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Abstract Wear plays a key role in primary failure of
artificial hip articulations. Thus, the main goal of this
work is to investigate the influence of friction-induced
vibration on the predicted wear of hard hip arthro-
plasties. This desideratum is reached by developing a
three-dimensional multibody dynamic model for a hip
prosthesis taking the spatial nature of the physiologi-
cal loading andmotion of the human body into account.
The calculation of the intra-joint contact forces devel-
oped is based on a continuous contact force approach
that accounts for the geometrical and materials proper-
ties of the contacting surfaces. In addition, the friction
effects due to the contact between hip components are
also taken into account. The vibration of the femoral
head inside the cup associated with stick-slip fric-
tion, negative-sloping friction and dynamic variation in
intra-joint contact force has been also incorporated in
the present hip articulationmodel. The friction-induced
vibration increases the sliding distance of the contact
point between the head and cup surfaces by altering
its micro- and macro-trajectories, and consequently
affects the wear. In the present work, the Archard’s
wear law is considered and embedded in the dynamic
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hip multibody model, which allows for the prediction
of the wear developed in the hip joint. With the pur-
pose of having more realistic wear simulation condi-
tions, the geometries of the acetabular cup and femoral
head are updated throughout the dynamic analysis. The
main results obtained from computational simulations
for ceramic-on-ceramic and metal-on-metal hip pros-
theses are compared and validated with those available
in the best-published literature. Finally, from the study
performed in the present work, it can be concluded that
an important source of the high wear rates observed
clinically may be due to friction-induced vibration.

Keywords Wear simulation · Artificial hip
articulation · Friction-induced vibration ·
Multibody dynamics

1 Introduction

It is known that friction-induced vibration is an unde-
sirable oscillation in artificial hip articulations due to
tribological interactions between the head and cup sur-
faces, which eventually is a cause of wear. Ibrahim [1]
showed that vibration induced by friction can lead to
excessive wear of mechanical systems. Wear can also
significantly influence the lifetime and performance of
implants and has been found to be a crucial factor in
primary failure of artificial hip replacements [2].

The most commonly utilized artificial hip replace-
ment combination is ametal headwithin a polymer cup,
which is usually referred to as a soft-on-hard couple.
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This pair of materials is known to suffer from cup wear
with the resultant polymer debris reported to induce
osteolysis. Computing the wear profile of soft-on-hard
bearing couples has been the subject of a good number
of studies over the last decades [3–8]. With the intent
to reduce wear, hard-on-hard material combinations
have been developed namely metal-on-metal (MoM)
and ceramic-on-ceramic (CoC) bearings. In the case of
hard-on-hard couples, wear occurs across both the head
and cup surfaces. Few studies have investigated wear
of hard-on-hard couples [9–11].

Hip simulator tests have been developed to evaluate
implant wear; however, these tests are time-consuming
and costly [9,12,13]. Therefore, significant effort has
been placed on developing computational wear models
[3,4,11].While a number of computational approaches
have been proposed to predict wear and friction phe-
nomena [14,15], Archard’s wear law is still the most
commonly utilized in tribology [14–18]. This wear
model requires knowledge of the contact pressure, slid-
ing distance of the contact point and tribological data,
such as the wear coefficient of the contacting materials.
Implant head-cup contact properties canbenumerically
determined bymeans of the finite elementmethod [19],
boundary element method [2] and Hertz contact model
[20,21]. Each has its advantages and disadvantages in
terms of accuracy and computational efficiency; for
instance, it has been recognized that the finite element
method provides more accurate results, but it is more
time-consuming [16].

The contact point between the head and cup sur-
faces follows a certain characteristic track during nor-
mal human gait. The contact point track is a crucial
parameter to predict the wear, since any variation in
the track shape can cause a huge difference in the wear
rate [22–24]. Mattei et al. [8] utilized a theoretical con-
tact point track, where the contact point was assumed
to be located at the interface of the head and cup and
along the line joining both the centers of the head and
cup. Jourdan and Samida [4] considered that the center
of the femoral head was stationary, while the motion
of the femur was simulated by applying physiological
rotations. Ramamuri and his co-authors [25] computa-
tionally determined loci ofmovement of selected points
on the femoral head during normal gait. A few years
later, Saikko and Calonius [26] developed a computa-
tional method based on Euler angles to compute the
slide tracks for the three-axis motion of the hip artic-
ulation in walking. The slide track patterns resulting

from the gait waveforms were found to be similar to
those produced by hip simulators. More recently, Sari-
ali and his co-workers [27] also provided sliding path of
motion between the head and cup when the hip implant
is in edge loading or in normal centered conditions
using the Leeds II hip simulator.

The geometry of the hip contacting surfaces changes
aswear progresses over time, which, in turn, affect con-
tact pressure and nominal contact zone/point. From this
point of view, the wear prediction procedures can be
classified into two main groups. In the first group, it
is assumed that surface geometries and, consequently,
contact pressures and sliding distance do not change
over thewear simulation [8].As a result, a linear extrap-
olation can be applied to estimate the final linear and
volumetric wear. This procedure is very efficient from
computational point of view, but has been found to pro-
duce erroneous results [16,28]. In sharp contrast, the
second group allows the contact geometry to vary grad-
ually and, thus, result in iterative procedures to com-
pute wear and final geometry [10]. Thus, the surface
geometry is changing due to wear and, consequently,
increases the joint clearance size and modifies the con-
tacting areas from uniform to nonuniform. Therefore,
the contact pressure and the dynamic response of the
system can significantly be affected.

Recently, investigations have been reported that,
on top of the normal gross motion, the femoral head
vibrates inside the cupwithmicron andnanoamplitudes
in tangential and normal directions, respectively, with
respect to the collision plane due to friction-induced
vibration [29,30]. This results in a change in the contact
point trajectory at both micro- and macroscales, which
can affect the final wear profile. Mattei and Di Puccio
[11] determined the variations of contact point trajec-
tory due to friction and calculated its effect on wear
prediction. This approach does not include the vibra-
tion of the femoral head inside the cup. In addition,
it is reported that wear decreased as friction increased,
which is not acceptable from physical point of view. To
the best of the authors’ knowledge, there is no inves-
tigation on the effect of the vibration of the femoral
head within the cup on both wear prediction and the
corresponding wear map of artificial hip joints. More-
over, the authors’ previouswork demonstrated that fric-
tion modifies the smooth trajectory of the head moving
against the cup to a nonsmooth oscillatory trajectory
with an oscillatory sliding path [31]. Consequently, a
significant wear increase should be expected.
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Thus, the influence of friction-induced vibration on
wear simulation of artificial hip articulations is mod-
eled and analyzed in this study. For this purpose, a
spatial multibody dynamic model is developed, which
allows for the evaluation of both sliding distance and
contact pressure in order to evaluate the wear of hip
implants. The friction-induced vibration and intra-joint
contact-impact forces developed between the head and
cup surfaces are evaluated and taken into consideration
as external generalized forces in the governing equa-
tion of themotion [32]. A friction–velocity relation and
a dissipative Hertz contact model are employed to for-
mulate tangential and normal contact forces, respec-
tively [33]. Three-dimensional physiological loading
and motion of the human body are also taken into
account in the dynamic analysis [34]. Then, the result-
ing nonlinear equations of motion are solved by using
the adaptive Runge–Kutta–Fehlberg method. In this
process, the Archard’s law is utilized to compute the
wear, being the geometry of worn hip surfaces updated
during the computational simulation. Finally, demon-
strative examples of application are utilized to provide
the results that support the discussion and show the
validity of the presented methodology. For the sole
purpose of validation, the obtained results are also ana-
lyzed and comparedwith those available in the thematic
literature.

2 General issues on modeling artificial hip joints

Themain purpose of this section is to present the funda-
mental issues dealing with the development of a com-
putationalmultibody hipmodel able to predict thewear
in human artificial hip joints. The hip articulation, also
referred to the acetabulofemoral joint, is one of themost
significant synovial joints in the human body. This joint
connects the femur and acetabulum of the pelvis. It has
two main functions: (i) to provide static stability and
(ii) to permit the motion during human gait [35]. The
mobility associatedwith thehip joint is indispensable to
human locomotion. There is no doubt that the hip joint
is one of the most studied human anatomical articula-
tions due to its importance in activities of daily living
and due to high incidence of joint degeneration, which
ultimately can lead to serious disability and affect the
human gait [36–38]. Figure 1 shows a schematic rep-
resentation of an artificial hip replacement, where the

Fig. 1 Schematic representation of the artificial hip replacement

main components are the femoral head (ball) and the
acetabular cup (socket).

The human body has relatively rigid bones, con-
nected by special joints capable of large anatomical
articulations. From a mechanical point of view, this
description of the human body is similar to that of
a multibody mechanical system. However, the human
body system is far more complex than the great major-
ity of the multibody systems. Its components have a
complex behavior due to deformations associated with
the soft tissues such as the muscles, tendons and lig-
aments and due to the complexity of the anatomical
articulations relative to the standard mechanical joints
[39].Multibody-basedmethodologies have been devel-
oped in such a way that, besides the representation of
mechanical systems made only of rigid components
[32], they also allow the description of deformable bod-
ies [40]. In a broad sense, much of the research devel-
oped with the purpose to simulate daily human tasks
is based on the assumption that the joints that con-
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strain the system’s components are considered as ideal
or perfect joints, such as spherical, revolute and uni-
versal joints. Nevertheless, with this approach signifi-
cant decrease in the kinematic and dynamic precision
compared with the living body can occur because the
idealized models fail to capture more complex aspects
of joint kinematics and dynamics [41].

In the field of multibody system dynamics, com-
putational methods for representation of complex phe-
nomena such as contact geometry, friction phenomena,
wear and lubrication have been developed [42]. How-
ever, the application of thesemethods in the field of bio-
mechanical system dynamics lacks somewhat behind.
A possible reason is that much biomechanical simula-
tion is based upon inverse dynamics, where movement
of all degrees of freedom is input to the analysis leading
to a presumption of simple joint kinematics. For most
applications concerning simple models, this is a rea-
sonable assumption, but for detailed investigations of
more complex joints, such as the artificial hips it is not.
In contrast, in the present study, a dynamicmodel of the
artificial hip joint is considered, in which the head and
cup are modeled as contacting components [43]. The
biomechanical hipmodel characterization is developed
under the framework of multibody system methodolo-
gies using Cartesian coordinates. The intra-joint forces
associated with the impacts and the eventual continu-
ous contacts are described here by a force model that
accounts for the geometric and material characteristics
of the head and cup surfaces. Themodel for the contact-
impact force must consider the material and geometric
properties of the colliding surfaces, information on the
impact velocity, contribute to an efficient integration
and account for some level of energy dissipation [44].
These forces are then included into the equations of
motion as generalized external forces. In this process,
the Archard’s law is embedded in the general dynamic
multibody approach proposed.

3 Kinematics of artificial hip joints

In order to describe the kinematic aspects of an artifi-
cial hip joint, it is first necessary to formulate a math-
ematical model. In the present work, the biomechani-
cal characterization is developed under the framework
of multibody systems methodologies. Due to its sim-
plicity and computational easiness, Cartesian coordi-
nates and Newton–Euler method are utilized to formu-

late the equations of motion of the three-dimensional
multibody hip model [32]. From the multibody point
of view, a hip joint can be modeled as a spherical joint
with clearance, as Fig. 2 shows [43]. The femoral head
is the ball, while the acetabular cup is the socket. The
ball is part of body j , which is inside the hemisphere
cup that is part of body i . The radii of the head and cup
are R j and Ri , respectively. The difference in radius
between the cup and head defines the size of radial
clearance in the hip joint, c = Ri –R j . In the present
study, the centers of mass of bodies i and j are Oi and
Oj , respectively. Body-fixed coordinate systems ξηζ

are attached at their centers of mass, while XYZ rep-
resents the global inertial frame of reference. Point Pi
indicates the center of the cup, while the center of the
head is denoted by Pj . The vector that connects the
point Pi to point Pj is defined as the eccentricity vec-
tor, which is represented in Fig. 2. It should be noticed
that, in actual hip joints, the magnitude of the eccen-
tricity is typically much smaller than the radius of the
socket and ball [45].

In what follows, the fundamental kinematic aspects
related to the hip joint are presented. As displayed in
Fig. 2, the eccentricity vector e, which connects the
centers of the cup and the head, is expressed as

e = rPj − rPi (1)

where both rPj and rPi are described in global coordi-
nates with respect to the inertial reference frame [32],

rPk = rk + Aks′P
k , (k = i, j) (2)

The magnitude of the eccentricity vector is evaluated
as,

e =
√

eT e (3)

The magnitude of the eccentricity vector expressed in
the global coordinates is written as [46],

e =
√(

x Pj − x Pi

)2 +
(
yPj − yPi

)2 +
(
zPj − zPi

)2

(4)

and the time rate of change of the eccentricity in the
radial direction, that is, in the direction of the line of
centers of the socket and the ball is,
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Fig. 2 General
configuration of an artificial
hip joint in a multibody
systems [46]

ė =
(x Pj − x Pi )

(
ẋ Pj − ẋ Pi

)
+

(
yPj − yPi

) (
ẏ Pj − ẏ Pi

)
+

(
zPj − zPi

) (
ż Pj − ż Pi

)

e
(5)

in which the dot denotes the derivative with respect to
time.

A unit vector n normal to the collision surface
between the socket and the ball is aligned with the
eccentricity vector, as observed in Fig. 2. Thus, it can
be stated that

n = e
e

(6)

Figure 3 illustrates the situation inwhich the cup and
the head surfaces are in contact, which is identified by
the existence of a relative penetration, δ. The contact
or control points on bodies i and j are Qi and Q j ,
respectively. The global position of the contact points
in the cup and head is given by [46,47],

rQk = rk + Aks′Q
k + Rkn, (k = i, j) (7)

where Ri and R j are the cup and head radius, respec-
tively.

The velocities of the contact points Qi and Q j in the
global system are obtained by differentiating Eq. (7)
with respect to time, yielding,

ṙQk = ṙk + Ȧks′Q
k + Rk ṅ, (k = i, j) (8)

Let the components of the relative velocity of con-
tact points in the normal and tangential direction to the
surface of collision represented by vN and vT , respec-
tively. The relative normal velocity determines whether
the surfaces in contact are approaching or separating,
and the relative tangential velocity determines whether
the surfaces in contact are sliding or sticking [48]. The
relative scalar velocities, normal and tangential to the
surface of collision, vN and vT , are obtained by pro-
jecting the relative impact velocity onto the tangential
and normal directions, yielding,

vN = [(ṙQj − ṙQi )T n]n (9)

vT = (ṙQj − ṙQi )T − vN ≡ vT t (10)

where t represents the tangential direction to the
impacted surfaces.

From Fig. 3, it is clear that the geometric condition
for contact between the socket and ball can be defined
as,

δ = e − c (11)
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Fig. 3 Penetration depth
between the cup and the
head during the contact [46]

where e is the magnitude of the eccentricity vector
given by Eq. (3) and c is the radial clearance. It should
be noted that here the clearance is taken as a specified
parameter.When themagnitude of the eccentricity vec-
tor is smaller than the radial clearance, there is no con-
tact between the cup and the head, and consequently,
they can freely move relative to each other. When the
magnitude of eccentricity is larger than radial clear-
ance, there is contact between the cup and head, being
the relative penetration given by Eq. (11).

The contact problem studied within the framework
of multibody systems formulations can be divided into
two main phases, namely (i) the contact detection and
(ii) the application of an appropriate contact force law
[49]. The contact detection is the procedure which
allows to check whether the potential contacting sur-
faces are in contact or not. For multibody systems, this
analysis is performed by evaluating, at each integra-
tion time step, the gap or distance between contacting
points. When this distance is negative, it means that
the bodies overlap, and hence in these situations, the
distance is designated as penetration or indentation. In
reality, the bodies do not penetrate each other, but they
deform. In computational simulations, the penetration
is related to the actual deformation of the bodies [50].
On the other hand, in the second phase of the con-
tact modeling problems, the application of the contact
law deals with the use of an appropriate constitutive
law relating the penetration and the contact forces nec-
essary to avoid the inter-penetration of the contacting
bodies. In other words, the contact force can be thought

of penalizing the pseudo-penetration, and hence, this
approach is commonly denominated as penalty method
[51–55].

4 Dynamics of artificial hip joints

In the present study, the dynamics of the artificial hip
joint is done by employing the Newton–Euler equa-
tions of motion for unconstrained systems, which can
be expressed as [32]

Mq̈ = g (12)

where M is the system mass matrix, containing the
mass and moment of inertia of the femoral and cup
elements, q̈ denotes the vector of the translational and
rotational accelerations, and g is a force vector that
includes the external and Coriolis forces acting on the
components of the multibody hip system. The external
forces represent the intra-joint contact forces as well as
the moments that act on the hip joint. The numerical
resolution of Eq. (12) is performed using the adaptive
Runge–Kutta–Fehlberg method and the state represen-
tation to convert the second-order differential equations
into first-order equations [56].

When the head and cup surfaces contact each other,
normal and tangential forces are developed at the con-
tact points, Qi and Q j . On the one hand, these intra-
joint contact forces donot act through the center ofmass
of the bodies i and j , and the moment components for
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Fig. 4 Contact forces
defined at the points of
contact between cup and
head [46]

each body need to be determined. On the other hand,
the contribution of the contact forces to the generalized
vector of forces is found by projecting the normal and
tangential forces onto the X , Y and Z directions. Based
on Fig. 4, the equivalent forces and moments working
on the center of mass of body i (the cup element) are
given by

fi = fN + fT (13)

mi = s̃Qi fi (14)

where tilde (∼) placed over a vector indicates that the
components of the vector are used to generate a skew-
symmetric matrix [32].

The forces and moments acting on body j (the
femoral head) are written as

f j = −fi (15)

m j = −s̃Qj fi (16)

At this stage, it must be stated that due to muscle
activities, other soft tissues and leg motion, there are
other external forces and moments acting on the center
of the femoral head from which forces are available
from in vivo data. However, moments are unknown,
which should be computed in a way that the femoral
head satisfies its in vivomotions. Themoments express

the dependency of normal contact forces and tangential
friction forces in the collision plane.

The normal contact forces are computed consider-
ing the well-known viscoelastic model proposed by
Lankarani and Nikravesh [57]. This continuous con-
tact force model, in which a hysteretic damping factor
is incorporated in order to account for the energy dis-
sipation, is expressed as

fN = K δn

[

1 + 3
(
1 − c2e

)

4

δ̇

δ̇
(−)

]

(17)

where K is the generalized stiffness parameter, n is
the nonlinear exponent, ce is the coefficient of resti-
tution, δ̇ is the relative penetration velocity and δ̇(−)

is the initial impact velocity. Equation (17) is used to
simulate the impact because it accounts for energy dis-
sipation and exhibits good numerical stability at low
impact velocities.Moreover, Eq. (17) is valid for impact
velocities lower than the propagation speed of elastic
waves across the bodies. This criterion is fulfilled in the
applications used in the present study. In fact, with low
values of clearance size, the impact velocities in the
hip joint are within a tolerable range of validity of the
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Fig. 5 Force versus penetration [57]

contact force model given by Eq. (17) [58]. The gener-
alized stiffness parameter K depends on the geometry
and mechanical properties of the contacting surfaces.
For two spherical contacting bodies with radii Ri and
R j , the stiffness parameter is expressed by [59]

K = 4

3(σi + σ j )

√
Ri R j

Ri − R j
(18)

in which the material parameters σi and σ j are given
by

σl = 1 − υ2
l

El
, (k = i, j) (19)

and the quantities υl and El are the Poisson’s ratio
and the Young’s modulus associated with each sphere,
respectively. It is important to note that, by definition,
the radius is negative for concave surfaces (such as
for the head element) and positive for convex surfaces
(such as for the cup element) [60].

The force expressed by Eq. (17), when drawn versus
penetration depth, results in a hysteresis loop as shown
in Fig. 5. The area of this hysteresis loop is equal to the
energy loss due to the internal damping of the material.
The hysteresis damping function assumes that the loss
in energy during impact is due to the material damping
of the colliding bodies [57]. Alternative contact force
models are available in the literature [33].

The tangential friction is evaluated by using the
modified Coulomb’s friction law [61]

fT = −μ(vT ) fN (20)

0

0 

Tangential velocity (m/s)

Fr
ic

tio
n 

co
ef

fic
ie

nt

cf

cd

-cd

-cf -v0

Fig. 6 Coefficient of friction behavior as a function of the rela-
tive tangential velocity [31,63]

where vT denotes the relative tangential velocity and
μ represents the coefficient of friction. Although the
coefficient of friction is dependent on several parame-
ters, in the present study, it is constricted to dependence
on the relative tangential velocity as

μ(vT ) =
⎧
⎨

⎩

(
− c f

v20
(vT − v0)

2 + c f

)
sgn(vT ) vT <v0

(
cd + (

c f − cd
)
exp (−ξ(vT − v0))

)
sgn(vT ) vT ≥v0

(21)

in which c f and cd are the static and dynamic coeffi-
cients of friction, respectively, v0 is the tolerance veloc-
ity utilized to avoid numerical instabilitieswhen the rel-
ative tangential velocity is close to zero and ξ (greater
than zero) denotes the negative slope of sliding state
[62]. It must be highlighted that the first equation in
(21) reflects the continuous behavior of the coefficient
of friction when the relative tangential velocity is the
vicinity of zero, while the second equation in (21) rep-
resents the Stribeck friction component. With the pur-
pose to make clear the complex function of Eq. (21),
Fig. 6 shows the evolution of the coefficient of fric-
tion as a function of the relative tangential velocity. It
must be stated that the coefficient of friction starts from
zero, and it drastically increases reaching a peak, which
has been referred to as static friction by Bengisu and
Akay [63]. Then, the coefficient of frictionwill increase
with relative tangential velocity until reaching a stable
response.
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5 Modeling wear in artificial hip joints

This section deals with the main issues associated with
modeling wear in artificial hip joints. For this purpose,
the Archard’s wear approach is utilized, in which the
linear wear rate can be expressed as follows [22],

dh

ds
= KW p

H
(22)

where h represents the depth wear, s is the sliding
distance, KW denotes the dimensionless wear coeffi-
cient, p represents the contact pressure and H is the
hardness of the softer material of the contact pair ele-
ments. A numerical solution for the wear depth, given
by Eq. (22), can be obtained by employing the Euler
integration algorithm, yielding the following updating
expression

hi+1 = hi + kW pi�si (23)

in which h j+1 is the total wear up to the j + 1th
wear step, h j is the total wear depth at the previous
step. The last term in Eq. (23) is the incremental wear
depth, which is a function of the contact pressure and
the incremental sliding distance at the corresponding
cycle. Finally, the variable kW denotes the wear coeffi-
cient (kW = KW /H), which is dimensionally defined
as mm3/N m−1. As it can be observed from Eq. (23),
sliding distance (�si ) and contact pressure (pi ) in each
step of the simulation should be evaluated before the
computation of wear. Thus, the sliding distance can be
calculated from the numerical solution of Eq. (12), in
each time step, and can be expressed in the following
form

�si =
√

(xQj (ti ) − xQj (ti−1))2 + (yQj (ti ) − yQj (ti−1))2 + (zQj (ti ) − zQj (ti−1))2 (24)

It should be mentioned that Eq. (24) can precisely rep-
resent the sliding distance increment provided that the
time step is enough small.

The Hertzian contact theory can be utilized to esti-
mate the contact parameters such as themaximumpres-
sure and contact area. Assuming that the cup and head
to be held in contact by a force fN such that their point
of contact expands into a circular area of radius a

Fig. 7 A representation of contact area and the contact angle ϕ

a = Ka
3
√

fN (25)

where

Ka = 3

√
3

4

(
σi + σ j

)
Ri R j

Ri − R j
(26)

inwhich σi , σ j , Ri and R j have already been defined in
the context of Eq. (18). Themaximumcontact pressure,
pmax, occurs at the center point of the contact area with
a magnitude given by

pmax = 3 fN
2πa2

(27)

Based on the Hertzian contact theory, the pressure
field at any point within the contact point area can be
expressed in the following form [64]

p(ϕ) = pmax

√

1 −
(

sin ϕ

sin ϕmax

)2

(28)

where ϕmax can be obtained from the geometry of
Fig. 7, yielding

sin ϕmax = a

R j
(29)
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According to Fig. 7, ϕ is the angle defined between
the vectors,

−−−→
PjQ j and

−−→
PjQ, in which Q is an arbitrary

point within the contact area displayed in gray color.
Using the scalar product between those vectors results
in Eq. (30) by which ϕ can be evaluated. The same
procedure can be considered for the angle ϕ’ on the
cup surface, yielding
−−→
Pj Q

−−−→
Pj Q j = R2

j cosϕ (30)
−−→
Pi Q · −−→

Pi Qi = R2
i cosϕ′ (31)

At this stage, it must be noted that when ϕ > ϕmax

on the head surface, the pressure of the corresponding
point is zero. Otherwise, the pressure is calculated from
Eq. (28).

The geometry of the cup and head surfaces should be
updated during simulation due to material loss. Updat-
ing the geometry of the cup is straightforward since the
cup is assumed to be stationary. On the other hand, the
head freelymoves due to the legmovement fromwhich
there are available clinical data of its physiological rota-
tion over the gait cycle. Consequently, the local coor-
dinate system attached to the center of the ball rotates
with respect to the reference coordinate system to the
angles (α, β, γ ), which are Euler angles represented in
the plots of Fig. 8. Thus, in order to update the geometry
of the head, each point in the contact area determined
in the reference coordinate system is transferred to the
local coordinate system. This helps to determine the
exact position of the point on the ball surface, which is
different from what is in the reference coordinate sys-
tem due to using different coordinate systems. For this
purpose, the position of the contact point on the head
surface can be determined using the following standard
transformation

Q j0 = R−1
xyz(α, β, γ )Q j (32)

where Q j0 is the local position of contact point in local
coordinate system and Q j is the position of the contact
point in the global coordinate system. Moreover, Rxyz

is the rotationmatrix, for which the Euler sequence FE-
AA-IER (i.e., FE: flexion–extension; AA: abduction–
adduction; IER: internal–external rotation) is given by
[65]

Rxyz(α, β, γ ) =
⎡

⎣
cosβ cos γ − cosβ sin γ sin β

sin α sin β cos γ + cosα sin γ − sin α sin β sin γ + cosα cos γ − sin α cosβ

− cosα sin β cos γ + sin α sin γ cosα sin β sin γ + sin α cos γ cosα cosβ

⎤

⎦ (33)

Fig. 8 The Euler angles due to the physiological motion of the
femoral headwhere solid line γ (IER); dashed linesβ(AA); dash-
dotted lines α (FE) [34]

In order to compute the exact area covered by the
sliding distance, the joint surface is divided into sev-
eral elements before starting the dynamic simulation.
Discretizing the head and cup surfaces, the azimuthal
and polar angles of the spherical coordinate systems at
the center of the head and cup are differential angles
with the size π/� radian, where � is an integer. Con-
sequently, the elements are not uniform and the accu-
racy of the results and convergence of the method are
assessed with increasing �. This particular issue will
be discussed in detail in the next sections of the paper.
Figure 9 shows a representation of twopotential contact
surfaces discretized into finite elements and elements
involved in contact. It is worth mentioning that finite
element method is not used in the present study and
contact pressure is determined in the exact location of
the contact point using Eq. (28). Thus, the contact area
covers a number of elements in which contact pressure
is positive. The wear depth in each element (k, j) cov-
ered by contact area changes according to theArchard’s
wear model. In each integration time step, when the
contact between two surfaces occurs, the wear depth
calculated for each element is stored. At the end of
the simulation, the amount of wear depth accumulated
on an element is the sum of all partial wear depths at
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Fig. 9 A representation of
finite element on the cup
and head surface in which
Q j and Qi are contact
points on the head and cup,
respectively, that placed at
the center of their contact
area within the circles in red
color. The green block
shows one element (k, j)
engaged in the contact area

each time step. With this methodology, it is possible to
compute the new geometric configuration of the joint
surface caused bywear. The total amount of wear depth
can be expressed by [14]

hT(k, j) =
n∑

1

h(k, j)(ti ) (34)

where (k, j) represents the row and column numbers
of a surface element and the summation is done with
respect to the number of time steps from 1 to n.

Finally, after the calculation of wear depth at each
time step, the cup and head radii of any element
involved in contact are updated as follows

R(k, j)
j (ti ) = R(k, j)

j (ti−1) − h(k, j)(ti )

2
(35)

R(l,m)
i (ti ) = R(l,m)

i (ti−1) + h(k, j)(ti )

2
(36)

where R(k, j)
j (ti ) and R(l,m)

i (ti ) are the head and cup
radii of the element (k, j) on the head surface and (l,m)

on the cup surface at the time (ti ). In the present work,
it is assumed that the element (k, j) of the head articu-
lates the element (l,m) of the cup at this time step. The
quantity h(k, j)(ti ) represents the amount of wear depth
computed for the articulation constituted by these two
elements. From the analysis of Eqs. (35) and (36), it
is assumed that the amount of wear at each time step
is uniformly distributed between two elements articu-
lating against each other, one on the cup surface and
another on the head, as half of the total wear depth.

6 Results and discussion

The main objectives of this investigation were to inves-
tigate the effect of friction-induced vibration on pre-
dicted wear of artificial hip joints and to study high
wear rates seen in vivo for noisy CoC hip implants.
The resulting equations of the Archard’s wear model
integrated into the multibody dynamic formulation of
artificial hip joints were numerically solved using the
adaptive Runge–Kutta–Fehlberg method to discretize
the interval of time of analysis [31]. To acquire accurate
and stable outcomes, an error threshold was defined.
At each time step of dynamic simulation, the error
magnitude was assessed by comparing results obtained
from explicit method with different orders. When the
error magnitude was greater than the error threshold,
the time step is halved and computation redone. In this
process, theminimumvalue for the integration step size
was considered to be 0.0000001s and the correspond-
ing integration tolerance 0.00000001. Hip prostheses
tested in the present study had the following geomet-
ric properties: the femoral head radius equal to 14mm
and radial clearance 50µm.Material parameters of the
bearing couples were as follows: Al2 O3 ceramic with
a Young’s modulus, Poisson ratio and density of 375
GPa, 0.3, and 4370 kg/m3, respectively, while Co-Cr-
Mometal alloy couple has aYoung’smodulus 210GPa,
Poisson’s ratio 0.3 and density 8000 kg/m3. The wear
factor for CoC and MoM couples was considered to be
equal to 0.2×10−8 and0.5×10−8 mm3/Nm−1, respec-
tively [10]. Three-dimensional physiological forces
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Fig. 10 (a) Angular
velocities where solid line
ωz(IER); dashed lines
ωy(AA); dash-dotted lines
ωx (FE); (b) physiological
adopted forces with solid
line fz(vertical); dashed
lines fy(A-P); dash-dotted
lines fx (M-L) for the gait
cycle [34]
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and angular velocities were extracted from the liter-
ature, which are plotted in the diagrams of Fig. 10
[34]. According to the presented approach, the cup
and femoral head surfaces were discretized into sev-
eral elements and the accuracy and convergence of
results were assessed by varying the parameter �, as
it can be observed in Table 1. A value for the para-
meter � equal to 360 ensures both accuracy and con-
vergence of the simulation. Hence, the number of ele-
ments for this study was 129,600 on the cup surface
and 259,200 on the head surface. In order to assess if
very small size elements affected the results, � =900
was also considered, in which the number of elements
within the cup surfacewas 810,000 and the head surface
1,620,000. This assessment showed that outcomes did
not varywith this very small element size. Furthermore,
the two-step and three-step Adams–Bashforth method
were considered to check the accuracy of numerical
integrations for wear depth calculated from the Euler
integration algorithm, Eq. (23). A very good agree-
ment was observed among results obtained from those
methods.

6.1 Silent hips or very low friction hip implants

With the purpose to validate the reliability of the devel-
oped approach, linear and volumetric wear rates com-
puted for onemillion cycles have been evaluated for the
aforementioned material and geometry properties of
ceramic-on-ceramic hip arthroplasties subject to phys-
iological angular motions and forces. It was demon-
strated that the linear wear rate evaluated using the
proposed approach, 1.87µm/year, is in agreementwith
clinical data [66–68]. In turn, the volumetric wear rate
was evaluated with the presentedmodel, which is equal
to 0.14mm3/year, is relatively close to finite element

Table 1 The convergence and accuracy assessmentwith varying
�

� Head linear
wear rate
(mm/year)

Head linear
wear rate
(mm/year)

Volumetric
wear rate
(mm3/year)

45 0.170 0.093 6.932

90 0.172 0.094 6.932

180 0.173 0.095 6.932

360 0.173 0.095 6.932

540 0.173 0.095 6.932

720 0.173 0.095 6.932

900 0.173 0.095 6.932

outcome [10] and hip simulator reports [68,69]. More-
over, a retrieval study conducted by Walter et al. [70]
showed silent hips experience 0.14mm3/year, which
strongly corroborates with the results reported here.

In addition, the wear of MoM hip implant has also
been studied by considering the proposed approach.
Thus, the linear and volumetric wear rates produced
were equal to 2.34µm/year and0.22mm3/year, respec-
tively, which are in line with those available in the
best-published literature [10,11,71] and hip simulators
[72,73].

Another comparison that allows for the validation
of the proposed approach carried out against a recent
investigation with similar geometric andmaterial prop-
erties and angular motion and forces with the clearance
30µm.Results were obtained for a hipwith frictionless
contact as mentioned in reference [11]. A frictionless
contact reflects the idea that the simulation neglects
the effect of friction on the contact pressure and con-
tact point trajectory in the hip prosthesis. However, the
effect of friction is included into the wear factor to
predict wear. Thus, the results produced with the pre-
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sented methodology shows a maximum deviation of
3.5% when compared with data available in Ref. [11].
Furthermore, the maximum linear wear of the femoral
head and cup was 2.86 and 1.89µm/year, respectively,
and the total volumetric wear was 0.21 mm3/year.

6.2 Noisy hips or high friction contact hip implants

It has been recognized that only a few wear models
available in the literature account for the effect of fric-
tion phenomenon on contact stress and the trajectory
of contact point [10,11]. Some of them simply neglect
the influence of friction by considering frictionless con-
tacts [74,75]. The femoral head has a relative sliding
against the cup over the gait cycle in vivo. It is known
that when two surfaces slide against each other, fric-
tion develops and acts as a resistance to relative motion
[31]. Moreover, friction can induce vibration in the
trajectory of the contact point between the head and
cup owing to stick-slip, mode-coupling and negative
damping in the system [29,31]. In this regard, friction-
induced vibration has been also reported as a poten-
tial cause of hip squeaking in ceramic-on-ceramic hip
implants [29,76]. Consequently, friction can affect the
sliding distance and contact stress which are important
parameters influencingwear.Mattei andDi Puccio [11]
investigated the influence of friction on the trajectory of
the contact point in MoM hip implants, being reported
that linear wear rates for high friction hips are less than
that of frictionless case. However, one retrieval investi-
gation concluded that noisy CoC hip arthroplasties rep-
resented a 45-fold increase in their wear compared to
silent hips [70]. It isworth noting that the previous com-
putational studies taking friction effect into account did
not include one of the main consequences of friction
in artificial hip joint which is friction-induced vibra-
tion causing CoC hip prostheses to squeak. It has been
reported that the femoral head vibrates inside the cup on
top of the normal gross motion with micron amplitude
in the collision plane due to friction-induced vibration
[29,31]. Moreover, the contact point trajectory onto
the cup surface showed an oscillatory behavior due to
friction-induced vibration and physiological motions
and forces [31]. Based on Archard’s wear model, any
modification in the shape of the contact point track sig-
nificantly affects wear prediction [22]. Additionally, it
was illustrated that friction can import an oscillatory
behavior into the contact pressure at the contact point

which ultimately affects the wear prediction [30]. To
the best of the authors’ knowledge, the problem of the
friction-induced vibration on the wear prediction has
not been yet mentioned in the literature.

Considering the influence of friction-induced vibra-
tion on ceramic-on-ceramic hip implants, the present
investigation showed that volumetric wear rates of
noisy hips due to friction-inducedvibration is 6.9mm3/

year, which is consistent with the retrieval outcome,
6.7mm3/year, reported by Walter et al. [70]. In turn,
the linear wear rates of the cup and head are 0.095 and
0.173mm/year, respectively,which are corroborated by
clinical data [68]. It must be highlighted that the linear
wear rate on the cup surface reported by Walter et al.
[70]was 0.093mm/year (mean of 60 and 125µm/year)
for the head radius 14mm, which conforms to our pre-
diction.

6.3 Contact point trajectory and wear map

In this section, the contact point trajectories onto the
femoral head and cup are investigated. With the pur-
pose to compare the trajectory shapes, they are pro-
jected onto the plane inclined from the horizontal plane
with an angle of π /4. As can be observed in Fig. 11,
the contact point track has different shapes on the cup
and head surfaces. This happens since the cup is sta-
tionary, while the femoral head freely moves due to
the physiological motions. The effect of friction on the
sliding track is illustrated in Fig. 11, in which Fig. 11a
depicts the trajectory of low friction hip implant articu-
lation and Fig. 11d the trajectorywith high friction. The
contact point trajectories of the femoral head and cup
over the gait cycle having a loop shape widen as fric-
tion increases. The effect of friction-induced vibration
on the trajectories is clearly visible by a comparison
between the low friction and high friction trajectories of
the femoral head and cup. From the analysis of Fig. 11,
it can be observed that the head and cup trajectories for
high friction case aremuch thicker than that of low fric-
tion articulation. These thick lines show the oscillatory
behavior of contact point trajectory.

Furthermore, wear map onto the cup and head sur-
faces is shown in Fig. 11 for both low and high friction
mechanisms. As can be seen, the wear maps conform
to the corresponding trajectories of the cup and head
in terms of location and shape. The dark red color in
the wear map illustrates the area where the maximum
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Fig. 11 Ceramic-on-ceramic (CoC) hip implant with three-
dimensional physiological loading and motion of the human
body with very low friction, c f /cd = 0.0001/0.000065 where
volumetric wear is equal to 0.14 mm3 (top row) and high fric-
tion where volumetric wear is equal to 6.9 mm3 and c f /cd =

0.1/0.065 (bottom row): (a) and (d) contact point trajectory on
the head and cup, illustrated as T-Head and T-Cup, respectively;
(b) and (e) linear wear depth on the cup; (c) and (f) linear wear
depth on the head

linear material loss takes place. The wear map of the
cup is different with the femoral head for both low and
high friction systems. Increasing friction resulted in a
shift of the location of the contact area which can thus
change the cup wear map location and shape. In addi-
tion,maximum linearwear on the head ismore than that
on the cup surface since the contact point track of the
cup is wider than that of the femoral head. It is worth
noting that volumetric wear rates of the high friction
hip arthroplasty are around 49 times greater than very
low friction system. It can prove the significant effect
of friction on wear prediction.

Regarding the determination of maximum linear
wear within the cup surface, it is worth to discuss hip
implant fracture as an important issuewith ceramic-on-
ceramic hip implants. Alumina ceramic bearings are
one of the most promising artificial hip joints due to

their biocompatibility, high hardness, perfect chemi-
cal inertia and low coefficient of friction. However, the
brittleness of alumina ceramic components is a draw-
back with CoC hip implants, which may lead to frac-
ture. The cause of the fracture is propagation of cracks
due to the stress concentration. When cyclic loads are
applied over the ceramic components due to both mil-
lion cycles of body movement and oscillation owing
to friction, microscopic imperfections such as pores
or inhomogeneity of the material can act as stress ris-
ers leading to the propagation of cracks with poten-
tial component failure. As illustrated, the present study
can address the maximum linear wear and correspond-
ing location within the cup surface. From a mechan-
ical point of view, the cup experiences the maximum
stress concentration in proximity of the location with
the smallest thickness, which is most likely to fail due
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Table 2 The effect of hip implant size on predicted wear rates

Hip diameter
(mm)

Head linear
wear rate
(mm/year)

Cup linear
wear rate
(mm/year)

Volumetric
wear rate
(mm3/year)

28 0.17 0.10 6.9

32 0.19 0.10 9.6

36 0.21 0.11 12.7

40 0.22 0.12 16.1

Table 3 The effect of hip implant clearance on predicted wear
rates, hip diameter: 28mm

Clearance
(µm)

Head linear
wear rate
(mm/year)

Cup linear
wear rate
(mm/year)

Volumetric
wear rate
(mm3/year)

10 0.25 0.21 26.5

30 0.19 0.12 10.5

50 0.17 0.10 6.9

70 0.16 0.09 5.3

90 0.15 0.08 4.4

to the fracture. Therefore, the present model can advise
the location of potential fracture in the acetabular cup.
Moreover, the fracture direction may be determined
using the direction of contact point trajectory at the
area with the maximum linear wear.

6.4 Hip implant size and clearance and the Stribeck
friction model

The effect of hip prosthesis size and clearance on lin-
ear and volumetric wear rates is visible in the val-
ues listed in Tables 2 and 3. As can be observed in
Table 2 that hip component wear increases with the
size of the hip implant. Hence, it causes the trajec-
tory of the contact point to widen giving rise to the
sliding distance influencing wear prediction. In addi-
tion, hip implant size affects mostly volumetric wear
rates and slightly changes linear wear rates. In con-
trast, decreasing wear rates is a result of increasing
hip implant clearance, that is, the greater the clear-
ance, the less the predicted wear rates. In this case, as
clearance size decreases, maximum contact pressure
decreases and contact area increases [30]. This obser-
vation is particularly important since the wear depends
on both contact pressure and sliding distance regard-

Table 4 The effect of Stribeck friction model parameters on
predicted wear rates, hip diameter: 28mm

ξ v0 c f/ cd Volumetric
wear rate
(mm3/year)

5 0.01 0.1/0.065 6.0

10 0.01 0.1/0.065 6.9

15 0.01 0.1/0.065 8.2

10 0.005 0.1/0.065 10.32

10 0.02 0.1/0.065 1.3

10 0.01 0.05/0.0325 5.8

10 0.01 0.2/1.3 9.33

ing the Archard’s wear model. Therefore, the sliding
distance should increase such that an increase in wear
rates is obtained, although contact pressure decreases.

Table 4 presented the influence of friction model
parameters on volumetric wear of hip implant. As
observed, an increase in ξ leads to an increase in
wear volume. ξ appears in the second equation in (21)
representing the Stribeck friction effect and affecting
friction-induced vibration. It may affect the trajectory
of contact point, which leads to a variation of volumet-
ric wear. v0 has a very interesting influence on wear
prediction as seen in Table 4.When it becomes smaller,
the dynamic system experiences more the stick-slip
and Stribeck effect leading to greater friction-induced
vibration,which consequently increases predictedwear
volume. In contrast, when it is 0.02, the predicted wear
is sharply decreased. It may occur because the relative
velocity of system is mostly less than 0.02 and the sys-
tem does not vibrate due to stick-slip and negative slope
effect. Increasing c f/cd increases volumetric wear as
physically expected.

Moreover, Fig. 12 depicted the Stribeck and stick-
slip effect on the dynamic response of the system over a
gait cycle. When the relative tangential speed between
the femoral head and cup at the contact point is very
low, stick-slip phenomenon arises because of the differ-
ence between static and kinetic friction. Moreover, the
Stribeck model captures negative slop effect of friction
which leads to friction-induced vibration by introduc-
ing a negative damping component in the equations of
motion. The plot can be categorized by three phases,
namely stick, stick-slip and pure slip. In the quasi-static
stick phase, friction lies on the very steep, negative-
sloping region of the friction curve. The femoral head
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Fig. 12 The Stribeck and
stick-slip phenomena over
one normal walking cycle
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6.5 High wear rates

Hip simulator and computational studies on CoC and
MoM bearings have consistently shown very low wear
rates under standard hip simulator conditions, which
correlates with well-positioned prostheses [10,77].
However, this has not been confirmed by long-term
retrieval analyses [78–80]. The standard conditions are
defined as the inclination angle of the acetabular cup
is below a clinical equivalent of 55◦, and the femoral
head and the cup are concentric. Under such condi-
tions, the contact area occurs within the intended bear-
ing surface and very lowwear rates have been obtained.
Conversely, CoC and MoM retrievals with high wear
rates have been associated with steep cup inclination
angle resulting in edge loading [81,82]. Increased cup
inclination angle has been associated with a stripe wear
area on the femoral head and an elevated wear rate of
alumina ceramic-on-ceramic retrievals [83]. However,
the steep cup inclination angle in vitro studies do not

lead to high wear levels observed in in vivo and even
the corresponding wear mechanisms [81,82].

Introducing microseparation to the gait cycle was
shown that microseparation resulted in edge load-
ing, wear rates and wear mechanisms similar to those
retrieved hip prostheses with high wear rates [84,85].
The loading and motion inputs affect hip implant wear.
Fialho et al. [86] showed that the wear rates occurred
during the jogging cycle showed a twofold increase
compared to those of the walking cycle, due to a very
significant increase in loading. Considering the effect
of different motion inputs on wear prediction of hip
prostheses, it is indicated that evaluated volumetric
wear under the ProSim simulator and the ISO motion
and loading conditions are less than that computed from
one subject to in vivo walking motion [87].

Friction can affect sliding distance and contact stress
in artificial hip joints [11,31]. It was reported that the
femoral head vibrates inside the cupwithmicron ampli-
tude within the corresponding collision plane and with
nanometer amplitude normal to the collision plane due
to friction-induced vibration [29,31]. This results in a
change in the contact point trajectory in both micro-
and macroscales as well as in contact stress. Based on
Archard’swearmodel, any alteration in the shape of the
contact point track significantly affects wear prediction
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[22]. The present study hypothesized that high friction
may cause excessive wear rates onto the femoral head
and cup articulation. From the obtained results, it has
been illustrated that friction-induced vibration signif-
icantly increases wear in artificial hip joints. Hence,
friction-induced vibration may be one of the main
causes of excessive wear observed in vivo.

Friction coefficient at the bearing interface depends
on bearingmaterials, lubricant, bearing clearances, sur-
face roughness and the gait motion and loads [10,88].
The coefficient of friction in CoC hip devices reported
in available literature is in the range of 0.04–0.13
[88–90]. The broad range of friction factor is due
to measuring friction coefficient with different lubri-
cants, different bearing loads, the presence of particu-
late debris, malposition of prosthesis components and
different instances of the gait motion. The wear coef-
ficient depends on coupled materials, interfacial fric-
tion, the geometry of contacting surfaces, the coupled
material wettability and lubrication [2,88]. It has been
obtained either from hip simulator or from pin-on-disk
tests [73,91]. Moreover, there are significant techni-
cal challenges with properly modeling the dynamics
of articulating components along with the presence of
fluid-film lubrication and in vivo conditions.

7 Concluding remarks

The effect of friction-induced vibration on predicted
wear rates in hard hip replacements has been inves-
tigated throughout this work. For this, a multibody
dynamic approach was developed to integrate the
Archard’s wear model into the dynamic formulation
in order to predict linear and volumetric wear of arti-
ficial hip joints. The gross movement and vibration of
the femoral head inside the cup for both low and high
frictional contacts were modeled and wear evaluated.
Themodification of hip implant couple geometries was
also taken into account by updating the corresponding
surface geometries as the simulation progressed. The
proposed approach demonstrated promising results in
comparison with the available literature from different
sources such as other computational results, hip simu-
lator reports and clinical data.

The present study showed that the contact point tra-
jectory onto the cup surface was different from that
onto the femoral head surface. Moreover, it was illus-
trated that friction had a significant effect on the con-

tact point trajectory in both micro- and macroscale. It
widened the loop shape of the contact point trajectory
and induced vibration in the femoral head motion onto
the cup surface. The later was observed in the plots
as a thick trajectory curve and increased sliding dis-
tance. Moreover, the wear maps were depicted, which
showed thewear distribution onto the femoral head and
cup surfaces. They conformed to the contact point path
onto both the acetabular cup and head in terms of loca-
tion and shape and their shape and location changed as
friction increased. The effect of hip implant size and
clearance on wear prediction were also considered and
analyzed.

An important achievement of the present investiga-
tion was to show computationally that friction-induced
vibration significantly increases predicted wear rates
in ceramic-on-ceramic hip prostheses. In fact, it was
demonstrated that noisy CoC hip implants represent a
49-fold increase in predicted wear rates with respect
to silent hips. The hypothesis that friction-induced
vibration may be one of the main causes of the high
wear rates, observed clinically, was corroborated in the
present work.
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