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Abstract Irregular wear is one of the main reasons

leading to the failure of mechanical equipment and

mechanical parts. The coupling between irregular

wear and system dynamic behavior has an important

influence on the performance of the mechanism. A

modeling and calculation method for planar multi-link

mechanism considering multiple wearing clearances

is proposed. Taking 2 DOFs nine bars mechanism as

research object, iterative wear prediction process

based on Archard model is applied to calculate wear

characteristics, wear prediction process is combined

with multi-body system dynamics to obtain dynamic

model considering wearing clearance of revolute pair,

and its dynamic response is analyzed. The nonlinear

characteristics are analyzed qualitatively and quanti-

tatively by phase diagram, Poincare map, and Largest

Lyapunov exponent. At the same time, experimental

platform of 2 DOFs nine bars mechanism is built to

analyze influence of wearing clearance on response of

mechanism. Correctness of theoretical model is ver-

ified by experimental results.

Keywords Wearing clearance � Multi-link

mechanism � Dynamics responses � Nonlinear
characteristics � Experimental platform

1 Introduction

The main failure mode of kinematics pair is the wear

of surface material. Wear will increase clearance size

between the shaft and bearing, change surface rough-

ness of kinematics pair. Finally, service life of pair will

reduced, and dynamic response of mechanism will

decrease accordingly. Contact force at clearance joint

will reach several times, dozens of times, or even

hundreds of times of normal value [1–10]. Therefore,

it is of great theoretical value and guiding significance

to study dynamic response of mechanisms with

wearing clearances.

Many scholars at home and abroad pay attention to

wear problem of kinematic pairs, and a series of

theoretical studies on dynamics of mechanisms with

wearing clearances are carried out. Nowadays,

researches on dynamics of mechanism with wearing

clearances mainly focused on simple mechanisms,

such as crank slider mechanism and crank connecting

rod mechanism. The studies on dynamics of planar

complex mechanism containing multiple wearing

clearances are relatively less. Su et al. [11] proposed

a wear prediction method based on kinematics model

under the assumption of continuous contact model.
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Combining the wear prediction process with the idea

of finite element method, a theoretical model of wear

clearance coupled with kinematic model was estab-

lished. Flores and Mukras [12, 13] took crank slider

mechanism with single wearing clearance joint as an

example, analyzed wear depth based on Archard

model, and reconstructed surface profile of bearing. In

order to improve calculation accuracy and efficiency

ofWinkler model, Zhu et al. [14] proposed a nonlinear

contact pressure distribution model. Based on

improved nonlinear contact force model, the influence

of wearing clearance of single rotating pair on crank

slider mechanism was discussed. Based on LuGre

model, Jiang et al. [15] analyzed wear characteristics

of a multi-link mechanism with multiple rotating pair

clearances, studied wear depth at clearance of rotating

pair, reconstructed surface profile of shaft and bearing

after wear, and compared dynamic response before

and after wear. Bai et al. [16] used a new mixed

nonlinear contact force model to establish normal

contact force at clearance pair, obtained change law of

clearance value before and after wear, and discussed

influence of wear cycle on wear characteristics of

mechanism. Li et al. [17] analyzed influence of wear of

multiple revolute pairs on dynamic response of crank

slider mechanism, and discussed influence of different

initial clearance values on wear volume, and then

obtained the wear depth of clearance joint. The

research shows that the greater the initial clearance,

the greater the damage to the dynamic performance of

the mechanism. Zhao et al. [18] proposed a prediction

method based on L-N model and LuGre model, which

is suitable for flexible system considering wearing

clearance, and analyzed influence of rotation pair wear

on rigid-flexible coupling crank slider mechanism. Qu

et al. [19] developed ANSYS program based on

Archard wear model, simulated wear process of

rotating pair with clearance, and studied influence of

different gravity environment on wear characteristics

of mechanism.

In recent years, influence of wearing clearance on

mechanism has been deeply studied by scholars at

home and abroad. Among them, some scholars have

carried out experimental research on simple mecha-

nism with clearance, and experimental research on

multi-link mechanism with clearance is rare. How-

ever, experimental study on dynamic response of

multi-link mechanism with wearing clearance is even

less. Erkaya et al. [20] built test-bed of slider-crank

mechanism containing clearances. Influence of clear-

ance value and driving speed on dynamics of mech-

anism is verified by comparing results of experiment

and theoretical model. Zheng et al. [21] verified

correctness of simulation model of ultra-precision

flexible multi-link press with clearances by comparing

ADAMS simulation results with experimental results.

Erkaya et al. [22] built test platform of crank rocker

mechanism with clearance, studied effects of rotating

pair clearance and connecting rod flexibility on

response of mechanism. Lai et al. [23] took crank

rocker mechanism considering wearing clearance as

an example, built test platform for crank rocker

mechanism, proposed an iterative prediction method

for joint wear evolution of multi-body system dynam-

ics based on Archard model, and studied wear depth of

clearance pair in detail. It is found that wear of moving

pair with clearance is non-uniform. Liu et al. [24]

independently developed a set of shaft sleeve type

friction and wear testing machine to explore wear law

of large circuit breaker mechanism with clearance, and

combined with neural network to establish a wear

prediction model. Research showed that model can

accurately predict wear process of clearance pair, and

provide theoretical support for efficient and accurate

prediction of wear. Xu et al. [25] proposed a modeling

method for continuously updating wear surface profile

of rotating pair in multi-body system. By analyzing

relative position between discrete point and geometric

center of shaft, contact area between bushing and shaft

was estimated, and wear depth of mechanism was

obtained. By updating position of discrete contact

points, geometry of joint bushing was reconstructed.

Taking crank slider mechanism as an example,

feasibility of prediction model was verified through

test.

To sum up, theoretical analysis and experimental

research on effect of wearing clearance on dynamics

of mechanism mainly focus on simple mechanism,

while theoretical analysis and experimental research

on effect of irregular wearing clearances on complex

multi-link mechanism are relative rare. It is also rare to

quantitatively and qualitatively analyze the nonlinear

characteristics of mechanisms considering irregular

wearing clearances through phase diagram, Poincare

map and Largest Lyapunov exponent. In this paper, an

accurate dynamic modeling method considering irreg-

ular wearing clearances and the identification method

of chaotic phenomenon are proposed, and the
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correctness of the theoretical model is verified by wear

experiments.

This paper is organized as followed: In Sect. 2,

wear model of kinematic pair is established. In Sect. 3,

dynamic model considering wearing clearance is built.

In Sect. 4, wear characteristics, dynamic responses

and nonlinear characteristics of multi-link mechanism

with wearing clearance joint by phase diagram,

Poincare map and Largest Lyapunov exponent are

studied. And the theoretical model is verified by

experiments. In Sect. 5, some concluding comments

are provided.

2 Establishment of dynamic model considering

wearing clearance

2.1 Establishment of clearance model of revolute

pair

Revolute clearance model is shown in Fig. 1. R1 and

R2 are radius of bearing and shaft respectively. P1 is

the center of the bearing, P2 is the center of the shaft,

Q1 is the collision point at the bearing and Q2 is the

collision point at the shaft. O - XY is the fixed

coordinate system, o1 - x1y1 is the coordinate system

at the bearing, o2 - x2y2 is the coordinate system at

the shaft.

Eccentricity vector between the bearing and shaft

can be expressed as

e ¼ rP2 � rP1 ð1Þ

where rP1 and r
P
2 the position vector of the center of the

bearing and shaft.

e ¼
ffiffiffiffiffiffiffi

eTe
p

ð2Þ

Unit vector of the eccentricity vector can be

expressed as

nR ¼ e

e
ð3Þ

Embedding depth can be expressed as

dR ¼ e� cR ð4Þ

where cR is the clearance value, cR = R1-R2.

Due to the existence of clearance, according to the

geometric relationship between the bearing and shaft,

motion state between the shaft and the bearing is

divided into free flight state, continuous contact state

and collision state, as shown in Fig. 2.

Criterion for determining collision between com-

ponents in revolute clearance pair is

dR\0; F ¼ 0; free flight state

dR ¼ 0; F 6¼ 0; continuous contact state

dR [ 0; F 6¼ 0; collision state

8

<

:

ð5Þ

When embedding depth dR \ 0, there is no colli-

sion between shaft and bearing and they are in free

flight mode, contact force F ¼ 0. When embedding

depth dR [ 0, shaft and bearing collide with each other

and they are in impact mode, contact force F 6¼ 0.

When embedding depth dR = 0, shaft and bearing are

in continuous contact mode, contact force F 6¼ 0.

The position vector of the collision point of bearing

and shaft (rQ1 and rQ2 ) can be expressed as

rQ1 ¼ rP1 þ R1nR

rQ2 ¼ rP2 þ R2nR

(

ð6Þ

When the bearing and shaft collide with each other,

velocity vector at collision point of bearing and shaft

( _rQ1 and _rQ2 ) can be expressed as

_rQ1 ¼ _rP1 þ R1 _nR

_rQ2 ¼ _rP2 þ R2 _nR

(

ð7Þ

where _nR is the first derivative of unit eccentric

vector, _nR ¼ _ee� _ee
e2

.

Fig. 1 Revolute clearance model
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Normal velocity vn and tangential velocity vt of the

collision point Q1 and Q2 are

vn ¼ _rQ2 � _rQ1
� �T

nR

vt ¼ _rQ2 � _rQ1
� �T

tR

8

<

:

ð8Þ

where the tangential vector tR can be obtained by

rotating nR counterclockwise 90�.

2.1.1 Establishment of normal contact force model

Lankarani-Nikravesh (L-N) model is suitable for

general mechanical contact collision problems, espe-

cially when recovery coefficient is high and energy

dissipation is relatively small during the collision, and

it is widely used in the study of dynamics with

clearance [26–29]. The expression of L-N model is

Fn ¼ KdnR þ D _dR ð9Þ

where K is the stiffness coefficient, D is the damping

coefficient, _dR is the velocity of embedded depth.

The stiffness coefficient can be expressed as

K ¼ 4

3 r1 þ r2ð Þ
R1R2

R1 þ R2

� �1
2

ð10Þ

where r1 ¼ 1�t2
1

E1
, r2 ¼ 1�t2

2

E2
, t1 and t2 are the Poisson’s

ratio, E1 and E2 are the elastic modulus.

The damping coefficient can be expressed as

D ¼
3K 1� c2e

� �

dnR
4 _d �ð Þ ð11Þ

where ce is the recovery coefficient, _d �ð Þ is the initial
impact velocity. When dR tnð ÞdR tnþ1ð Þ� 0, meanwhile

dR tnð Þ\0 and dR tnþ1ð Þ� 0, time of collision is

between tn and tnþ1, the collision velocity at time

tnþ1 is _d �ð Þ.

2.1.2 Establishment of tangential contact force model

Ambrosio proposed a modified Coulomb friction

model with dynamic correction coefficient to solve

the problem of numerical integration instability

caused by friction direction when velocity is near 0

[30–32]. The modified Coulomb friction model is

Ft ¼ �cf cdFn
vt
vtj j ð12Þ

where cf is the friction coefficient, cd is the coefficient

of correction, it can be expressed as

cd ¼
0; vtj j\v0
vtj j � v0
v1 � v0

; v0 � vtj j � v1

1; vtj j[ v1

8

>

<

>

:

ð13Þ

where v0 and v1 are the given speed limit.

2.2 Establishment of wearing clearance model

of revolute pair

In process of tribology research, Archard model is

widely used in wear prediction of multi-body mechan-

ical system, especially in wear prediction of clearance

pairs. Structure of the model is simple, which is closest

(a) free flight state           (b) continuous contact state           (c) collision state 

Fig. 2 Motion mode of revolute clearance
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to adhesive wear mechanism. Experimental results

also verify the correctness of Archard model [35].

Archard wear model can be written as

V

s
= Km

Fn

H
ð14Þ

where V is the wear volume,Km is the wear coefficient,

H is the Brinell hardness of the softer materials, s is the

relative sliding distance.

In practical engineering application, wear depth is

more convenient to describe the wear characteristics

than the wear volume. Therefore, divide Eq. (14) by

contact area, the expression can be expressed as [16]

h

s
= Km

p

H
¼ Kdp ð15Þ

where h is the wear depth, Kd is the linear wear

coefficient, Kd = Km/H, p is the normal contact stress.

Geometric relationship of the revolute clearance

joint is shown in Fig. 3.

According to cosine theorem, contact angle is

~b ¼ arc cos
e212 þ R2

2 � R2
1

2e12R2

ð16Þ

where e12 ¼ P1P2j j.
As shown in DDP2C, it can been seen that

DCj j ¼ R2 sinðp� ~bÞ ð17Þ

In fact, \DP1C is far greater than the actual

situation. So, arc length is roughly equal to DCj j
[23], that is

ð18Þ

Actual contact area Aa can be written as

Aa � DCj j � w ð19Þ

where w is the axial contact width between the shaft

and bearing.

The normal contact stress can be expressed as

p =
Fn

Aa

ð20Þ

Equation (14) is the most commonly used expres-

sion of Archard model. Generally, wear characteristics

are studied in the form of differential, and the specific

expression is as follows [20]

dh ¼ Kdpds ð21Þ

When mechanism runs form cycles, wear depth can

be expressed as [15, 16, 20]

hm ¼ hm�1 þ Dhm ð22Þ

where hm-1 is wear depth ofm - 1 cycles ahead,D hm
is wear depth of the m-th cycle.

In order to facilitate the reconstruction of the

surface of the shaft and bearing, based on the finite

element method, the geometric surfaces of the shaft

and bearing are discretized into n parts. The total

amount of wear depth of the shaft and bearing can be

expressed by the wear depth in each discrete area of

the shaft and bearing [9].

h ¼
X

n

i¼1

hi ð23Þ

where n is discrete area code, hn is the wear depth in a

discrete area coded n of the shaft and bearing.

3 Establishment of dynamic model considering

wearing clearance

2 DOFs nine bars mechanism studied in this paper has

good motion characteristics, such as low and

stable running speed of slider at the bottom dead

center, good quick return characteristics, good flexi-

bility characteristics, strong bearing capacity, etc. The

2 DOFs nine bars mechanism can be better applied to

the main transmission mechanism of hybrid drive

multi-link mechanical press. Since crank 1 and crank 4

are driven by motors, the wear at clearances A and B

can better reflect the influence of wear clearance on the

dynamic behavior of the mechanism. The structure

diagram of the 2 DOFs nine bars mechanism consid-

ering wearing clearances is shown in Fig. 4.
Fig. 3 Geometric relationship of revolute clearance
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When clearances A and B are considered, displace-

ment constraint equation of the system can be

expressed as

U q; tð Þ ¼

x1 � Ls1 cos h1
y1 � Ls1 sin h1
x4 � Ls4 cos h4
y4 � Ls4 sin h4þL5

x7þLs72 cos h7 � b1ð Þ � x2 � Ls2 cos h2
y7þLs72 sin h7 � b1ð Þ � y2 � Ls2 sin h2
x7þLs72 cos h7 � b1ð Þ � x3 � Ls3 cos h3
y7þLs72 sin h7 � b1ð Þ � y3 � Ls3 sin h3
x6 � Ls6 cos h6 � Hx

y6 � Ls6 sin h6 � Hy

x7 � Ls71 cos h7 þ bð Þ � x6 � Ls6 cos h6
y7 � Ls71 sin h7 þ bð Þ � y6 � Ls6 sin h6
x7 þ Ls73 cos h7 þ b12 þ w12ð Þ � x8 þ Ls8 cos h8
y7 þ Ls73 sin h7 þ b12 þ w12ð Þ � y8 þ Ls8 sin h8
x9 � Hx � L6 cos h6 � L72 cos h7 þ b12ð Þ � Ls8 cos h8
y9 � Hy � L6 sin h6 � L72 sin h7 þ b12ð Þ � Ls8 sin h8
x9 � Hx

h9 � 1:5p

h1 � x1t � 5:7645

h4 � x4t þ 2:4934
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C

C

C

C

C
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C

C

C

A

¼ 0

ð24Þ

The velocity and acceleration constraint equations

are shown in Eqs. (25) and (26).

Uq _q ¼ �Ut � t ð25Þ

Uq €q ¼ � Uq _q
� �

q
_q� 2Uqt _q�Utt � c ð26Þ

where Uq is the Jacobian matrix, Uq ¼ oU
oq ,Ut ¼ oU

ot , _q

is the generalized velocity vector, €q is the generalized

acceleration vector, Uqt is the partial derivative of the

Jacobian matrix with respect to time, Utt is the partial

derivative of Ut with respect to time.

Based on Baumgarte’s default stability algorithm,

dynamic equation is [33, 34]

M UT
q

Uq 0

� �

€q
k

� �

¼ g
c� 2a _U� b2U

� �

ð27Þ

where M is the mass matrix of system, k is the

Lagrangemultiplier, g is the generalized force, a and b
are the correction parameters.

It is worth noting that clearance value after wear is

no longer a constant, it depends on the radius of

bearing and shaft of the discrete area n, and the

clearance value after wear of the discrete area n can be

expressed as

c	ðnÞ ¼ R	
1ðnÞ � R	

2ðnÞ ð28Þ

The embedded depth of contact area between the

shaft and bearing after wear of the discrete area n can

be expressed as

d	ðnÞ ¼ e� c	ðnÞ ð29Þ

In addition, the stiffness coefficient and the damp-

ing coefficient of normal contact force model can be

calculated according to radius of the worn bearing and

Fig. 4 Structure diagram of

2 DOFs nine bars

mechanism considering

wearing clearance
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shaft. The stiffness coefficient, damping coefficient

and normal contact force after wear of the discrete area

n are displayed as Eqs. (30), (31) and (32).

F	
nðnÞ ¼ K	ðnÞ d	ðnÞ½ 
nþD	ðnÞ _d	ðnÞ ð30Þ

K	ðnÞ ¼ 4

3 r1 þ r2ð Þ
R	
1ðnÞR	

2ðnÞ
R	
1ðnÞ þ R	

2ðnÞ

� �1
2

ð31Þ

D	ðnÞ ¼ 3K	ðnÞ 1� ceð Þ d	ðnÞ½ 
n

4 _d	 �ð ÞðnÞ
ð32Þ

The tangential friction force after wear of the

discrete area n is

F	
t ðnÞ ¼ �cf cdF

	
nðnÞ

vt
vtj j ð33Þ

4 Experiment research and dynamic behavior

analysis of multi-link mechanism with wearing

clearance joint

4.1 Simulation parameters

Frame, rod, clearance shaft, slide block and guide rail

are made of aluminum alloy with density of 2800 kg/

m3, its elastic modulus is 70 Gpa. Material of inner

ring of bearing is 304 steel, so its elastic modulus is

207 Gpa. Simulation parameters are shown in

Tables 1 and 2.

4.2 Influence of wearing clearance on dynamic

behavior of mechanism

4.2.1 Influence of wearing clearance on dynamic

response of mechanism

When clearance joint A and clearance joint B are

considered simultaneously, wear depth, surface profile

of shaft and bearing, and dynamic responses of

mechanism before and after wear are shown from

Figs. 5, 6, 7, and 8. The driving speeds of crank 1 and

crank 4 are- 120 rpm and 120 rpm, clearance values

of joint A and joint B are both 0.5 mm, friction

coefficient is 0.15. Mechanism runs for 100 cycles,

which is expanded 500 times to approximately equal

to 50,000 revolutions.

Because surface sizes of shaft and bearing are much

larger than wear depth, it is difficult to find surface

change when reconstructing surface of shaft and

bearing. As a result, sizes of shaft and bearing have

been reduced by 100,000 times. According to wear

depth maps worn shaft and bearing, wear of rotating

Table 2 Variable

parameters of components
Component Symbol Length (m) Moment of inertia (10�3kgm2) Mass (kg)

Crank 1 L1 0.08 0.303 0.142

Crank 4 L4 0.08 0.303 0.142

Rod 2 L2 0.250 1.479 0.284

Rod 3 L3 0.350 4.043 0.396

Triangle plate 7 L71 0.247 3.076 0.837

L72 0.140

L73 0.270

Rod 6 L6 0.180 3.683 0.206

Rod 8 L8 0.300 2.558 0.341

Slider – – 0.232 0.112

Table 1 Specific parameters of kinematic pair with clearance

Parameters Value

Bearing radius R1/m 0.012

Coefficient of restitution ce 0.9

Elastic modulus E1, E2/GPa 207

Poisson’s ratio t1, t2 0.3

brinell hardness of softer materials H/Pa 2.17 9 10–9

Integral step 0.0001

123

Experiment research and dynamic behavior analysis of multi-link mechanism 1331



clearance pair is uneven and irregular. And under this

set of simulation parameters, wear depth of clearance

B is greater than that of clearance A.

As shown in Fig. 8, peak value and vibration

frequency of dynamic response diagram of the mech-

anism after wear are larger than those before wear.

Fig. 7 Surface of shaft

Fig. 6 Surface of bearing

Fig. 5 Wear depth
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Fig. 8 Dynamics response

of mechanism with wearing

clearance
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And the peak time of the dynamic response diagram

also changes mainly due to the irregular loss of surface

of shaft and bearing after wear. And after wear, center

trajectory of clearance joint becomes more chaotic.

4.2.2 Influence of wearing clearance on nonlinear

dynamics of mechanism

Based on the structural parameters before and after

wear, when the mechanism runs for 100 cycles, the

chaotic phenomenon of the mechanism is studied

qualitatively and quantitatively through phase dia-

gram, Poincare map and Largest Lyapunov exponent.

Taking the X direction as an example, phase diagram

and Poincare map of joint A and joint B in the

X direction are shown in Figs. 9 and 10 (The black line

is the phase orbit trace, and the red point is the

Poincare mapping point). The Wolf method is used to

calculate Largest Lyapunov exponent [36], Largest

Lyapunov exponent of joint A and joint B in the

X direction are shown in Figs. 11 and 12.

From the phase diagram of the clearance joint

before and after wear, it can be seen that the confusion

of the phase trajectory line in the phase diagram of the

clearance joint after wear increases, which is mainly

due to the irregularity of the shaft and bearing surface

Fig. 9 Phase diagram and Poincare map of joint A in the X direction before and after wear

Fig. 10 Phase diagram and Poincare map of joint B in the X direction before and after wear
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1334 S. Jiang et al.



after wear. It can be seen from the Poincare map at

clearances A and B that the Poincare map points show

a certain arc before wear, and the disorder degree of

Poincare map points increases and shows irregularity

after wear. It can be seen from Figs. 9 and 10 that wear

leads to the strengthening of chaos. As shown in

Fig. 11, Largest Lyapunov exponents of joint A in the

X direction before and after wear are 0.041 and 0.076.

As shown in Fig. 12, Largest Lyapunov exponents of

joint B in the X direction before and after wear are

0.030 and 0.052. It can be seen that the Largest

Lyapunov exponent after wear is higher than that

before wear, which further quantitatively determines

that the chaotic phenomenon of the mechanism after

wear is enhanced.

4.3 Experiment research on effect of wearing

clearance on responses of mechanism

Test platform of 2 DOFs nine bars mechanism is

shown in Fig. 13. Test device can be used to analyze

effects of different material pin, wear cycle, initial

clearance value, driving speed and number of

Fig. 11 Largest Lyapunov exponent of joint A in the X direction before and after wear

Fig. 12 Largest Lyapunov exponent of joint B in the X direction before and after wear
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clearances on response of mechanism considering

wearing clearance.

Ideal rotation pair is in the way of interference fit

between pin shaft and inner ring of precision bearing.

In order to highlight effect of clearance onmechanism,

clearance value processed in this experiment exceeds

actual size in the general industrial machine. It is a

common means to exaggerate clearance of kinematic

pair in dynamic analysis test of mechanism with

clearance [22, 37, 38].

Based on basic pore system, clearance is changed

by changing the diameter of the pin shaft. Ideally,

outside diameter of shaft is 12 mm. Two different

clearance values are processed, which are 0.2 mm and

0.5 mm respectively. Outer diameters of the corre-

sponding clearance shafts are 11.6 0
�0:011

� �

mm and

11.0 0
�0:011

� �

mm, as shown in Fig. 14.

It is difficult to measure wear depth of part surface

in engineering because wear amount of part surface is

small. Weighing equipment adopts JJ224BF

electronic balance. The maximum range is 220 g and

precision is 0.1 mg.

When mechanism runs for 50,000 revolutions, wear

amount can be obtained by comparing weight of

aluminum alloy pin before and after wear. Considering

clearance between crank 1 and connecting rod 2,

clearance value is 0.2 mm. Speeds of crank 1 and

crank 4 are set to - 90 rpm and 90 rpm, respectively.

Weight of shaft before and after wear is 12.2635 g and

12.2572 g, respectively, as shown in Fig. 15. The

mass of the pin decreased by 6.3 mg after wear. It can

be seen that the long-time wear of rotating pair with

clearance makes material on surface of shaft missing,

which makes surface of shaft no longer smooth and

destroys stability of mechanism.

Macro and local enlarged drawing of shaft after

wear are shown in Fig. 16. To observe surface of shaft

before and after wear more clearly, surface map of

shaft before and after wear is obtained by 150 times

magnification of three-dimensional microscope

(Fig. 17), as shown in Fig. 18. Before wear, surface

of shaft has uniform thread like tool marks, which is a

typical turning texture. After wear, material on surface

Fig. 13 The 2 DOFs nine bars mechanism test-bed

(a) Shaft with clearance value of 0.2mm        (b) Shaft with clearance value of 0.5mm 

Fig. 14 Shaft with

clearance

(a) Before wear (b)After wear

Fig. 15 Weight of shaft before and after wear
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of shaft is lost unevenly, turning texture disappears,

and even a certain depression occurs on local surface,

which seriously damages motion characteristics of

mechanism.

Based on shaft before and after wear, influence of

wear on mechanism response is analyzed, as shown in

Fig. 19. Results show that peak value and vibration

frequency of acceleration after wear are increased.

Frequent contact between the shaft and bearing results

in the loss of material on surface of shaft. Take the 51st

cycle for numerical analysis, as shown in Fig. 19b,

peak acceleration of slider before wear is 109.97 m/s2,

and peak acceleration of slider after wear increases to

129.03 m/s2. As shown in Fig. 19c, test and theoret-

ical results of the maximum peak acceleration of the

slider are 129.03 m/s2 and 271.8 m/s2, respectively.

Comparing experimental results with theoretical

results, it is shown that trend of theoretical and

experimental results is the same, but vibration peak

and frequency are slightly different, and vibration

frequency of experimental results is higher than that of

theoretical results. Main reason is that theoretical

calculation ignores many practical factors, such as

vibration of test platform, test environment and

friction effect between slider and guide rail. Measure-

ment accuracy is also the main reason for error. At the

same time, wearing clearance studied in this paper is

dry friction clearance. Influence of bearing and

lubrication is not considered, which leads to a certain

error in the peak response. Experimental results are

generally consistent with theoretical results, which

verifies correctness of theoretical model.

5 Conclusion

In this paper, 2 DOFs nine bars mechanism which can

be used in hybrid driven multi-link press is studied by

means of numerical analysis and experimental

research. Influence of wearing clearance on dynamic

response of mechanism is analyzed.

(1) Based on Archard model, dynamic model of 2

DOFs nine bars mechanism with wearing

clearance is established.

(2) It is found that wearing clearance increases peak

value of dynamic response, accelerates vibra-

tion frequency of dynamic response, and makes

surface of revolute pair with clearance change

irregularly. And because clearance surface of

revolute pair is no longer smooth after wear,

time of peak value is earlier than before wear.

(3) The nonlinear characteristics are analyzed qual-

itatively and quantitatively by phase diagram,

Poincare map and Largest Lyapunov exponent.

Clearance wear leads to the strengthening of

chaos and weakening of stability of the

mechanism.

(a) Macro view of worn shaft (b) Local enlarged view 

Fig. 16 Macro view and local enlarged view of worn pin shaft

Fig. 17 Ultra-depth three-dimensional microscope
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(4) Experimental platform of 2 DOFs nine bars

mechanism with clearance is built. Through

ultra-depth three-dimensional microscope, it is

found that wear of kinematic pair is uneven.

Wear increases the peak value and vibration

frequency of the mechanism’s response.

(5) Due to vibration of test platform, error of

component processing and assembly, test envi-

ronment, friction phenomenon, lubrication phe-

nomenon, component flexibility and rolling

bearing and other reasons, test results and

theoretical calculation have deviation in

(a) Pin surface before wear (b) pin surface after wear

Fig. 18 Surface of shaft before and after wear

Fig. 19 Acceleration of slider when mechanism considering wear
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numerical value, and trend is generally consis-

tent, which basically verifies correctness of

theoretical model.
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