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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 arthroplasties. This desideratum is reached by developing a three-
dimensional multibody dynamic model for a hip prosthesis taking the spatial nature of the 
physiological loading and motion of the human body into account. The calculation of the 
intra-joint contact forces developed is based on a continuous contact force approach that 
accounts for the geometrical and materials properties 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 friction, negative-
sloping friction and dynamic variation in intra-joint contact force has been also incorporated 
in the present hip articulation model. 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 hip multibody model, which allows for the 
prediction of the wear developed in the hip joint. With the purpose of having more realistic 
wear simulation conditions, 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 prostheses 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 that an important source of the high 
wear rates observed clinically may be due to friction-induced vibration. 
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1. Introduction 
 

It is known that friction-induced vibration is an undesirable oscillation in artificial hip 

articulations due to tribological interactions between the head and cup surfaces, 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 replacement combination is a metal head 

within a polymer cup, which is usually referred to as a soft-on-hard couple. 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 phenomena [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, sliding distance of the contact point and tribological data, 

such as the wear coefficient of the contacting materials. Implant head-cup contact properties 

can be numerically determined by means of the finite element method [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 surfaces follows a certain characteristic 

track during normal 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 contact 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 
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rotations. Ramamuri and his co-authors [25] computationally determined loci of movement of 

selected points on the femoral head during normal gait. A few years later, Saikko and 

Calonius [26] developed a computational method based on Euler angles to compute the slide 

tracks for the three-axis motion of the hip articulation in walking. The slide track patterns 

resulting from the gait waveforms were found to be similar to those produced by hip 

simulators. More recently, Sariali 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 as wear progresses over time, 

which, in turn, affect contact 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 the wear simulation [8]. As a result, a linear extrapolation 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 produce erroneous results [16, 28]. In 

sharp contrast, the second group allows the contact geometry to vary gradually and, thus, 

result in iterative procedures to compute wear and final geometry [10]. Thus, the surface 

geometry is changing due to wear and, consequently, increases the joint clearance size and 

modifies the contacting areas from uniform to non-uniform. 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 cup with micron and nano amplitudes 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 

macro scales, which can affect the final wear profile. Mattei and Di Puccio [11] determined 

the variations of contact point trajectory due to friction and calculated its effect on wear 

prediction. This approach does not include the vibration 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 investigation 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. Moreover, the authors’ previous work 

demonstrated that friction modifies the smooth trajectory of the head moving against the cup 

to a non-smooth 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 modeled 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 

equation of the motion [32]. A friction-velocity relation and a dissipative Hertz contact model 

are employed to formulate tangential and normal contact forces, respectively [33]. Three-

dimensional physiological loading and motion of the human body are also taken into account 

in the dynamic analysis [34]. Then, the resulting 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, demonstrative 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 analyzed and 

compared with those available in the thematic literature. 

 

 

2. General issues on modeling artificial hip joints  

 

The main purpose of this section is to present the fundamental issues dealing with the 

development of a computational multibody hip model able to predict the wear in human 

artificial hip joints. The hip articulation, also referred to the acetabulofemoral joint, is one of 

the most 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 associated with the hip joint is 

indispensable to human locomotion. There is no doubt that the hip joint is one of the most 

studied human anatomical articulations 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 representation of an artificial hip 

replacement, where the main components are the femoral head (ball) and the acetabular cup 

(socket). 
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Fig. 1 Schematic representation of the artificial hip replacement. 

 

 The human body has relatively rigid bones, connected 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 majority of the multibody systems. Its components 

have a complex behavior due to deformations associated with the soft tissues such as the 

muscles, tendons and ligaments, and due to the complexity of the anatomical articulations 

relative to the standard mechanical joints [39]. Multibody-based methodologies have been 

developed in such a way that, besides the representation of mechanical systems made only of 

rigid components [32], they also allow the description of deformable bodies [40]. In a broad 

sense, much of the research developed with the purpose to simulate daily human tasks is 

based on the assumption that the joints that constrain the system’s components are considered 

as ideal or perfect joints, such as spherical, revolute and universal joints. Nevertheless, with 

this approach significant decrease of 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, computational methods for representation 

of complex phenomena such as contact geometry, friction phenomena, wear and lubrication 

have been developed [42]. However, the application of these methods in the field of 

biomechanical system dynamics lacks somewhat behind. A possible reason is that much 

biomechanical simulation is based upon inverse dynamics, where movement of all degrees-of-
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freedom is in-put to the analysis leading to a presumption of simple joint kinematics. For most 

applications concerning simple models, this is a reasonable assumption, but for detailed 

investigations of more complex joints, such as the artificial hips is it not. In contrast, in the 

present study, a dynamic model of the artificial hip joint is considered, in which the head and 

cup are modeled as contacting components [43]. The biomechanical hip model 

characterization is developed under the framework of multibody system methodologies using 

Cartesian coordinates. The intra-joint forces associated with the impacts and the eventual 

continuous contacts are described here by a force model that accounts for the geometric and 

material characteristics of the head and cup surfaces. The model 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 artificial hip joint, it is first necessary to 

formulate a mathematical model. In the present work, the biomechanical characterization is 

developed under the framework of multibody systems methodologies. Due to its simplicity and 

computational easiness, Cartesian coordinates and Newton-Euler’s method are utilized to 

formulate 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 Rj and Ri, respectively. The difference in radius between the cup and head defines the 

size of radial clearance in the hip joint, c = Ri – Rj. 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 represents 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 vector, which is represented in 

Fig. 2. It should be noticed that, in actual hip joints, the magnitude of the eccentricity is 

typically much smaller than the radius of the socket and ball [45]. 
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Fig. 2 General configuration of an artificial hip joint in a multibody systems [46]. 

 

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 

 P P
j i= −e r r  (1)  

where both P
jr  and P

ir are described in global coordinates with respect to the inertial reference 

frame [32], 

 'P P
k k k k= +r r A s ,     (k=i,j) (2)  

The magnitude of the eccentricity vector is evaluated as, 

 Te = e e  (3)  

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

 2 2 2( ) ( ) ( )P P P P P P
j i j i j ie x x y y z z= − + − + −  (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, 

 e =
(x j

P − xi
P )( x j

P − xi
P ) + (y j

P − yi
P )( y j

P − yi
P ) + (z j

P − zi
P )( z j

P − zi
P )

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 

 
e

= en  (6)  
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Figure 3 illustrates the situation in which 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 Qj, respectively. The global position of the contact points in the cup 

and head are given by [46, 47], 

 Q Q
k k k k kR′= + +r r A s n ,     (k=i,j) (7)  

where Ri and Rj are the cup and head radius, respectively. 

The velocities of the contact points Qi and Qj in the global system are obtained by 

differentiating Eq. (7) with respect to time, yielding, 

 rk
Q = rk + Ak ′sk

Q + Rk n ,     (k=i,j) (8)  

Let the components of the relative velocity of contact points in the normal and 

tangential direction to the surface of collision represented by vN and vT, respectively. 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 projecting the relative impact velocity onto the tangential 

and normal directions, yielding, 

 vN = [(r j
Q − ri

Q )Tn]n  (9)  

 vT = (r j
Q − ri

Q )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, 

 e cδ = −  (11)  

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 

the magnitude of the eccentricity vector is smaller than the radial clearance, there is no 

contact 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 clearance, 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 surfaces are in contact or not. For multibody systems this 
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analysis is performed by evaluating, at each integration 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 contact modeling problems, the application of the contact law deals with the use of an 

appropriate constitutive law relating the penetration and the contact forces necessary 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]. 

 
Fig. 3 Penetration depth between the cup and the head during the contact [46]. 

 

 

4. Dynamics of artificial hip joints  

 

In the present study, the dynamics of the artificial hip joint is done by employing the 

Newton-Euler equations of motion for unconstrained systems, which can be expressed as [32] 

   Mq = g  (12)  

where M is the system mass matrix, containing the mass and moment of inertia of the femoral 

and cup elements, q  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 representation to convert the second-

order differential equations into first-order equations [56]. 
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When the head and cup surfaces contact each other, normal and tangential forces are 

developed at the contact points, Qi and Qj. On one hand, these intra-joint contact forces do not 

act through the center of mass of the bodies i and j, the moment components for each body 

need to be determined. On the other hand, the contribution of the contact forces to the 

generalized vector of forces are 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 = si
Qfi  (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 = −s j

Qfi  (16) 

  

 
Fig. 4 Contact forces defined at the points of contact between cup and head [46]. 

 

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 
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should be computed in a way that the femoral head satisfies its in-vivo motions. The moments 

express the dependency of normal contact forces and tangential friction forces in the collision 

plane. 

The normal contact forces are computed considering the well-known viscoelastic model 

proposed by Lankarani and Nikravesh [57]. This continuous contact force model, in which a 

hysteretic damping factor is incorporated in order to account for the energy dissipation, is 

expressed as 

 
   
fN = Kδ n 1+

3(1− ce
2 )

4

δ
δ

(− )

⎡

⎣
⎢

⎤

⎦
⎥  (17)  

where K is the generalized stiffness parameter, n is the nonlinear exponent, ce is the 

coefficient of restitution,  δ  is the relative penetration velocity and   δ
(− )  is the initial impact 

velocity. Equation (17) is used to simulate the impact because it accounts for energy 

dissipation 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 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 contact force model given by Eq. (17) [58]. The generalized 

stiffness parameter K depends on the geometry and mechanical properties of the contacting 

surfaces. For two spherical contacting bodies with radii Ri and Rj, the stiffness parameter is 

expressed by [59] 

 
ji

ji

ji RR
RR

K
−+

=
)(3

4
σσ

 (18)  

in which the material parameters σi and σj are given by 

 
  
σ l =

1−υl
2

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]. 
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Fig. 5 Force versus penetration [57]. 

 

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)  

where vT denotes the relative tangential velocity and µ represents the coefficient of friction. 

Although the coefficient of friction is dependent on several parameters, in the present study, it is 

constricted to dependence on the relative tangential velocity as 

 

  

µ(vT ) =
−

c f

v0
2 vT − v0( )2

+ c f

⎛

⎝
⎜

⎞

⎠
⎟ sgn(vT ) vT < v0

cd + c f − cd( )exp −ξ(vT − v0 )( )( )sgn(vT ) vT ≥ v0

⎧

⎨
⎪
⎪

⎩
⎪
⎪

 (21)  

in which cf and cd are the static and dynamic coefficients of friction, respectively, v0 is the 

tolerance velocity utilized to avoid numerical instabilities when the relative 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) represents the Stribeck friction component.  With the purpose to make clear the 

complex function of Eq. (38), Fig. 6 shows the evolution of the coefficient of friction as a 

function of the relative tangential velocity. It must be stated that the coefficient of friction starts 

from zero, it drastically increases reaching a peak, which has been referred to as static friction 

by Bengisu and Akay [63]. Then, the coefficient of friction will increase with relative tangential 

velocity until reaching a stable response.  
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Fig. 6 Coefficient of friction behavior as a function of the relative tangential velocity [31, 63]. 
 

 

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 

coefficient, p represents the contact pressure and H is the hardness of the softer material of the 

contact pair elements. 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 piΔsi  (23)  

in which hj+1 is the total wear up to the j+1th wear step, hj 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 coefficient (kW=KW/H), which is dimensionally defined as mm3/N m-1. As it 

can be observed from Eq. (23), sliding distance (Δsi) and contact pressure (pi) in each step of 

the simulation should be evaluated before the computation of wear. Thus, the sliding distance 
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can be calculated from the numerical solution of Eq. (12), in each time step, and can be 

expressed in the following form  

 2
1

2
1

2
1 ))()(())()(())()(( −−− −+−+−=Δ i

Q
ji

Q
ji

Q
ji

Q
ji

Q
ji

Q
ji tztztytytxtxs  (24)  

It should be mentioned that Eq. (24) can precisely represent the sliding distance increment 

provided that the time step is enough small.  

The Hertzian contact theory can be utilized to estimate the contact parameters such as 

the maximum pressure 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 

   a = Ka fN
3  (25)  

where  

 
  
Ka =

3
4

σ i +σ j( )Ri Rj

Ri − Rj

3  (26)  

in which σi, σj, Ri and Rj have already been defined in the context of Eq. (18). The maximum 

contact 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]  

 
2

max
max sin

sin1)( ⎟⎟⎠

⎞
⎜⎜⎝

⎛
−=

ϕ
ϕψ pp  (28)  

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

 
jR
a=maxsinϕ  (29)  

According to Fig. 7, ϕ is the angle defined between the vectors, jjPQ  and QjP , 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 

 ϕcos2
jjjj RQPQP =⋅  (30)  

 ϕ′=⋅ cos2
iiii RQPQP  (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). 
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Fig. 7 A representation of contact area and the contact angle ϕ. 

 
The geometry of the cup and head surfaces should be updated during simulation due to 

material loss. Updating the geometry of the cup is straightforward since the cup is assumed to 

be stationary. On the other hand, the head freely moves due to the leg movement from which 

there are available clinical data of its physiological rotation over the gait cycle. Consequently, 

the local coordinate 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 system 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
xyz

−1 (α ,β ,γ )Q j  (32)  

where Qj0 is the local position of contact point in local coordinate system and Qj is the 

position of the contact point in the global coordinate system. Moreover, Rxyz is the rotation 

matrix, for which the Euler sequence FE-AA-IER (i.e., FE: flexion-extension; AA: abduction-

adduction; IER: internal-external rotation) is given by [65] 

 

   

R xyz (α ,β ,γ ) =
cosβ cosγ −cosβ sinγ sinβ

sinα sinβ cosγ + cosα sinγ −sinα sinβ sinγ + cosα cosγ −sinα cosβ
−cosα sinβ cosγ + sinα sinγ cosα sinβ sinγ + sinα cosγ cosα cosβ

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

 (33)  
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Fig. 8. The Euler angles due to the physiological motion of the femoral head  

where         γ (IER);          β (AA);           α (FE), [34].	
  
 

In order to compute the exact area covered by the sliding distance, the joint surface is 

divided into several 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 considered and divided into differential angles with the size π/ϗ 

radian, where ϗ is an integer. Consequently, the elements are not uniform and the accuracy of 

the results and convergence of the method are assessed with increasing ϗ. This particular issue 

will be discussed in detail in the next sections of the paper. Figure 9 shows a representation of 

two potential 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) covered by contact area changes according to the Archard’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 each time step. With 

this methodology, it is possible to compute the new geometric configuration of the joint 

surface caused by wear. The total amount of wear depth can be expressed by [14] 

 
  
h(k , j )

T = h(k , j )
1

n

∑ (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  
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where )(),( i
jk

j tR  and )(),( i
ml

i tR  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 articulates the element (l, m) of the cup at this time step. The 

quantity )(),( ijk th  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 

articulating against each other, one on the cup surface and another on the head, as half of the 

total wear depth.  

 
Fig. 9. A representation of finite element on the cup and head surface in which Qj and Qi are contact points on 
the head and cup respectively, that place at the centre of their contact area within the circles in red colour. The 

green block shows one element (k, j) engaged in the contact area. 
 
6. Results and discussion  

 

The main objectives of this investigation were to investigate the effect of friction-

induced vibration on predicted 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 
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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, the 

minimum value for the integration step size was considered to be 0.0000001s and the 

corresponding integration tolerance 0.00000001. Hip prostheses tested in the present study 

had the following geometric properties: the femoral head radius equal to 14 mm and radial 

clearance 50 µm. Material parameters of the bearing couples were as follow: Al2O3  ceramic 

with a Young’s modulus, Poisson ratio and density of 375 GPa, 0.3, and 4370 kg/m3, 

respectively, while Co-Cr-Mo metal alloy couple has a Young’s modulus 210 GPa, Poisson’s 

ratio 0.3 and density 8000 kg/m3. The wear factor for CoC and MoM couples were considered 

to be equal to 0.2×10-8 and 0.5×10-8 mm3/Nm-1, respectively [10]. Three-dimensional 

physiological forces and angular velocities were extracted from the literature, which are 

plotted in the diagrams of Fig. 10 [34]. According to the presented approach, the cup and 

femoral head surfaces were discretized into several elements and the accuracy and 

convergence of results were assessed by varying the parameter ϗ, as it can be observed in 

Table 1. A value for the parameter ϗ equal to 360 ensures both accuracy and convergence of 

the simulation. Hence, the number of elements for this study was 129,600 on the cup surface 

and 259,200 on the head’s. In order to assess if very small size elements affected the results, 

ϗ=900 was also considered, in which the number of elements within the cup surface was 

810,000 and the head surface 1,620,000. This assessment showed that outcomes did not vary 

with 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 agreement was observed 

among results obtained from those methods.  
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Fig. 10. (a) Angular velocities where       ωz (IER);         ωy (AA);              ωx (FE); (b) Physiological adopted forces 
with        fz (Vertical);         fy (A-P);              fx (M-L) for the gait cycle, [34]. 
 
Table 1. The convergence and accuracy assessment with varying ϗ 

ϗ Head linear wear rate Head linear wear rate Volumetric wear rate 
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(mm/year) (mm/year) (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 

 

6.1. Silent hips or very low friction hip implants 

 

With the purpose to validate the reliability of the developed approach, linear and 

volumetric wear rates computed for one million cycles have been evaluated for the 

aforementioned material and geometry properties of ceramic-on-ceramic hip arthroplasties 

subject to physiological angular motions and forces. It was demonstrated that the linear wear 

rate evaluated using the proposed approach, 1.87 µm/year, is in agreement with clinical data 

[66-68]. In turn, the volumetric wear rate was evaluated with the presented model, which is 

equal to 0.14 mm3/year, is relatively close to finite element outcome [10] and hip simulator 

reports [68, 69]. Moreover, a retrieval study conducted by Walter et al. [70] showed silent 

hips experience 0.14 mm3/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 2.34 

µm/year and 0.22 mm3/year, respectively, 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 and material properties and angular 

motion and forces with the clearance 30 µm. Results were obtained for a hip with 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 contact 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 presented 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 were 2.86 µm/year and 1.89 µm/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 friction phenomenon on contact stress and the trajectory of contact point [10, 

11]. Some of them simply neglect the influence of friction by considering frictionless contacts 
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[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, friction 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 potential 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 influencing wear. Mattei and Di 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 

investigation concluded that noisy CoC hip arthroplasties represented a 45-fold increase in 

their wear compared to silent hips [70]. It is worth noting that the previous computational 

studies taking friction effect into account did not include one of main consequences of friction 

in artificial hip joint which is friction-induced vibration 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 

significantly 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 vibration on ceramic-on-ceramic hip 

implants, the present investigation showed that volumetric wear rates of noisy hips due to 

friction-induced vibration is 6.9 mm3/year, which is consistent with the retrieval outcome, 6.7 

mm3/year, reported by Walter et al. [70]. In turn, the linear wear rates of the cup and head are 

0.095 mm/year and 0.173 mm/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 0.093 mm/year (mean of 60 µm/year and 125 µm/year) for the head radius 14 mm, 

which conforms to our prediction.  

 
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 purpose to compare the trajectory shapes, they are projected onto the 
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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 stationary, 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 articulation and Fig. 11d the trajectory with high 

friction. The contact point trajectories of the femoral head and cup over the gait cycle having 

a loop-shape widen as friction 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 are much thicker than that of low friction 

articulation. These thick lines show the oscillatory behavior of contact point trajectory.  

Furthermore, wear map onto the cup and head surfaces are 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 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 addition, maximum linear wear on the 

head is more 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 to the determination of maximum linear wear within the cup surface, it is 

worth to discuss hip implant fracture as an important issue with ceramic-on-ceramic hip 

implants. Alumina ceramic bearings are one of most promising artificial hip joints due to their 

biocompatibility, high hardness, perfect chemical inertia and low coefficient of friction. 

However, the brittleness of alumina ceramic components is a drawback with CoC hip 

implants, which may lead to fracture. 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 million cycles of body movement and oscillation owing to friction, microscopic 

imperfections such as pores or inhomogeneity of the material can act as stress risers leading to 

the propagation of cracks with potential component failure. As illustrated, the present study 

can address the maximum linear wear and corresponding location within the cup surface. 

From a mechanical 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 to the 
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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. 

 

 
Fig. 11. Ceramic-on-ceramic (CoC) hip implant with three-dimensional physiological loading and motion of the 

human body with very low friction, cf/cd=0.0001/0.000065 where volumetric wear is equal to 0.14 mm3 (top 
row) and high friction where volumetric wear is equal to 6.9 mm3 and cf/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. 
 
6.4. Hip implant size and clearance and the Stribeck friction model 

The effect of hip prosthesis size and clearance on linear and volumetric wear rates is 

visible in the values 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 trajectory of 

the contact point to widen giving rise to the sliding distance influencing wear prediction. In 

addition, hip implant size affects mostly volumetric wear rates and slightly changes linear 

wear rates. In contrast, decreasing wear rates is a result of increasing hip implant clearance, 

that is, the greater clearance, the less predicted wear rates. In this case, as clearance size 

decreases, maximum contact pressure decreases and contact area increases [30]. This 

observation is particularly important since the wear depends on both contact pressure and 

sliding distance regarding the Archard’s wear model. Therefore, the sliding distance should 

increase such that an increase in wear rates is obtained, although contact pressure decreases.  
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Table 4 presented the influence of friction model parameters on volumetric wear of 

hip implant. As observed, an increase of ξ leads to an increase of 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 

volumetric 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 predicted 

wear 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 system does not 

vibrate due to stick-slip and negative slope effect. Increasing cf / 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 difference 

between static and kinetic friction. Moreover, the Stribeck model captures negative slop effect 

of friction which leads to friction-induced vibration by introducing 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 goes from stick to slip and 

vice versa repeatedly in the stick-slip region. During the slip part, friction decreases as the 

velocity increases owing to negative-sloping velocity. 

 
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 

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

ξ v0 cf / 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 
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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 
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Fig. 12. The Stribeck and stick-slip phenomena over one normal walking cycle.	
  

 
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 55º and the femoral head and the cup are 

concentric. Under such conditions, the contact area occurs within the intended bearing surface 

and very low wear 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 have 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 loading, 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. 
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Considering the effect of different motion inputs on wear prediction of hip prostheses, 

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 cup with micron amplitude 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 macro scales as well as in contact stress. Based on Archard’s wear model, any 

alteration in the shape of the contact point track significantly affects wear prediction [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 friction-induced 

vibration significantly increases wear in artificial hip joints. Hence, friction-induced vibration 

may be one of main causes of excessive wear observed in-vivo. 

Friction coefficient at the bearing interface depends on bearing materials, lubricant, 

bearing clearances, surface 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 

lubricants, different bearing loads, the presence of particulate debris, malposition of prosthesis 

components and different instances of the gait motion. The wear coefficient depends on 

coupled materials, interfacial friction, the geometry of contacting surfaces, the coupled 

material wettability and lubrication [2, 88]. It has been obtained either from hip simulator or 

pin-on-disc tests [73, 91]. Moreover, there are significant technical 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 investigated 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 artificial hip joints. The gross movement and vibration of 

the femoral head inside the cup for both low and high frictional contact was modeled and wear 

evaluated. The modification of hip implant couple geometries was also taken into account by 

updating the corresponding surface geometries as the simulation progressed. The proposed 



 26 

approach demonstrated promising results in comparison with the available literature from 

different sources such as other computational results, hip-simulator reports and clinical data.  

The present study showed that the contact point trajectory onto the cup surface was 

different from that onto the femoral head surface. Moreover, it was illustrated that friction had a 

significant effect on the contact point trajectory in both micro and macro scale. 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 distance. Moreover, the wear maps were depicted, which showed the wear 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 location 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 investigation 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 main causes of the high wear rates, observed clinically, was corroborated in the 

present work. 
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