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Abstract As various errors result from manufacture
and assembly processes or wear effect, clearance joint
widely exists in mechanical system as a base compo-
nent. The coupling analysis of tribology and dynam-
ics of clearance joint is important to the reliability of
mechanical system.Anonlinear contact pressure distri-
butionmode (NLCP) is proposed to combine dynamics
analysis with wear calculation together in this paper.
The discrete thought of Winkler model is adopted to
deal with contact problem with a high conformal rate.
The contact relationship in a local microcontact area
can be regarded as the contact between cylinder and
plane. And the local contact pressure is acquired based
on Hertz contact theory. The NLCPmodel has not only
described the nonlinear relationship between contact
pressure and penetration depth, but also avoided the
complexity in contact pressure computation. The per-
formance of NLCP model is demonstrated in compar-
ison with asymmetric Winkler model, revealing that
NLCP model has enhanced the calculation accuracy
with a good efficiency. A comprehensive experimental
study on the wear calculation of a slider–crank mecha-
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nism with clearance joint is presented and discussed to
provide an experimental verification for NLCP model.
The paper’s work has solved the contact problem with
a high conformal rate and has described the nonlinear
relationship between contact pressure and penetration
depth. It has great value to the wear analysis of clear-
ance joint.

Keywords Clearance joint · Contact pressure
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1 Introduction

As an inevitable factor in kinematic joints, joint clear-
ance has a heavy effect on the dynamics performance
of mechanical system. It is known to be the source for
impact forces. These forces not only create increased
vibration and noise, but also reduce system reliability,
stability, life and precision [1]. In order to efficiently
evaluate the contact–impact force resulting from colli-
sions in multi-body systems, special attention must be
given to the numerical description of contact pressure
distribution model. Over the last few years, extensive
work has been done to study the effects of clearance on
the dynamic response and wear behavior of mechan-
ical system [2–4]. And lots of analysis models have
been proposed [5–8]. Yaqubi et al. [9] have investi-
gated the effects of joint friction on dynamical behav-
ior and nonlinear response of the mechanism. Varedi-
Koulaei et al. [10] have presented an optimization algo-
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rithm to improve the performance and the accuracy of
the manipulator with clearance. Askari et al. [11] have
modeled the ceramic-on-ceramic (CoC) hip prosthesis
with clearance, and the effects of friction, hip implant
size and the head initial position were analyzed. As the
clearance joint widely exists in mechanical system as
a base component, it is meaningful to perform the cou-
pling analysis of tribology and dynamics. Therefore,
as one of the most important contents for wear cal-
culation, the research of contact pressure distribution
of clearance joint is necessary and can build a bond
between dynamics analysis and wear calculation.

The traditional contact pressure computation is
mostly based on the classic Hertz contact theory [12].
TheHertz contact theory lays the foundation for almost
all of the available forcemodels, but it is not appropriate
for most impacts in practice [13]. For one thing, Hertz
contact theory exhibits the same restrictions,whichpre-
vent them from being usedwith conformal contact con-
ditions often observed for small clearance. For another,
Hertz contact theory does not account for the energy
dissipation during the contact–impact process, so it
cannot be used during both phases of contact, namely
the loading and unloading phases [14]. Afterward,
many contact force calculation models are presented
based on Hertz contact theory considering the energy
dissipation, such as Hunt–Crossley model [15], Her-
bert and McWannell model [16]. It is worth mention-
ing that Lankarani–Nikravesh model (L–N) [17,18] is
frequently applied to calculate the contact force. Infor-
mation on the impact velocity, material properties of
the colliding bodies and geometry characteristics of
the contact surfaces are all taken into consideration in
this contact force model [17]. These characteristics are
observed through a continuous function of penetration
depth and contact force. Bai and Zhao [19] presented
a new contact force model of clearance joint for planar
mechanical systems based on L–N model. Muvengei
et al. [20] studied the behavior of planar rigid-body
mechanical systems due to the dynamic interaction of
multiple clearance joints, and L–N model was adopted
to describe the normal forces in clearance joints. Zhang
et al. [21] combined Newton–Euler equations with L–
Nmodel to establish the dynamic equations of a 3-DOF
parallel mechanism with clearance joints. The penetra-
tion depth is described as an implicit function of the
contact force in these models. Consequently, a numer-
ical iterative technique is required to evaluate the con-
tact force for a given penetration depth. In a dynamic

analysis code, it is implied that the iterative process for
the solution of nonlinear equations has to be solved at
each integration time step [22]. The complicated solv-
ing processes of strong nonlinear differential equations
pose some limitations in their use.

In order to solve the high conformal contact prob-
lem and avoid the complexity of contact pressure cal-
culation, Winkler surface model is widely adopted to
calculate the contact pressure of clearance joint. Flodin
and Andersson [23] used the Winkler surface model to
predict surface behavior and wear condition. Põdra and
Andersson [24] studied the advantages and disadvan-
tages of using the simpleWinkler surfacemodel inwear
simulation. Wear simulations had been made with a
Winkler surface model and compared with simulations
madewith anFEMmodel. The results showavery good
agreement. Liu et al. [25] developed an approximate
model for the contact problem of cylindrical joints with
clearances through modeling the pin as a rigid wedge
and the elastic plate as a simple Winkler elastic foun-
dation. The approximate model provided a more direct
and effective formula to describe the properties of the
contact in the cylindrical joint with clearances. Su et
al. [26] used Winkler surface model to calculate joints
reaction and contact pressure. Li et al. [27] presented
an unsymmetrical Winkler surface model and a dou-
ble elastic layer Winkler model, which turn out to be a
good result. However, in the actual contact process, the
relationship between contact pressure and penetration
is nonlinear. Thus, a simple linearization relationship
is not rigorous to describe contact pressure and pene-
tration depth in Winkler model.

The tribology and dynamics behaviors of mechani-
cal system relate to each other closely in engineering
applications. Considering the limitation of traditional
contact force calculation model and Winkler model,
the NLCP model is proposed based on the discrete
thought of Winkler model, and the local contact pres-
sure is acquired based on Hertz contact theory. The
performance of NLCP model is demonstrated in com-
parison with asymmetricWinkler model, revealing that
NLCP model has enhanced the calculation accuracy
with a good efficiency. A comprehensive experimental
study on the wear calculation of a slider–crank mecha-
nism with clearance joint is presented and discussed to
provide an experimental verification for NLCP model.
The NLCP model has not only described the nonlin-
ear relationship between contact pressure and penetra-
tion depth, but also avoided the complexity in contact
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Fig. 1 Hertz contact force model

pressure computation. The paper’s work has solved the
contact problem with a high conformal rate and has
described the nonlinear relationship between contact
pressure and penetration depth.

2 Demonstration of contact pressure calculation
model

2.1 Hertz contact force model

Hertz contact theory is a pure elastic contact model
based on entirely elastic deformation [13,22]. The great
advantage of the Hertz law compared with Kelvin–
Voigt contact model is its nonlinearity [28]. It mainly
demonstrates the quasi-static contact problem of elas-
tomer, such as the cylindrical contact pressure calcula-
tion, as shown inFig. 1. It is a nonlinear contact pressure
calculation model. The relationship between contact
force and penetration depth is as follows [29].

F = K δn (1)

where F—contact force and δ—relative penetration
depth.

K is the contact stiffness coefficient, determined by
the material properties and the shape of the contact
surfaces. For two spheres in contact, the generalized
stiffness coefficient is the function of the radii of the
both spheres and the material properties [30].

K = 4

3π(σi + σ j )

[
Ri R j/

(
Ri − R j

)] 1
2 (2)

{
σi = (1 − ν2i )/(πEi )

σ j = (1 − ν2j )/(πE j )
(3)

Ri , R j are the radius of curvature. For the contact
between a cylinder body i and a plane surface body

j , R j = ∞. Ei , E j are the elastic modulus of contact
elements, and νi , ν j are the Poisson’s ratio of contact
elements.

2.2 Traditional Winkler model

The Winkler surface model takes discrete thoughts to
deal with contact problem. It can be well applied to the
contact pressure calculation of high conformal contact.
Thus, the contact pressure calculated by this model has
a better accuracy than the result computed by Hertz
contact theory [25]. The relationship between contact
pressure and penetration depth is described as follows
[24].

pi = Ew

Li
δi (4)

where pi—contact pressure; Ew—complex elastic
modulus; and Li—thickness of elastic layer. It is gener-
ally assumed that plastic deformation does not occur to
the bushing under light load, and then the Li is regarded
as the thickness of the bushing, and δi , the relative pen-
etration depth.

The external load can be acquired via summating
the forces of all the springs on contact surface [26].

Ftotal =
n∑

i=1

pi Aicosβi (5)

where Ftotal—total pressure of all the springs; Ai—
contact area at the i th spring;βi—angle between the i th
spring and external load; and n—total spring number
in contact area.

As shown in Fig. 2, the penetration area of clearance
joint is C1C2. The bushing is regarded as the elastic
foundation. The contact is discretized as the contact of
a series of springs. In the contact area, Ftotal is equal to
FN .

2.3 Asymmetric Winkler model

Winkler model, compared with other contact pressure
calculation models, has higher computation efficiency
with good accuracy [24,25]. However, the contour of
clearance joint is regarded as an ideal circle in tradi-
tionalWinkler model, which is incorrect because of the
wear behavior happening to the clearance joint. There-
fore, an asymmetric Winkler model is presented. The

123



318 A. Zhu et al.

Fig. 2 Winkler surface model applied to clearance joint

comparison between Winkler model and asymmetric
Winkler model is shown in Fig. 3.

FromFig. 3a, we can see that when there is a concen-
trated force FN on the bushing, the deformation springs
on both sides are symmetric distribution in traditional
Winkler model. But in fact, the bushing inside contour
changes with the effect of wear. Thus, the deformation
springs on both sides are asymmetric distribution, as
shown in Fig. 3b. The number of deformation springs
on each side should be counted separately in asymmet-
ric Winkler model. According to the boundary condi-
tions of deformation edge, there will be a triangle with
the vertices of pin center, bushing center and critical
point of contact. Then, the discrete geometry data of
pin surface and bushing inner surface are taken to cal-
culate the number of deformation springs on both sides.

N = NL + NR (6)

where N—the total deformation spring number; NL—
the deformation spring number on the left side; and
NR—the deformation spring number on the right side.

2.4 NLCP model

On the one hand, based on the discrete thought, the
Winkler model is no longer restricted by the high con-
formal contact condition. But the sample linearization
relationship is not rigorous to describe contact pressure
and penetration depth. As shown in Fig. 4, the con-
tact boundary should be a continuous curve, reveal-
ing the nonlinear relationship between contact pres-
sure and penetration depth. So a sound relationship
between contact pressure and penetration depth should
be presented to conduct wear analysis of clearance
joint.

On the other hand, the contact force is described
as the product of nonlinear power function of penetra-
tion depth and contact stiffness in Hertz contact the-
ory. However, it focuses on the spherical contact prob-
lems, which focuses on non-conformal contact con-
dition. Hertz contact theory is incorrect when the joint
clearance is small. Thus, the applicationof classicHertz
contact theory is restricted in revolute joint with clear-
ance. Themost important thing forHertz contact theory
is to solve the conformal contact problem.

According to the analysis above, the nonlinear con-
tact pressure distribution model is presented in this
paper. The bushing is taken as a simple Winkler elas-
tic foundation. The discrete thought of Winkler model
is adopted to deal with contact problem with a high
conformal rate. Then, we divide the contact area into

Fig. 3 Comparison
between Winkler model and
asymmetric Winkler model.
a Traditional Winkler model
and b asymmetric Winkler
model
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Fig. 4 Actual contact
boundary of Winkler model

many small parts, until the curvature of each small
part can be regardless. That is to say, each small part
can be seen as a plane. The contact relationship in a
local microcontact area can be regarded as the contact
between cylinder and plane. And the local contact pres-
sure is acquired based on Hertz contact force model.
The NLCP model has not only described the nonlinear
relationship between contact pressure and penetration
depth, but also avoided the complexity in contact pres-
sure computation.

The relationship between contact pressure and pen-
etration depth is described as follows.
{
pi = K δni /Ai

Ftotal = ∑N
i=1 pi Ai cosβi

(7)

where pi—contact pressure; K—contact stiffness coef-
ficient, calculated by Eq. (2); n—the nonlinear power
exponent determined from material and geometric
properties of the local region of the contacting objects
[13,17]; δi—relative penetration depth; Ai—contact
area at the i th spring; Ftotal—total pressure of all the
springs; βi—angle between the i th spring and external
load; and N—total spring number in contact area.

The algorithm flowchart of NLCP model is shown
in Fig. 5. The detailed processes are as follows:

1. The penetration depth of compression center is
assumed as δi .

2. Given the non-circular characteristic of inner sur-
face caused during the wear process, the arc func-
tion is no longer appropriate to calculate the number
of compression springs on each side. According to
the boundary conditions of deformation edge, the
discrete geometry data of pin surface and bushing

Fig. 5 Algorithm flowchart of NLCP model

inner surface are adopted to calculate the number
of compression springs on both sides in this algo-
rithm.

3. According to the number and the penetration depth
of compression springs, the contact pressure distri-
bution of contact surface is obtained.

4. Compute the resultant force of compression springs
Ftotal. If the resultant force Ftotal is equal to the
contact force FN , i.e., when the difference between
Ftotal and FN is less than 1 × 10−12, the contact
pressure distribution is output. Or, return to the first
step. Modify the initial penetration depth δi , where
the adaptive method is adopted to obtain a better δi ,
and continue iterating, until they are balanced.
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3 Analysis of simulation and experiment

3.1 Simulation analysis

The wear behavior is the prominent characteristic of
dynamics analysis with clearance. Thus, the wear con-
dition analysis is taken as an evaluation criterion to
make comparison with different contact models. The
most frequently used model is based on the Archard’s
wear model [31,32]. It is assumed that wear can be
evaluated by applying Archard’s equation to local con-
tact conditions along a differential width of the contact
interface [33]. The Archard’s wear calculation formula
is described as follows [34]:

V = k
FN s

H
(8)

where V—wear volume; k—dimensionless wear coef-
ficient; FN—external load; H—brinell hardness; and
s—relative slippage distance of contact surface.

Because the normal penetration depth is considered
more in engineering practice, take the differential of
contact area in Eq. (8) on both sides.

h = k
ps

H
= Kd ps (9)

where h—normal wear depth; p—contact pressure,
obtained by Eq. (7); Kd—linear wear coefficient,
obtained by wear test of pin–disk pairs; and s—relative
slippage distance of contact surface [8]. The slippage
distance is the relative movement distance of pin and
bushing in the circumferential direction. According to
the change size of azimuth of the adjacent contact pres-
sure and the structure data of bushing inner surface,
the relative slippage can be obtained. After the bushing
contour is updated, the azimuth of contact force and the
structure of bushing inner surface will be also changed.
Then, the slippage distance will be correspondingly
updated.

The wear process can be treated as a dynamic pro-
cess depending on many parameters, and the predic-
tion of that process can be treated as an initial value
problem. As shown in Fig. 6, the impact within a revo-
lute clearance joint in a basic slider–crank mechanism
is regarded as an example to compare different con-
tact models. The massless linkage model is adopted to
conduct dynamics analysis. The joint clearance is sub-
stituted by a massless rod CD. The length of AB, BC
and CD is l1, l2, ξ . The azimuth of AB, BC and CD
is ϕ1, ϕ2, γ . The mass of crank, linkage and slider is

Fig. 6 Slider–crank mechanism with clearance joint

Table 1 Basic parameters of slider–crank mechanism

m1 m2 m3 l1 l2 Ks

0.46g 1.09g 5g 0.07mm 0.2mm 1800N/m

Table 2 Basic parameters of clearance joint

Radius (mm) Material E ν Kd

Pin 7.45e−3 Steel 2.09e11 0.28 –

Bushing 7.5e−3 PTEF 5.00e08 0.38 5.05e13

m1,m2,m3. To ensure that the pin and bushing are
always in contact during the operation process, a spring
system is attached to the right of this machinery. The
elasticity coefficient of spring is Ks . Assuming that the
crank rotates at a constant speed, the angular velocity is
ω. The initial clearance size is e. The basic parameters
of the slider–crank mechanism and clearance joint are
shown in Tables 1 and 2.

The machinery location constraint equations:
{
l1 cosϕ1 + l2 cosϕ2 + ξ cos γ = x3
l1 sin ϕ1 − l2 sin ϕ2 + ξ sin γ = 0

(10)

The machinery dynamics constraint equations:
⎧
⎨

⎩

Fx = Fk_spring − m3 ẍ3
Fyl2 sin φ2 + Fxl2 cosφ2 − I2φ̈2

− 1
2m2l2 [(g + ÿ2) cosφ2 + ẍ2 sin φ2] = 0

(11)

where I2—rotational inertia of BD.
The massless model is based on continuous contact

hypothesis, and the azimuth of contact force is regarded
as equal to the azimuth of ideal contact force. There-
fore, the solving process of nonlinear dynamics equa-
tions can be greatly simplified. Through solving the
standard slider–crank mechanism without clearance,
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the azimuth of ideal contact force is obtained, i.e., the
value of γ . Then, solving Eqs. (10) and (11), Fx and
Fy can be obtained.

FN =
√
F2
x + F2

y (12)

where FN—the contact force.
In dynamic analysis ofmulti-body systemswith col-

lisions, the deformation is known at every time step
from the configuration of the system and the forces are
evaluated based on the state variables. With the vari-
ation of the contact force during the contact period,
the dynamic system’s response is obtained by simply
including updated forces into the equations of motion.
As the equations of motion are integrated over the
period of contact, the wear results are calculated in
a rather accurate response. According to the analysis
of the references [24,25], it is obvious that the contact
pressure obtained by the Winkler model turns out to be
more effective than the Hertz theory. So a comparison
between NLCP model and Winkler mode is presented
to verify the correctness of NLCP model. The detailed
analysis flowchart of this paper is shown in Fig. 7.

Firstly, the dynamics analysis is performed based
on massless model. The contact force and correspond-
ing azimuth of contact force can be obtained by solving
Eqs. (10)–(12). Secondly, based on the NLCPmodel or
Winkler model, the contact pressure distribution is cal-
culated. With the contact pressure and corresponding
relative slippage distance, the Archard model is used
to conduct wear calculation. Then, according to the
wear results of every wear cycle, the bushing contour is
updated. By repeating the above process continuously,
the final wear results are obtained.

Through dynamics analysis, the wear results with
different contact pressure calculationmodels are exhib-
ited in Figs. 8, 9, 10, 11 and 12. Figures8, 9 and 10
are the wear results in a single wear cycle. The wear
results are magnified 1000 times. Figures11 and 12 are
the wear results in many wear cycles.

FromFigs. 8 and9,we can see that thewear results of
NLCPmodel agreewith thewear results of asymmetric
Winkler model well at different rotation speeds. From
Figs. 9 and 10, we can see that thewear results of NLCP
model also agree with the wear results of asymmetric
Winkler model well with different initial clearances.

As shown in Table 3, the main wear data at different
rotation speeds are displayed. The wear peak and wear
mass are magnified 1000 times. The NLCP model has
wider wear width and weightier wear mass than asym-

Fig. 7 Analysis flowchart of this paper

Fig. 8 Wear comparison of NLCP model and asymmetric Win-
kler model (120 rpm, 0.05mm)

metric Winkler model. Meanwhile, the NLCP has a
lower wear peak than asymmetric Winkler model. As
shown in Table 4, the main wear data with different ini-
tial clearances are displayed. The wear peak and wear
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Fig. 9 Wear comparison between NLCPmodel and asymmetric
Winkler model (240 rpm, 0.05mm)

Fig. 10 Wear comparison between NLCP model and asymmet-
ric Winkler model (240 rpm, 0.2mm)

mass are magnified 1000 times. A similar wear trend
with Table 3 can be found. Because of the nonlinear
relationship between contact pressure and penetration
depth in NLCP model, it will cause a wider deforma-
tion region than asymmetric Winkler model with the
same contact force. As a result, the penetration depth
of compression center is relatively small. The contact
pressure of compression center is relatively small. The
wear peak is small in a single wear cycle. In addition,
the running time of both models has a small difference,
revealing the NLCP model has a good efficiency.

In order to fully verify the correctness of NLCP
model, a further wear research is conducted as shown
in Figs. 11 and 12. The detailed wear results in many

Fig. 11 Wear comparison between NLCP model and asymmet-
ric Winkler model (10000 r, 120 rpm, 0.05mm)

Fig. 12 Wear comparison between NLCP model and asymmet-
ric Winkler model (15000 r, 120 rpm, 0.05mm)

wear cycles are as shown in Table 5. It’s obvious to
find that the NLCP model has larger wear peak and
wider wear width and weightier wear mass than asym-
metric Winkler model in a long revolution times. As
mentioned above, the contact pressure with the same
penetration depth is smaller in NLCP model than that
in asymmetric Winkler model. The NLCP model has a
relative wide contact area with the same contact force.
Thus the wear width of NLCP model is relative wide.
Meanwhile, because the large wear area caused by the
same contact force, the contact numbers of wear peak
position are relatively increased in a continuous contact
process between pin and bushing. The more the con-
tact numbers, the heavier the wear condition. Conse-
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Table 3 Wear results
comparison between NLCP
model and asymmetric
Winkler model

Model Time (s) Rotation
speed (rpm)

Wear peak
(mm)

Wear width
(◦)

Wear mass (g)

NLCP 2.11 120 1.003e−5 130 3.381e−6

1.81 240 1.22e−5 134 4.357e−6

Winkler 2.12 120 1.056e−5 115 3.355e−6

1.61 240 1.26e−5 118 4.326e−6

Table 4 Wear results
comparison between NLCP
model and asymmetric
Winkler model

Model Time (s) Initial
clearance
(mm)

Wear peak
(mm)

Wear width
(◦)

Wear mass (g)

NLCP 1.81 0.05 1.22e−5 134 4.357e−6

1.68 0.2 1.44e−5 102 4.23e−6

Winkler 1.61 0.05 1.26e−5 118 4.326e−6

1.34 0.2 1.46e−5 90 4.21e−6

Table 5 Wear results
comparison between NLCP
model and asymmetric
Winkler model

Model Time (s) Revolution
number (r)

Wear peak
(mm)

Wear width
(◦)

Wear mass (g)

NLCP 19.81 10000 0.062 169 0.0354

29.03 15000 0.0875 178 0.0539

Winkler 14.12 10000 0.061 165 0.0353

21.09 15000 0.0859 176 0.0538

quently, the wear peak in NLCPmodel is relative larger
than that in asymmetric Winkler model under the same
conditions. Otherwise, the running time in Table 5 of
NLCP model is tolerable in engineering applications,
revealing a good efficiency.

In order to analyze the wear behavior due to geome-
try evolution based onNLCPmodel, several researches
are conducted as shown in Figs. 13, 14 and 15. From
Fig. 13, if the bushing contour did not update during
the wear process, we can find that the wear results are
proportional to the increase of wear cycles. Moreover,
the wear areas are the same in different wear cycles.
However, as shown in Fig. 14, the bushing contour is
updated according to the wear results in corresponding
wear cycle in NLCP model. With the increase of wear
cycles, thewear area expands in both sides.Meanwhile,
comparing with Fig. 13, it is noticeable that the wear
peak in Fig. 14 is smaller than that in Fig. 13 with the
same wear cycle, which is true with the real wear sit-
uation. When the wear behavior happens, the bushing
contour changes with material loss and is no longer a

Fig. 13 Wear resultswithout contour update (0.05mm, 120 rpm)

standard circle. Then, the real contact area will change
large and is no lager the same with the initial contact
area. The larger the contact area, the larger the wear
area. Consequently, the wear area becomes large with
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Fig. 14 Wear results with contour update (0.05mm, 120 rpm)

Fig. 15 Wear results with different initial clearances (120 rpm,
10000 r)

the increase of wear cycles. Considering the contact
area becomes large, the contact pressure of contact cen-
ter will become small, that is why the wear peak will
become small when the bushing contour is updated.
Overall, the material loss has a big influence on the
contact pressure distribution and wear behavior of the
system.

Through changing the geometry characteristic of
bushing inner surface, the wear results with different
initial clearance are obtained, as shown in Fig. 15. At
the same rotation speed and in the same wear cycles,
when the initial clearance increases, the wear peak
becomes large and the wear mass becomes weighty.
However, the wear width becomes small. Therefore,

the geometry characteristic will affect the wear results
a lot.

Otherwise, thematerial properties of the contact sur-
faces also contributed to the wear behavior, such as the
surface texture. In terms of the contact stiffness coeffi-
cient defined in this paper, it is a simplified calculation
method defined by Hertz model. In fact, the contact
stiffness coefficient should be nonlinear, which relates
to material property, geometry property, clearance size
and deformation of contact bodies, as described by Bai
and Zhao [19]. It varies with the penetration depth and
is not constant during the contact process. The nonlin-
ear stiffness coefficient should be found as the slope of
the load–displacement relationship curve by improved
elastic foundation model around the point of instanta-
neous deformation, which will be further studied in the
future work.

3.2 Experiment validation

The schematic of slider–crank mechanism is shown in
Fig. 16, and the actual experimental device of slider–
crank mechanism is shown in Fig. 17. The test device
is driven by AC electrical motor, and the rotation speed
is controlled by the inverter. The counter is used to
measure the rotation times. The test bushing ismounted
in the joint between linkage and slider where clearance
exists, and the other movement pairs are regarded as
ideal joints. The initialization data of this mechanism
are shown in Tables 1 and 2.

A series of experiments were conducted to verify the
correctness of NLCP model. The coordinates of bush-
ing inner surface are measured by the optical image
measuring instrument. The detailed collection process
of experimental data is as follows.

1. Measure the coordinates of bushing inner surface;
2. Calculate the coordinates of bushing center by the

least squares method;
3. Calculate the distances between bushing center and

each point on the bushing inner surface, then minus
the initial radius of busing; as a result, the wear
amount of busing inner surface is obtained;

4. Collate the experimental data andmake comparison
with simulation data.

As shown in Figs. 18, 19 and 20, several comparisons
between experimental data and simulation data under
different conditions are presented.
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Fig. 16 Schematic of
slider–crank mechanism

Fig. 17 Actual
experimental device of
slider–crank mechanism

Based on the comparison between experimental data
and simulation data under different conditions, the cal-
culation results of NLCP model agree with the exper-
imental results. Additionally, several conclusions can
be obtained as follows.

1. When the rotation speed increases, the wear peak
becomes large, the wear width becomes wide, and
the wear mass becomes weighty.

2. When the initial clearance increases, the wear peak
becomes large and thewearmass becomesweighty.
However, the wear width becomes small.

3. When the revolution times increase, the wear peak
becomes large, the wear width becomes wide, and
the wear mass becomes weighty.

In summary, considering the other movement pairs in
crank–slider mechanism are not ideal, and the small
changes of rotation speed caused by voltage fluctua-
tion, and the effect of friction in clearance joint, the
deviations cannot be avoided. Although there are few
deviations between experimental results and simulation
results, the NLCP model still shows a good match with
experimental results. Therefore, through a comprehen-
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Fig. 18 Comparison between experimental data and simulation data at different rotation speeds. (a 148rpm b 276rpm)

Fig. 19 Comparison between experimental data and simulation data with different initial clearances. (a 0.05 mm b 0.15 mm)

Fig. 20 Comparison between experimental data and simulation data in different wear cycles. (a 40000r b 70000r)
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sive experimental study discussed above, the correct-
ness of NLCP model is verified. In short, the NLCP
model has enhanced the calculation accuracy with a
good efficiency.

4 Conclusions

The wear analysis of clearance joint is a complex engi-
neering problem with the coupling and interaction of
multi-body dynamics and tribology. As the key part to
conduct coupling analysis of tribology and dynamics of
clearance joint, the contact pressure distribution model
is studied by many scholars. In order to improve the
calculation accuracy of traditional Winkler model and
to ensure a good efficiency, the NLCP model is pro-
posed in this paper. The discrete thought of Winkler
model is adopted to deal with contact problem with
a high conformal rate. The contact relationship in a
local microcontact area can be regarded as the con-
tact between cylinder and plane. And the local con-
tact pressure is acquired based on Hertz contact theory.
The NLCP model has not only described the nonlinear
relationship between contact pressure and penetration
depth, but also avoided the complexity in contact pres-
sure computation. The performance of NLCP model is
demonstrated in comparison with asymmetric Winkler
model, revealing that NLCP model has enhanced the
calculation accuracy with a good efficiency. A compre-
hensive experimental study on the wear calculation of
a slider–crank mechanism with clearance joint is pre-
sented and discussed to provide an experimental veri-
fication for NLCP model.

Additionally, based on the NLCP model, the influ-
ence of geometry characteristic on wear behavior is
studied. Through updating the bushing contour, the
wear area expands in both sides and the wear peak
becomes small. The contact force model must consider
thematerial and geometric properties of the contact sur-
faces, consider information on the impact velocity and
contribute to an efficient integration. These character-
istics will be ensured with the improved contact force
model in the future work. Extensive work will be con-
ducted to improve the NLCPmodel in the future. Over-
all, the paper’s work has solved the contact problem
with a high conformal rate and has described the non-
linear relationship between contact pressure and pene-
tration depth. It has great value to the wear analysis of
clearance joint.
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