n.

[1
13
]

x
x

x
W
ea
r
an
al
ys
is
on

m
et
al
lic

bo
di
es

in
os
ci
lla
to
ry

co
nt
ac
ts
.

[1
14
]

x
x

x
A
cl
os
ed

fo
rm

ex
pr
es
sio

n
fo
r
w
ea
r
on

a
sim

pl
e
sc
ot
ch

yo
ke

m
ec
ha
ni
sm

is
de
ri
ve
d.

[1
15
]

x
x

x
W
ea
r
sim

ul
at
io
n
is
co
nd

uc
te
d
on

a
cy
lin

dr
ic
al

st
ee
lr
ol
le
r
th
at

is
co
nfi

gu
re
d
to

os
ci
lla
te

ag
ai
ns
t
a
st
ee
lp

la
te
.

[1
16
]

x
x

x
x

W
ea
r
or

pl
an
ar

m
ul
tib

od
y
sy
st
em

s.
[1
17
]

x
x

x
3D

w
ea
r
an
al
ys
is
in

ro
lli
ng

co
nt
ac
tp

ro
bl
em

s.
[1
18
]

x
x

x
3D

fr
et
tin

g
w
ea
r
an
al
ys
is.

[1
19
]

x
x

x
A
w
ea
rt
es
tp

ro
ce
du

re
(r
in
g-
on

-d
isc

w
ea
rc

on
fig

ur
at
io
n)

is
sim

ul
at
ed

us
in
g
a
BE

M
fo
rm

ul
at
io
n.

[1
12
]

x
x

x
Ti
m
e-
va
ry
in
g
w
ea
r
co
effi

ci
en
tt
o
ca
te
r
fo
r
eff
ec
ts

on
lu
br
ic
at
io
n.

Re
m
es
hi
ng

at
co
nt
ac
te

le
m
en
ta

nd
th
e
pr
ox
im

ity
of

el
em

en
ts
.

[1
20
]

x
x

x
Ba

ll
on

di
sk

tr
ib
om

et
er

ex
pe
ri
m
en
t
is
sim

ul
at
ed

an
d
co
m
pa
re
d
to

ac
tu
al

ex
pe
ri
m
en
ts
.

[1
21
]

x
x

x
G
eo
m
et
ry

up
da
te
ba
se
d
on

m
ov
in
g
th
en

od
al
w
ea
r.
W
ea
ra
na
ly
sis

on
2D

cy
lin

de
ro

n
fla
t
an
d
3D

sp
he
ri
ca
lc

on
ta
ct
.

[1
22
]

x
x

x
W
ea
ra

na
ly
sis

on
ra
di
al
sli
di
ng

la
m
in
at
ed

po
ly
m
er
ic
co
m
po

sit
e
be
ar
in
gs

co
nt
ac
tin

g
w
ith

ro
ta
ry

sh
af
t.

[1
23
]

x
x

x
W
ea
ra

na
ly
sis

of
(t
he
rm

al
an
d
m
ec
ha
ni
ca
l)
sp
he
ri
ca
lp

la
in

be
ar
in
g.
Re

m
es
h
m
od

el
af
te
r
ev
er
y
cy
cl
e
to

re
fle
ct

w
ea
r.

[1
24
]

x
x

x
W
ea
r
es
tim

at
es

on
a
sli
de
r
cr
an
k
m
ec
ha
ni
sm

.
[1
25
]

x
x

x
Re

m
es
h
m
od

el
af
te
r
ev
er
y
cy
cl
e
to

re
fle
ct

w
ea
r.

[1
26
]

x
x

x
Re

m
es
h
m
od

el
af
te
r
w
ea
r
cy
cl
e
to

re
fle
ct

w
ea
r.

[1
27
]

x
x

x
G
eo
m
et
ry

up
da
te

in
vo
lv
es

re
po

sit
io
ni
ng

of
no

de
an
d
re
m
es
hi
ng

.
[1
28
]

x
x

x
FE

M
-b
as
ed

pr
oc
ed
ur
e
fo
r
fr
et
tin

g
w
ea
r
an
al
ys
is
of

ae
ro
-e
ng

in
e
sp
lin

e
co
up

lin
g.

[1
29
]

x
x

x
W
ea
r
m
od

el
is
a
m
od

ifi
ca
tio

n
of

Rh
ee
’s
w
ea
r
fo
rm

ul
a.

[1
30
]

x
x

x
C
on

ta
ct
an
al
ys
is
in
vo
lv
ed

ge
om

et
ry

di
sc
re
tiz
at
io
n
an
d
co
nt
ac
tp

ro
pe
rt
ie
se

st
im

at
ed

fo
r
th
e
di
sc
re
tiz
ed

se
ct
io
ns
.

6 Advances in Tribology



It is important to note that the dimensioned wear co-
efficient in equation (4) is obtained through experiments,
similar to those described in [113, 144, 145], for a given pair
of materials in contact and for a specific operating condition.
Although there are a variety of wear coefficient test pro-
cedures, the experiments usually involve a pin-on-disc setup
and are performed on tribometers. In a typical test, a load of
known magnitude is applied on the pin which is in contact
with the courter surface (usually a disc). A relative sliding
motion is then administered between the pin and the disk
through a reciprocation motion or rotary motion of the disc
(with a fixed pin position) as shown in Figure 3. )e relative
sliding distance can be determined by keeping track of the
reciprocation cycles (or the disc rotations). )e wear coef-
ficient can then be determined, after the mass lost in the test
is measured, as in the following expression:

k �
(Δm/ρ)

dsFN

, (5)

where Δm is the total mass lost (wear), ρit the density of the
test sample, dsis the total sliding distance, and FNis the
normal force between the pin and the disc. Experimental
data on the wear coefficient usually have large scatter which
may significantly affect the wear prediction. It is thus im-
portant to place extra caution in obtaining these values
especially when these values are to be used for wear sim-
ulation and prediction. It may be worth the while to conduct
uncertainty analysis for measured wear coefficients as done
in the works of Schmitz [144].

It is possible to employ equation (4) to estimate worn
geometry based on initial contact conditions (initial contact
geometry). )is would assume that the geometry and thus
the contact pressure do not evolve with wear. )us, only a
single iteration of equation (4) extrapolated to the number of
desired cycles would be required to determine the final worn
geometry. It has been argued that this approach would al-
most certainly produce erroneous results [103, 113, 114]. It
is, therefore, more accurate to consider the wear process as a
dynamic process where the geometry is continuously
evolving, with the contact condition evolving subsequently.
Equation (4) is thus usually expressed as a first-order dif-
ferential equation of the following form:

dh

ds
� kp(s), (6)

where the contact pressure is considered a function of the
sliding distance. Majority of the wear simulation studies in
the literature utilize a temporal discretization of equation
(6), which leads to a numerical solution for the wear depth as
follows:

hj � hj− 1 + kpjΔsj. (7)

)e term on the left hand side of equation (7) is the total
wear depth at the current iteration (j), whereas the first term
on the right hand side refers to the total wear depth in the
previous iteration (j-1). )e last term on the right hand side
of equation (7) is an estimate of the incremental wear
(Δhj � kpjΔsj) at the current iteration and is dependent on
the wear coefficient (k), the contact pressure (pj), and in-
cremental sliding distance (Δsj) (at the current iteration).
)e expression in equation (7) has been used in numerous
works (in various forms) for simulation and prediction of
wear for both mechanical [18, 19, 97–102, 104, 113, 115, 116]
and medical applications [85, 86].

2.2. ContactAnalysis. Majority, if not all, of the encountered
wear laws require results data about contact between the
interacting surfaces. )e data which include the contact
pressure field and the sliding amounts are obtained via
various contact analysis procedures. A number of contact
analysis procedures have previously been used in the sim-
ulation/prediction of wear. )ese include the Finite Element
Method (FEM), the Elastic Foundation Model (EFM), and
the Boundary Element Method (BEM) in addition to other
analytical procedures.

)e FEM approach involves solving a complex nonlinear
boundary problem in which the contact boundary as well as
the contact stresses is initially unknown. )is is in addition
to the abrupt change in the contact forces during the contact
process. Details of the contact problem and solution pro-
cedures are well beyond the scope of this article and the
reader is referred to works of nonlinear finite element
method such as [146] for further explanations. )e FEM
approach has been used in various studies [100–102, 113]
and has been found to produce good estimates of the contact
pressure for wear computations. Of the three mentioned
approaches, the FEM approach appears to be the most
widely used technique. )is is perhaps due to its ability to
model complex geometry as well as produce relatively good

Boundary
lubrication

Mixed lubrication

Hydrodynamic
lubrication

Film thickness of lubricant
W

ea
r

Figure 2: Relation between wear and lubricant film thickness in various regimes (adopted from [131, 132]).
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estimates of the contact pressure. )ere are also readily
available finite element packages such as ANSYS and
ABUQUS.

In contrast to the FEM, the EFM is a much simpler
method to estimate the contact pressure. )e technique is
derived from plane elastic strain theory for an elastic layer in
contact with a rigid surface [147]. )e term “elastic foun-
dation” is essentially a reference to the use of a set of elastic
spring elements, spread over the regions of contact, to
represent the contact surface.

In the EFM, it is assumed that the spring elements act
independent of each other. Consequently, the effect of how
the pressure applied in one location affects the deformation
in neighboring locations is neglected. While this assumption
violates the very essence of contact problems, the model has
been used in numerous applications due to its simplicity and
ability to offer a cheaper alternative in the estimation of
contact pressure, for layered contact as well as nonlinear
materials [148].

)e concept of the EFM is illustrated in Figure 4. In this
diagram, the contact force between the two surfaces is in-
dicated by FN. )e contact pressure on any spring element
within the elastic layer is obtained from

pi �
EW

Li

δi, (8)

where EW, Li, and δi refer to the modulus of elasticity of the
elastic layer, thickness of the elastic layer, and the spring
deformation, respectively. In the event that both bodies in
contact are elastic, EW will be a composite elastic modulus
for the two bodies. Procedures to determine EW can be
found in [97, 147].

)e load supported by the entire elastic layer can be
determined by summing the load supported by the indi-
vidual spring elements that make up the layer. )e corre-
sponding expression is given as

FN � 􏽘 piAi. (9)

In equation (9), Ai refers to the contact area of the in-
dividual springs. )e force FN, in equation (9), corresponds
to the load (total reaction) between the two bodies in contact
responsible for the contact pressure being determined.

Although the EFM approach does not produce accurate
contact pressure estimates (in comparison to the FEM), it
has been used in various studies [9, 10, 13–15, 18, 97, 102]
and has been found to provide useful results when con-
ducting wear computations.

A third technique used in studies to estimate the contact
pressure is the BEM. )e BEM is a numerical procedure
largely used bymathematicians but has recently found use in
the engineering community. It is a numerical computational
technique used to solve partial differential equations in their
integral formulation (boundary integrals). In the BEM, only
the boundary is discretized and the solution is determined at
the boundary. )e produces to convert the partial differ-
ential equations into their boundary integral forms as well as
discretization procedure are well beyond the scope of this
work and readers are referred to the works of [92, 93, 117]
for further details.

From the literature, the BEM approach appears not to
have been widely used in wear simulation and prediction.
Nevertheless, this approach has been reported to have at
least two major advantages that include (1) its appropri-
ateness for modeling contact problems as the contact occurs
only at the boundary [93] where the solutions are obtained
and (2) it facilitates geometry updates to represent the wear
evolution as the BEM has only boundary elements and thus
only these elements are modified to reflect the wear. It has
also been noted to reduce computational costs when
compared to the FEM [121].

2.3. Geometry Update Model. Majority of the recent works
on wear simulation and prediction employ some form of
geometry update scheme to represent the effect of evolving
geometry as dictated by wear. Indeed, the evolution of the
geometry has an effect on the contact conditions. As wear
occurs, the concerned geometry is altered, which in turn
changes the contact pressure and to some extent the sliding
conditions. Neglecting geometry changes and estimating the
entire wear in a single wear cycle will in most cases lead to
erroneous results as previously reported [103, 113, 114].

Geometry update schemes generally involved moving of
the affected contact boundary by an amount equivalent to
the estimated wear. In studies where the EFM approach have

FN

Reciprocation disk (or pin)

PinWorn surface

Disk

(a)

FN

Rotating disk 

Pin
Worn surface

Dis

(b)

Figure 3: Illustration of the principle behind the pin-on-disk wear test.
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been used [9, 10, 13–15, 18, 102, 116], geometry update is
accomplished by moving the boundary elements normal to
the surface by an amount equal to the wear. )e same
approach was used in BEM-based wear prediction studies
[92–94, 117, 118, 121]. In this case, the contact boundary is
updated to reflect the wear by displacing the boundary nodes
normal to the contact surface by an amount equal to the
estimated wear.

In the prediction/simulation studies where the FEM
method was used [25, 86–91, 98–100, 102, 104, 113, 115, 116],
geometry evolution is achieved by displacing the boundary
nodes at the contact locations normal to the contact surface by
amounts equivalent to the wear. )is approach is depicted in
Figure 5. In this figure, it is seen that a new contact boundary
is created by displacing the nodes on the old contact boundary
in the direction normal to the contact surface.

Unlike in the case of the EFM and BEM, update pro-
cedures displacing the boundary in the FEM is only practical
when the amount of expected wear is small relative to the
boundary element dimensions. From Figure 5, it can be
observed that if the wear is large, then the elements on the
contact geometry will become distorted (when the boundary
is moved to reflect the wear) and may lead to erroneous
results in the finite element analysis. In the event of the
element sizes at the contact region being small (e.g., to
increase the accuracy of the finite element analysis), other
update techniques are required, such as remeshing the ge-
ometry to incorporate the wear [122, 123, 125].

Another geometry update procedure that has previously
been used in conjunction with the FEM in wear analysis is
the boundary displacement approach. )e procedure in-
volves repositioning the boundary nodes as well as the in-
ternal nodes to reflect wear in such a manner that the
distortion of the boundary elements is prevented. )e
procedure is depicted in Figure 6.)is technique was used in
[102, 113, 116]. A detailed discussion of the procedure can be
found in [116, 149].

2.4. Extrapolation. Typical wear analysis problems involve
numerous wear simulation cycles that require the solution
of contact problems after every geometry update. While
individual contact analysis may not be expensive compu-
tationally, the overall wear analysis study may become
considerably expensive due to a large number of contact
analyses that need to be performed. To alleviate this
problem, extrapolation is often used as a means to speed up

the wear analysis. Extrapolations have been implemented
in various forms. In previous wear prediction/simulation
procedures [84, 89], a linear wear evolution model was used
where it was assumed that no geometry evolution occurs
and thus the wear for a desired number of wear iterations is
linearly extrapolated from a single iteration of the wear
analysis. In cases where wear evolution is minimal, this
approach is ideal. However, where the wear evolution is
large, then this extrapolation procedure will more than
likely result in erroneous results as reported in
[103, 113, 114].

Another extrapolation scheme (used when geometry
evolution is important) involves allowing one cycle of wear
analysis to represent a number of actual wear cycles. If Aj is
taken as the extrapolation factor, the extrapolation proce-
dure can be expressed as follows:

hj � hj− 1 + kAjpjΔsj. (10)

While this extrapolation technique provides a remedy
of the computational expense of wear analysis, the chal-
lenge lies in determining the appropriate extrapolation
size. )e contact pressure distribution (determined using
the EFM, FEM, or BEM) over the mating surfaces is
generally not perfectly smooth. When large extrapolation
sizes are used, the nonsmooth pressure distribution is
magnified, thereby leading to unrealistic geometry evo-
lution that fluctuates with every cycle of wear analysis. On
the other hand, small extrapolation will provide an un-
satisfactory solution to the problem of computational
costs. Some guidelines in the selection of the extrapolation
size were presented in [116].

2.5. 8ermodynamics Approach to Wear Analysis.
Entropy and energy approaches have, in the recent past,
been developed and employed for the determination of wear
in tribo-mechanical components. )e concept behind this
approach is that the irreversible degradation of mechanical
components (such as wear) can be related to the generation
of entropy by both dynamic and degenerative forces [137].
)is gave rise to the “degradation entropy generation”
(DEG) theorem [137]. )e theorem has since provided the
basis for the development of degradation models that are
congruent with thermodynamics laws.

According to the DEG theorem, the wear rate (volume)
is expressed as

LElastic
layer

Rigid surface

δi

FN
Rigid indenter

Spring i

Figure 4: Elastic foundation model.

Old 
surface

New 
surface

Figure 5: Geometry update schemes for FEM approach. Shifting
on surface by moving boundary nodes normal to the surface.
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_w � B
μNV

T
, (11)

where, μ, N, V, and T refer to the friction coefficient of the
tribo-pair, the applied force, the sliding velocity, and the
contact temperature, respectively. In equation (11), the
termB is a degradation coefficient, proposed by Bryant et al.
[137], that characterizes the degradation (irreversible) of the
tribo-system through entropy generation.

)e degradation coefficient has been used successfully by
various researchers to characterize various wear conditions.
)ese include steady state wear degradation [150–152],
boundary and mixed lubrication systems [131], transient
wear [153], and multiple wear mechanisms [154].

)e research work published in the literature on the
thermodynamic approach for wear analysis, which involves
both theoretical and experimental work [151, 153, 154], and
in some cases has been cross-validated through available
experimental data [131, 151, 154], has shown some supe-
riority to the previously existing wear analysis approaches
(in certain regards). For instance, it has been reported that
the Archard coefficient is incapable of accurately charac-
terizing the wear under transient conditions such as run-
ning-in [131] and can deviate by large values if running-in is
incorporated into the analysis [153]. Lijesh et al. proposed an
integrated model, via thermodynamic approach, for adhe-
sive wear that would cater effectively for both the transient
running-in phase and the steady-state phase [153]. )e
Archard equation with the constant coefficient was also
found to be inadequate when applied to wear analysis of the
mixed lubrication regime [131]. Various solutions to this
were proposed including thermodynamics-based ap-
proaches by Doelling et al. [135] and Lijesh et al. [131].
Finally, it has also been reported that previously existing
wear models assume single wear mechanisms, whereas in
reality wear on a tribo-pair typically exhibits multiple wear
mechanisms and as such, these models would fall short in
characterizing the actual wear process. Recently, Lijesh [154]
et al. applied the DEG theorem to develop a procedure to
analyze wear involving several wear mechanisms. )e work
is validated through experiments and results from the lit-
erature. )e authors report that the approach (using mul-
tiple degradation coefficients representing various wear
regimes) produced reasonable results that deviated from

experiments by about 9%, whereas when a single degrada-
tion coefficient was used, the results differed with experi-
ments by as much as 44%.

3. Concluding Remarks and Recommendations

In this work, procedures to predict/simulate wear as applied
to various mechanical components, including cam-follower,
gears, bearings, cylinder/piston/piston ring wear, were
reviewed. In particular, the wear models, contact analysis
schemes, wear evolution procedures, and extrapolation
approaches were examined. Table 3 presents a list of ref-
erences for the widely used wear simulation/prediction
processes with corresponding wear models, contact pressure
determination procedures, and geometry update informa-
tion for these components. It can be deduced from the table
that the most widely used wear simulation/procedures are
based on Archard’s wear model, and the FEM procedure is
the most widely used approach to estimate the contact
pressure at the contact boundary and that geometry update
is an essential aspect in the simulation and prediction of
wear without which wear simulations will be inaccurate as
correct geometry profiles cannot be determined.

A thermodynamic approach to wear analysis was also
presented in this work. )e concept behind this approach is
that the irreversible degradation of mechanical components
can be related to the generation of entropy by both dynamic
and degenerative forces. )is approach has been applied to
characterize various wear conditions including steady state
wear degradation, boundary and mixed lubrication systems,
transient wear, and multiple wear mechanisms. )e ap-
proach appears to be promising, especially in application
where the resulting wear volume rather than the wear profile
is required.

A substantial amount of research has been conducted on
the simulation and prediction of wear in mechanical
components. )is work presented some of the major trends
in this area of research.)ere are a number of possible future
directions and suggestions for research. )ree suggestions
are proposed here. )e first suggestion is the inclusion of a
third body in the analysis of wear between two mating
surfaces. )is scenario, commonly referred to as three-body
wear, is an important aspect in the wear phenomenon since

(a) (b)

Figure 6: Boundary displacement technique for geometry update schemes in the FEM approach. (a) Initial geometry. (b) Updated
geometry.
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the two bodies in contact and in relative motion will usually
have a third body between them, whether the body is a
foreign body or wear debris. )e third body indeed affects
the wear and successful simulations of this condition would
introduce a useful tool in studying the aspects of this wear
phenomenon including the effect of the size, shape, and
quantity of the third body on the wear of the parent bodies.

)e second suggestion is an increase in emphasis on 3D
wear simulation/prediction . Majority of the work observed
in the literature has focused on wear simulation/prediction
in 2D. While in many mechanical components, the 2D
assumption is reasonable, this assumption may not be ac-
ceptable in certain scenarios suchas the estimation of wear
on the ball joint of a spatial slider crank mechanism or wear
prediction on a revolute joint with misalignments. For such
cases, a 2D wear analysis will fail to capture the reality of the
wear. It would thus be necessary to perform a three-di-
mensional analysis.

)e final suggestion is related to the widely used wear
model previously presented in equation (4). Most studies
observed in the literature utilize the Euler integration
scheme (5) as a solution to this differential equation. It is,
however, know that the Euler integration results in a
larger error in comparison to other advance schemes such
as the 4th order Runge Kutta method, and the error will
increase as the number of wear cycles increase. )ere are,
however, challenges that need to be overcome when using
these techniques. For instance, majority of these advance
techniques would require a number of contact analyses
within one iteration to estimate the wear for that iteration.
)is would make the wear analysis in general more ex-
pensive. It, however, remains to be seen whether an in-
crease in computational costs is justifiable in place of
accuracy.
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