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Abstract An approach for modelling a clearance revolute joint with a constantly updating
wear profile in a multibody system is proposed. Before the contact analysis, the continuous
geometric shape of the joint bushing is dispersed to obtain a series of uniformly distributed
points of a certain density. By analysing the relative positions between the discrete points
and geometric centre of the joint pin, the contact area between the bushing and pin can
be estimated and the maximum contact depth can be obtained. Then, the normal contact
force and the tangential friction force acting on the point of force application are calculated:
after an analysis of the contact force, the wear depth on the contact discrete points is calcu-
lated based on Archard’s wear model. The location of the contact discrete point is updated
to reconstruct the geometric shape of joint bushing. Finally, taking a planar slider–crank
mechanism as an example, the wear characteristics and dynamic response of a revolute joint
with clearance are studied by numerical simulation and experimental testing. The results
verified that the extent of wear on the joint bushing profile is nonuniform, which is related
to the kinetic characteristics of the mechanism. Due to wear, the joint clearance is increased,
which further affects the dynamic performance of the mechanism.

Keywords Multibody dynamics · Contact dynamics · Joint clearance · Wear · Slider–crank
mechanism

1 Introduction

In mechanical systems, components are usually connected by various types of joint. With the
movement of the mechanism, the contact surface of a joint is not only subjected to the load,
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but also undergoes relative sliding motion leading to wear in the joints. Long-term wear will
lead to joint clearance, and the appearance of this clearance will further affect the dynamic
performance of the whole mechanical system, and cause system vibration and impact load.
On the other hand, the degradation of the mechanical system dynamic performance will
accelerate joint wear and increase the clearance. In recent years, the study of the dynamics of
a multibody system with joint clearance and wear has become a key topic among mechanical
engineers.

The theoretical and experimental results show that the joint clearance has an important
influence on the dynamic response of a mechanical system [1–4]. In general, the larger the
joint clearance, the greater the vibration response of a system as well as the impact load
on its joints [5–7]. To ensure that a mechanical system offers good dynamic performance,
safety, and reliability, the joint clearance size has to be controlled within a reasonable tol-
erance; however, joint clearance is unavoidable. When designing a mechanical system, the
joints are designed with a reasonable clearance to ensure relatively flexible motion of com-
ponents. It is more accurate to reveal the dynamic characteristics of a mechanical system by
considering the influence of multiple clearance joints [8–14]. Generally, the numerical so-
lution of a multibody system with multi-clearance joints will be more difficult. The existing
research mainly focuses on the modelling of a multibody system with two clearance joints.
The research shows that the dynamic response of a mechanical system with multi-clearance
effects is more complicated. The influence of clearance in joints at different locations on the
system dynamic response is also different [15]. Additionally, the clearance occurs not only
in the revolute joint, but in other types of joints as well. Other researchers [16–22] proposed
methods to model prismatic pairs, spatial spherical joints, and spatial cylindrical joints in
multibody systems.

With the movement of a multibody system, those elements of a joint with some clearance
may present separation or contact states. In the separation state, the joint element is not
subjected to load. Under contact, the joint element will bear the contact-impact load. The
influence of different contact force models on the dynamic response of a multibody system
with joint clearance will be different [23–29], therefore, selecting the optimal contact force
model is important when seeking accurate dynamic analysis data. In the existing contact
force models, using the Lankarani–Nikravesh contact force model [30] gives easy-to-obtain
numerical results at convergence because of the consideration of energy loss in the contact
process. In addition to the normal contact force, the effect of tangential friction force in a
joint cannot be ignored [31–34]. Ambrósio [35] proposed a modified Coulomb friction force
model which was widely used in contact modelling of clearance joints. This friction model
applied dynamic correction factors to prevent the friction force from changing direction for
almost null values of tangential velocity. The merit in this modified Coulomb’s law model is
that it allows numerical stabilisation of the integration algorithm. The friction can not only
affect the dynamic performance of a multibody system, but also cause the joint wear. Some
research shows that lubrication can reduce the influence of joint friction on the dynamic
response of the system [36–40] and delay joint wear.

Friction in contact cannot be eliminated: wear of joints is inevitable, so, aiming at the
problem of joint wear, Mukras et al. [41] presented a numerical integration method and
parallel computation methodologies for predicting wear occurring in rigid bodies that expe-
rience oscillatory contact. The wear on an oscillatory pin joint was predicted by the proposed
methodologies. Later, Mukras et al. [42] proposed a procedure to analyse planar multibody
systems in which wear is present in revolute joints. The procedure was demonstrated using a
slider–crank mechanism that experiences wear at a single joint. Recently, Mukras et al. [43]
made a comparison between elastic foundation and contact force models in wear analysis of
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a planar multibody system. The experimental results show that a model based on the finite
element method can produce accurate predictions of the wear profile in a revolute joint. Li
et al. [44] analysed the wear of two revolute joints with clearance in a multibody system.
It was verified that an appropriate relationship between the two joints clearance sizes can
significantly decrease the wear of the joints, which would be beneficial for improving sys-
tem service life. Sun et al. [45] presented a method to predict dynamic wear in a mechanism
with aleatory and epistemic uncertainty. The result showed that the wear volume boundary
is wider and better than that when only aleatory uncertainty is considered. Bai et al. [46, 47]
analysed the joint wear in a four-bar multibody mechanical system. The results indicated
that contact between joint elements was wider and more frequent in some specific regions
and the wear was irregular. Su et al. [48] developed a coupled evolution wear prediction
method based on FEM and multibody kinematics. It was demonstrated that the wear on the
surface of a bushing in a clearance joint was more serious than that on the pin surface. In
the framework of a multibody system formulation, Flores [49] proposed a general method-
ology for modelling and evaluating wear in mechanical systems. By the simulation of a
four-bar mechanism with a clearance joint, it was proved, once again, that the wear depth
along the joint surface is nonuniform. Zhao et al. [50] introduced a numerical approach for
the modelling and prediction of wear at revolute clearance joints in a flexible multibody
system. It was concluded that the flexible component not only acts as a suspension for the
mechanism, but also alleviates wear at the clearance joint. Wang et al. [51] analysed the
dynamic performance of a spatial four bar mechanism considering the effect of the wear of
a clearance spherical joint. It was found that the wear depth along the socket surface is also
nonuniform, because the contact impact between joint elements is more frequent in some
specific regions. More recently, Wang and Liu [52, 53] investigated the effects of wear and
member flexibility on the dynamic performance of a planar five-bar mechanism and a spa-
tial four-degrees-of-freedom parallel mechanism with joint clearances. It was verified that
the mechanism with multiple flexible links can absorb more of the energy arising from the
clearance joint, and this can alleviate joint wear. Zhu et al. [54] proposed a nonlinear contact
pressure distribution model for wear calculation for a planar revolute joint with clearance.
The nonlinear relationship between contact pressure and penetration depth was discussed.

In the above research into modelling of wear of joints with clearance, Archard’s wear
model [55] was frequently used to calculate the wear volume or depth in contact. The ex-
tent of wear is determined by the wear coefficient, contact pressure, and relative sliding
distance. More importantly, to obtain the joint profile after wear, the contact point between
joint elements first has to be identified in the dynamic wear process. In existing models of
revolute joints with clearance and wear [42–44, 46–54], it is generally considered that the
contact point is on the eccentric extension line of these joint elements. The problem is that
the joint element after wear will present a noncircular geometry. The contact position be-
tween bushing and pin will not necessarily lie on the eccentric extension line for a revolute
joint with noncircular geometry [56], therefore, the existing contact analysis method failed
to determine accurate contact positions in a noncircular revolute joint.

The main objective of this research is to present an approach to model a clearance rev-
olute joint with a constantly updated wear profile in a multibody system. The geometric
shape of the joint element will be updated according to the wear state. The changed joint
geometry will further affect the dynamic response of a multibody system. The method will
no longer describe the contact and separation state of a clearance joint by calculating the
relative position between joint element centres. Instead, the continuous geometric shape of
joint bushing is dispersed to obtain a series of uniform distributed points of a certain density.
By analysing the relative positions of discrete points and the geometric centre of the pin, the
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contact region between the bushing and the pin can be judged and the maximum contact
depth obtained. The normal contact force and the tangential friction force are computed by
the Lankarani–Nikravesh [30] contact force model and the modified Coulomb friction force
model [35], respectively. Then, Archard’s wear model [55] was used to calculate the wear
depth at the contact discrete point of a joint bushing. At any time in this numerical calcula-
tion, the position of a discrete point is updated to reconstruct a new joint bushing geometry.
Finally, an experimental device of a slider–crank mechanism with a clearance revolute joint
composed of an aluminium bushing and a steel pin was established and operated. The wear
profile of the bushing was measured by using a three-coordinate measuring machine to ver-
ify the theoretical calculations. The main contribution of this study is that the continuous
geometric shape of the joint element is described by a series of uniformly distributed points,
and whether or not contact is made depends only on the relative position of the centre of
the pin and discrete points on the bushing profile. The contact area between the bushing and
the pin can be determined precisely, as well as the maximum contact depth and the points
of contact force application. In the dynamic process, the instantaneous wear depth will be
computed and added to the corresponding discrete point to reconstruct the geometry of the
joint bushing.

2 An approach for modelling a revolute joint with clearance

In this study, it is supposed that the joint bushing is treated as an easy-to-wear element while
the pin is a hard-to-wear element. As shown in Fig. 1, rigid bodies i and j are connected by
a clearance revolute joint. In its initial state, the profile of the joint bushing is an ideal cycle
and its centre is denoted by Pj . The continuous geometric profile of the bushing is replaced
by a series of equally distributed discrete points. The position of centre of joint pin Pi in the
generalised coordinate system XOY is calculated as

rP
i = ri + Ais

p

i , (1)

where ri is the position vector of the origin of the local coordinate system ηioiξi in the global
coordinate system, sp

i is the position vector of centre Pi in the local coordinate system ηioiξi ,
Ai is matrix that transform vectors in the body-fixed coordinate system ηioiξi into vectors
in the global coordinate system XOY .

As shown in Fig. 1, the position of a discrete point on a joint bushing in the generalised
coordinate system XOY can be expressed as

rDz

j = rj + Aj sDz

j , z = 1,2, . . . ,Nd, (2)

in which

sDz

j = sP
j + Rj ×

[
cos(z × 360◦

Nd
)

sin(z × 360◦
Nd

)

]
, z = 1,2, . . . ,Nd, (3)

where rj is the position vector of the origin of the local coordinate system ηjoj ξj in the
global coordinate system, sDz

i is the position vector of the bushing discrete point in the local
coordinate system ηjoj ξj , Aj is matrix that transform vectors in the body-fixed coordinate
system ηjoj ξj into vectors in the global coordinate system, sP

j is the position vector of
centre Pj in the local coordinate system ηjoj ξj , Rj is the initial radius of the joint bushing, z
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Fig. 1 Modelling of a revolute
joint with clearance

denotes the ordinal number of discrete points, and Nd represents the total number of discrete
points of joint bushing.

The relative position vector dz between the discrete points of bushing profile and the
geometric centre of pin Pi is given by

dz = rDz

j − rP
i , z = 1,2, . . . ,Nd. (4)

When the distances ‖dz‖ between discrete points and pin centre satisfy Eq. (5) as follows,
the contact region is generated where the discrete points on the joint bushing make contact
with the edge of the joint pin:

‖dz‖ − Ri ≤ 0, z = 1,2, . . . ,Nd, (5)

where Ri is the radius of the joint pin.
As shown in Fig. 2, a contact region is formed between the joint bushing and pin. There

may be multiple discrete points on the bushing that make contact with the pin simultane-
ously. In a contact region, the depth of penetration δk between each discrete point and the
centre of the joint pin can be calculated as

δk = ∣∣‖dk‖ − Ri

∣∣, k = 1,2, . . . ,Nc, (6)

where k is the number of discrete points of bushing in the contact region, Nc is the total
number of discrete points in the contact region.

The maximum contact depth δmax which corresponds to the shortest distance dmin in the
contact region is selected as

δmax = max
(
δ1, δ2, · · · , δNc−1, δNc

)
. (7)

In the direction of the maximum contact depth, the unit normal vector is determined
by the relative position vector between the centre of the joint pin and the bushing profile
discrete point with the maximum depth of penetration, as given by

n = dmin/

√
dT

mindmin, (8)
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Fig. 2 Contact analysis of a
revolute joint with clearance

where dmin refers to the relative position vector of the discrete point with the maximum con-
tact depth in the contact area compared to the geometric centre of joint pin. If the geometric
profile of the joint bushing is nonideal, the unit normal vector n does not pass through point
Pj .

As shown in Fig. 2, the contact position vectors of the bushing and pin (rDk

i max and rDk

j max)
on the line with the maximum contact depth, in the generalised coordinate system XOY, can
be expressed as

rDk

i max = ri + AisP
i + Rin, (9)

rDk

j max = rj + Aj sDk

j max, (10)

where sDk

j max is the position vector of the discrete point with the maximum contact depth in
the local coordinate system of rigid body j .

By taking the time derivatives of Eqs. (9) and (10), velocity vectors of the points of force
application on joint bushing and pin can be obtained as

ṙDk

i max = ṙi + ȦisP
i + Ri ṅ, (11)

ṙDk

j max = ṙj + Ȧj sDk

j max. (12)

The normal and tangential relative velocities of points of force application are given by

vN = [(
ṙDk

j max − ṙDk

i max

)T
n
]
n, (13)

vT = (
ṙDk

j max − ṙDk

i max

) − vN ≡ vT t, (14)

where t indicates the unit tangential vector.
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3 Contact force model used to model a clearance revolute joint

3.1 The normal contact force

In this study, the Lankarani and Nikravesh [30] contact force model is used to calculate
the normal contact force in a revolute joint with clearance. The calculation is expressed as
follows:

FN = Kδn
max

(
1 + 3(1 − e2

r )

4

δ̇

δ̇(−)

)
, (15)

where n is the nonlinear exponent (n = 1.5 for metal-to-metal contact), δ̇ is the relative
normal penetration velocity, δ̇(−) is the initial normal impact velocity, er is the restitution
coefficient, and K is the contact stiffness dependent on the material properties of the joint
components.

The constant K is given by

K = 4

3π(H1 + H2)

(
RiRj

Ri + Rj

)1/2

(16)

and

Hi = 1 − υ2
i

πEi

, Hj = 1 − υ2
j

πEj

, (17)

where υi , υj are the Poisson’s ratios of the joint elements, while Ei and Ej represent the
elastic moduli of the joint elements, respectively. In fact, the length of radius of joint bush-
ing is increasing during the dynamic wear process. Then, the values of contact stiffness,
computed by Eq. (16), at different times are no longer equal. Generally, the wear depth in
the joint is very small, and has little effect on the variation in contact stiffness, so constant
contact stiffness is supposed in the following dynamic analysis.

3.2 The tangential friction force

The tangential friction force between the joint bushing and pin is calculated using [35]

FT = −μcdFN

vT

|vT | (18)

where μ is the dynamic friction coefficient, vT is the scalar of the relative tangential velocity,
and cd is a dynamic correction coefficient given by

cd =
⎧⎨
⎩

0 if vT ≤ v0,
vT −v0
v1−v0

if v0 ≤ vT ≤ v1,

1 if vT ≥ v1,

(19)

where v0 and v1 are the given tolerances for the velocity. In this friction model, the dynamic
correction factor can prevent the friction force from changing direction for almost null val-
ues of the tangential velocity, which ensures the numerical stabilisation of the integration
algorithm.
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Fig. 3 Analysis of the
generalised force in a revolute
joint with clearance

4 Analysis of the generalised force caused by contact in a revolute joint
with clearance

The contact force is composed of the normal contact force and the tangential friction force.
The normal contact force can be calculated by using Eq. (15), while the tangential friction
force is computed by using Eq. (18). As shown in Fig. 3, the contribution of the contact
force to the generalised force vector is obtained by projecting the normal and tangential
forces onto the X- and Y -coordinate directions.

The generalised forces imposed on body i and the moments generated due to the ef-
fect of these external forces on the centroids of the body can respectively be written as
follows:

Fi =
[

Fx
i

F
y

i

]
= f n

i n + f t
i t, f n

i = FN, f t
i = FT , (20)

Ti = FT
i × (

rDk

i max − ri

) = l
y

i F x
i + lxi F

y

i . (21)

In the same way, the generalised forces acting on body j and the corresponding moments
are

Fj =
[

Fx
j

F
y

j

]
= f n

j n + f t
j t, f n

j = −FN, f t
j = −FT , (22)

Tj = FT
j × (

rDk

j max − rj

) = l
y

j F x
j + lxj F

y

j , (23)

where lxi and l
y

i are the distances from the point of force application Qi in the X and
Y directions relative to the centroid of body i, lxj and l

y

j denote the distances from
the point of force application Qj in the X- and Y -directions relative to the centroid of
body j .
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5 Contact analysis of a clearance revolute joint with a constantly updated
wear profile

For modelling the wear phenomenon in a revolute joint with clearance, Archard’s wear
model [55] is used here, and so

hA

s
= kwFN (24)

where h is the wear depth, A is the contact area, s is the sliding distance, kw is the wear
coefficient, and FN is the normal contact force.

Note that the contact pressure is given by

p = FN/A. (25)

Then, Eq. (23) can further be simplified and expressed as

h

s
= kwp. (26)

Considering the dynamic process of wear, the differential form of Eq. (25) can be written
as

dh

ds
= kwp(s). (27)

In dynamic calculations, the updating formula for wear depth on each discrete point of
the joint bushing can be expressed by

hz
t = hz

t−1 + kwpt�sz
t , z = 1,2, . . . ,Nd, (28)

where hz
t refers to the total wear depth on discrete points at the t th step, hz

t−1 represents the
wear depth at the previous step, �sz

t is the incremental siding distance, and pt is the contact
pressure. The last term in Eq. (28) expresses the incremental wear depth at the corresponding
step.

To obtain the contact pressure pt before wear depth calculation, the contact area At

should first be determined. Based on Hertzian contact theory, the contact between the worn
bushing and pin can be approximated by the contact of an internal cylinder to an external
cylinder. At the contact point, the instantaneous contact area At can be computed by

At = 2 × bL, (29)

in which

b =
(

4FNρ∗

πLE∗

)0.5

, (30)

ρ∗ = RiR̃
Dk

j

Ri + R̃
Dk

j

, (31)

E∗ = EiEj

Ei(1 − υ2
i ) + Ej(1 − υ2

j )
, (32)
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Fig. 4 Contact analysis of a
revolute joint with a constantly
updated wear profile

where L indicates the contact length between joint bushing and pin, b is half of the contact
width, R̃

Dk

j is the radius of joint bushing considering the wear depth, and R̃
Dk

j = Rj + hz
t .

Obviously, the values of R̃
Dk

j are different corresponding to the different discrete points on
the joint bushing because the wear depth on each point is different.

In Eq. (28), the incremental sliding distance �sz
t can be obtained by

�sz
t = (

Rj + hz
t−1

)
(αt − αt−1), z = 1,2, . . . ,Nd, (33)

where αt is the angle difference between bodies i and j connected by the worn revolute joint
at the t th step, αt−1 is the angle difference at the previous step.

As shown in Fig. 4, the joint bushing after wear will present a noncircular shape. Con-
sidering the wear depth on each discrete point, the position vectors of the discrete point on
joint bushing in the generalised coordinate system XOY are reexpressed as

r̃Dz

j = rj + Aj s̃Dz

j , z = 1,2, . . . ,Nd, (34)

where s̃Dz

j is the updating position vector of the bushing discrete point after wear in the local
coordinate system ηjoj ξj and can be obtained from

s̃Dz

j = sDz

j + hz
t ×

[
cos(z × 360◦

Nd
)

sin(z × 360◦
Nd

)

]
, z = 1,2, . . . ,Nd. (35)

By analysing the relative positions between the discrete points and the geometric centre
of the joint pin, the contact area between the bushing and pin under the effect of wear is
judged. Then, the points of force application (Qi and Qj ) on bodies i and j can be deter-
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Fig. 5 Flowchart for dynamic modelling and wear analysis of a multibody system

mined by searching for the discrete point with the maximum contact depth. The position
and velocity vectors of the point of force application on the bushing, in the generalised
coordinate system XOY, can be expressed as follows:

r̃Dk

j max = rj + Aj s̃Dk

j max, (36)

˙̃rDk

j max = ṙj + Ȧj s̃Dk

j max, (37)

where s̃Dk

j max is the updated position vector of the discrete point with the maximum contact
depth after wear in the local coordinate system of rigid body j . Figure 5 shows the flowchart
for dynamic modelling and wear analysis of a multibody system.
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Fig. 6 A planar slider–crank
mechanism containing a revolute
joint with clearance

6 Numerical example and result analysis

6.1 A slider–crank mechanism with a revolute joint considering clearance
and wear

A planar slider–crank mechanism, as shown in Fig. 6, is chosen as an example to demon-
strate the methodologies presented in this paper. In this mechanism, the crank and con-
necting rod are connected by a revolute joint with clearance and wear. All other joints are
regarded as ideal, rigid joints. Under the rotation of the driving crank, the slider can achieve
reciprocating motion in the horizontal direction. In the theoretical framework of multibody
dynamics, the dynamic equations of the slider–crank mechanism can be deduced as de-
scribed below.

The generalised coordinates of system are

q = [
x1 y1 θ1 x2 y2 θ2 x3 y3 θ3

]T
, (38)

where (x1,y1), (x2,y2), and (x3,y3) are the translational coordinate values of the origins of
the local coordinate systems of the crank, connecting rod, and slider in the generalised coor-
dinate system, respectively. Meanwhile, θ1, θ2, and θ3 are the angles of rotation of the local
coordinate systems of the aforementioned rigid bodies relative to the generalised coordinate
system.

The constraint equations and Jacobian matrix can be expressed as Eqs. (39) and (40),
respectively:

Φ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

x1 − l1
2 cos θ1

y1 − l1
2 sin θ1

x2 + l2
2 cos θ2 − x3

y2 + l2
2 sin θ2 − y3

y3 = 0
θ3 = 0

θ1 − θ0 − ωt

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

= 0, (39)

Φq =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0 l1
2 sin θ1 0 0 0 0 0 0

0 1 − l1
2 cos θ1 0 0 0 0 0 0

0 0 0 1 0 − l2
2 sin θ2 −1 0 0

0 0 0 0 1 l2
2 cos θ2 0 −1 0

0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 1
0 0 1 0 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (40)
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Table 1 Dimensions and mass parameters for the slider–crank mechanism

Bodies Length (mm) Mass (kg) Moment of inertia (kg mm2)

Crank 50 3.0 7360

Connecting rod 220 0.19 880

Slider – 0.70 360

where l1 is the length of crank, l2 is the length of connecting rod, θ0 denotes the initial
angular position of crank, and ω expresses the angular velocity of crank. In this model, it is
supposed that the local coordinate system origin lies on the centre of mass of each body.

The expression of vector γ in multibody equations is as follows:

γ = [− l1
2 θ̇2

1 cos θ1 − l1
2 θ̇2

1 sin θ1
l2
2 θ̇2

2 cos θ2
l2
2 θ̇2

2 sin θ2 0 0 0
]T

. (41)

The mass and inertia matrix of the system is

M = diag
[
m1 m1 I1 m2 m2 I2 m3 m3 I3

]
, (42)

where m1, m2, and m3 are the masses of crank, connecting rod, and slider, respectively; I1,
I2, and I3 are the moments of inertia of the aforementioned bodies.

The generalised force vector of the system is

QA = [
Fx

1 −m1g + F
y

1 T1 Fx
2 −m2g + F

y

2 T2 0 −m3g 0
]T

, (43)

where g is the acceleration due to gravity, mg indicates the self-weight of each body, the
other items shown in the generalised force vector are calculated by Eqs. (20)–(23).

The equations of motion of the slider–crank mechanism can be obtained when the mass
and inertia matrix of the system M, Jacobian matrix of the constraint equation Φq, gener-
alised force on the system QA, and vector γ are arranged and substituted into the standard
multibody dynamics equations as follows:(

M ΦT
q

Φq 0

)(
q̈
λ

)
=

(
QA

γ

)
. (44)

In this simulation, the dimensions and mass properties of the slider–crank mechanism are
as shown in Table 1. The dynamic calculation and wear analysis parameters of the system are
given in Table 2. What must be emphasised is that a large coefficient of wear is used in this
model to obtain an obvious wear profile within a finite period of motion. When modelling
joint wear with dry contact, the value of friction coefficient is selected based on the existing
publications [47, 49, 50]. It is assumed that the friction coefficient is constant during all
simulation.

6.2 Results and discussion

Generally, the time consumed in a numerical simulation of a multibody system with con-
tact analysis is much longer than the real motion time of a multibody system. Not only
that, wear is also a long-term, cumulative, dynamic process. Considering these, and to ob-
tain an obvious wear profile within a limited time, a larger coefficient of wear as given in
Table 2, compared with the test result of coefficient of wear [57], is used in the following
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Table 2 Parameters used in the dynamic analysis and wear prediction of the clearance joint

Parameter Value

Radius of the joint journal 10.0 mm

Radius of the joint bushing 10.1 mm

Contact length between journal and bushing 6.0 mm

The initial joint radical clearance (mm) 0.1 mm

Young’s modulus and Poisson’s ratio of the bushing material (aluminium) 71.7 GPa, 0.33

Young’s modulus and Poisson’s ratio of the pin material (steel) 207 GPa, 0.29

Coefficient of restitution 0.9

Coefficient of friction 0.1

Tolerance velocities v0 and v1 1 mm/s, 10 mm/s

Contact stiffness 7.95 × 1010 N/m1.5

Coefficient of wear 5.05 × 10−10 m3/N m

Number of the discrete points on joint bushing profile 1257

Crank rotation speed 150 rpm (clockwise)

Integrator scheme Gear method

Integration step size 0.000001 s

Baumgarte stability control parameters α and β α = 5, β = 5

simulations. Figure 7(a) shows the wear profile of the joint bushing after different peri-
ods of motion of the mechanism (the worn profiles of the bushing are presented whenever
the crank rotation has undergone 1000 cycles). It is found that the wear of the bushing is
nonuniform. In the figure, the left and right sides of the joint bushing are worn severely.
Corresponding to these two positions, the crank is located so as to be collinear with the con-
necting rod. Conversely, the wear at the top and bottom of the bushing, where the crank is
perpendicular to the motion of the slider, is not severe. In these two places, the wear depth is
negligible. Corresponding to the curves shown in Fig. 7(a), Fig. 7(b) shows the wear depth
of the bushing at different angular positions. The greater the number of wear cycles, the
greater the wear depth. When the crank is rotated through 4000 cycles, the maximum depth
on bushing surface is 0.58 mm. It is proved again that the amount of wear at each flank of
the bushing is large, while the wear at the top and bottom of the bushing is smaller. After
wear, the clearance increased, which further influenced the dynamic response of the whole
mechanism.

Figure 8 shows the changes in acceleration of slider under different levels of joint wear.
It is found that impact-vibration affects the movement of the slider. In a rotation cycle of
the crank, two instances of impact-vibration are presented in the dynamic response of the
mechanism. With increased wear, the clearance of the joint is increased and the magnitudes
of impact-vibration events are amplified.

7 Experimental verification

For verifying the correctness of the simulation results, a testing device composed of a slider–
crank mechanism with a clearance revolute joint was designed and built (Fig. 9(a)). The
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Fig. 7 Wear analysis: (a) profile
of joint bushing after wear and
(b) wear depth at different
angular positions

physical dimensions of the slider–crank mechanism and the geometrical parameters of the
clearance joint are consistent with the simulation model. In this experimental system, a DC
motor is used to drive the crank. Between them, a belt drive is applied to reduce the rate of
rotation. In the slider–crank mechanism, the connecting rod is made of aluminium. Due to
of the fact that aluminium is easy to wear, obvious wear phenomenon on contact surface can
be observed and measured within a limited period of time. Two holes which are regarded
as the joint bushings are machined at both ends of the connecting rod. One of holes is
designed with a larger diameter and matched with a pin (made of steel) on the crank to
constitute a revolute joint with clearance. In this clearance revolute joint, to obtain the effect
of dry friction, no lubrication is used. For suppressing the influence from the other joints on
the dynamic response of the slider–crank mechanism, the other joints are designed with a
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Fig. 8 Vibration analysis of the slider after joint wear: (a) 1000 cycles, (b) 2000 cycles, (c) 3000 cycles, and
(d) 4000 cycles

Fig. 9 The test-rig for a slider–crank mechanism with joint clearance and wear: (a) experimental device,
(b) signal testing and analysis
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Fig. 10 Wear profile testing in a
clearance joint: (a) dotting testing
by a three-coordinate measuring
machine, (b) comparison of the
surface quality of joint bushing
with and without wear

higher fitting accuracy. In addition, sufficient lubrication by oil is adopted on them to avoid
the presentation of wear. Only the revolute joint between the crank and connecting rod is
working in the dry friction state.

The experiments of joint wear are carried out under normal temperature. In the exper-
iments, the rate of rotation of the driving crank is the same as that used in the theoretical
model. By recording the operation time, the number of revolutions of the crank is calculated.
Additionally, an acceleration sensor is fixed to one side of the slider to obtain the vibration
signal of the slider under the influence of joint clearance and wear. The signal testing and
analysis system is shown in Fig. 9(b). When the slider–crank mechanism had operated for
the required time, the connecting rod was disassembled. A three-coordinate measuring ma-
chine is used to undertake a dotting test to measure the wear profile of the joint bushing
(Fig. 10).

Considering that the actual coefficient of wear is very small, obtaining an obvious wear
shape required long-term operation of the device, therefore, the number of motion cycles
of the slider–crank mechanism in these experiments exceeded those simulated numerically.
Figure 11 shows the variation of the shape of the joint bushing before and after wear: one
of the worn curves is measured when the crank is rotated through 200,000 cycles, while
another is obtained after 400,000 cycles. From the curves of wear depth on bushing surface,
the maximum values of 0.19 and 0.55 mm can be obtained, respectively. It is observed that
the bushing shapes after wear are quite similar to the simulation results although the wear
times are different. The experimental results also verify that the wear in the joint is more
significant when the crank rotates to positions collinear with the connecting rod. Where
the crank is perpendicular to the direction of motion of the slider, the wear of the bushing
is minimal. From the experiment research on a slider–crank mechanism with joint wear
made by Mukras et al. [42], it is also found that the worn bushing presents a noncircular
shape, which is similar to an ellipse (Fig. 12). Their testing results also show that the wear
in the joint between the crank and connecting rod is more serious when the crank rotates to
positions collinear with the connecting rod. At the positions where the crank is perpendicular
to the direction of motion of the slider, the wear of the bushing is minimal. With the help of
the acceleration sensor, the vibration of the slider is measured as shown in Fig. 13. Before
wear, very small amplitudes of impact-vibration are observed, however, impact-vibration
events with large amplitudes appear after joint wear. In a given motion cycle, two instances
of impact-vibration are caused when the slider moves to the left and right extremities of its
travel.
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Fig. 11 Wear testing results of a
clearance joint: (a) profile of
joint bushing after wear and
(b) wear depth at different
angular positions

8 Conclusion

A method for modelling a clearance revolute joint with a constantly updated wear profile in a
planar multibody system is presented. Compared with the traditional approach used to model
a revolute joint with clearance and wear, the main difference of the presented method is that
the continuous geometric shape of the joint element is described by a series of uniformly
distributed points, and whether or not contact is made depends only on the relative position
of the centre of the pin and discrete points on the bushing profile. By analysing their relative
positions, the contact area between the bushing and the pin can be determined, as well as
the maximum contact depth and the points of contact force application. In this dynamic
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Fig. 12 Wear profile on the
bushing for the revolute joint
between the crank and
connecting rod in a slider–crank
mechanism (a redrawn figure
based on the testing data
provided by prof. Kim [42])

process, the instantaneous wear depth will be computed and added to the corresponding
discrete point to reconstruct the geometry of the joint bushing.

A planar slider–crank mechanism containing a revolute joint with clearance and wear
between the crank and connecting rod is taken as an example to verify the proposed method.
Through the analysis of numerically simulated results, it is verified that the wear in the
revolute joint between crank and connecting rod is more severe when the crank rotates to
positions collinear with the connecting rod, while the wear is minimal where the crank is
perpendicular to the direction of motion of the slider. The maximum and minimum values of
wear depth at these angular positions are mainly caused by the variations of contact force and
relative velocity of joint elements. Additionally, in a given motion cycle of the slider–crank
mechanism, two obvious instances of impact-vibration are found in the dynamic response
of the mechanism. With the constant increase in wear depth, the clearance size in the joint is

Fig. 13 Vibration response of the slider: (a) before wear, (b) after 400,000 cycles
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increased and the magnitudes of impact-vibration events are amplified. The above findings
are verified by the experiment research and the previous studies.
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