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Abstract The multi-link press mechanism is devel-
oping in the direction of high speed and high precision.
However, the non-uniform wear of joint clearance
seriously affects the output motion accuracy of
mechanism. In order to accurately predict the impact
of wear clearance on precision press mechanism, this
paper takes the hybrid drive seven-bar press mecha-
nism as an example, a method of dynamic modeling
and analysis for the press mechanism with non-
uniform wear clearance is developed. First, the contact
force and friction force at the clearance are solved
based on the L-N model and modified Coulomb
friction model respectively, and the dynamic model of
press mechanism with clearances is developed by
Lagrangian multiplier method. Then, the wear char-
acteristics of joint clearance are predicted by Archard
model. Finally, the influences of factors such as wear
times, friction coefficient and driving velocities on
wear characteristics of kinematic pair and the dynamic
response of press mechanism are discussed respec-
tively. This study offers a theoretical basis for
dynamic behavior prediction of press mechanism with
multiple non-uniform wear clearances, and lays a
foundation for the design and manufacture of high-
precision press.
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1 Introduction

The traditional dynamic models of precision multi-
link press mechanism usually ignore the influence of
the clearance in kinematic pair on its dynamic
behavior, which results in low analysis accuracy.
However, in engineering practice, due to the influence
of manufacturing error and other factors, the clearance
of the kinematic pair is inevitable. The existence of
clearance will cause wear between the elements of
kinematic pair, and the irregular change of clearance
after wear makes the dynamics characteristics more
complex, which leads to motion accuracy of mecha-
nism sharply decrease. Therefore, in order to ensure
the motion accuracy of press mechanism, it is of great
significance to accurately predict the dynamic behav-
ior of multi-link press mechanism with non-uniform
wear clearances.

Recently, many scholars have done a series of
research on dynamics characteristics of mechanism
with clearance. However, most of these researches
focus on dynamic analysis of mechanism with fixed
clearance, while the research on mechanism with wear
clearance is less, and the dynamic analysis of mech-
anism with non-uniform wear clearance is even less.
Bai et al. [1] conducted the dynamic response of

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11012-021-01453-w&amp;domain=pdf
https://doi.org/10.1007/s11012-021-01453-w

230

Meccanica (2022) 57:229-250

satellite antenna with joint clearance, and reduced the
impact of joint clearance on motion accuracy of
mechanism through optimization. Marques et al. [2]
proposed a modeling method of spherical clearance
joint and applied it to spatial four-bar mechanism,
which proved the feasibility of this method. Miao et al.
[3] established a model for the locking mechanism
with clearance, and the dynamics performance and
motion stability of system are studied. Brogliato [4]
studied the feedback control of mechanism with
clearance in detail through a series of examples. Li
et al. [5] carried out the flexible model of planar
composite solar array, considering the influence of the
coupling of thermal environment and overall motion
on dynamic performance of mechanism with joint
clearance. Qian et al. [6] established a three-dimen-
sional model of translational clearance joint, and
discussed the nonlinear dynamic characteristics of
mechanism through numerical calculation, simulation
and experiment. Wang [7] used the difference method
to simulate the collision process of rotating joint
clearance, and verified the correctness of this model by
crank slider mechanism. Amiri et al. [8] used tuned
mass damper to reduce the impact of revolute joint
clearance on multibody system dynamics. Farahan
et al. [9] researched the nonlinear dynamics of a four-
bar mechanism with joint clearance, and analyzed the
bifurcation of the mechanism under different influence
factors. Muvengei et al. [10] studied the rigid body
dynamics of slider-crank mechanism with multiple
clearances based on MATLAB software. It is found
that there is a strong dynamic interaction between joint
clearance. Chen et al. [11] explored the dynamic
response of planar complex mechanisms with mixed
clearances. Bai et al. [12] considered 3D rotary
clearance joint for satellite antenna system, estab-
lished clearance rigid body dynamic model based on
normal and tangential contact force model. Xiang
et al. [13] conceived the dynamic performance of
space robot manipulator based on joint clearance and
parameter uncertainty. And the relationship between
the response and parameters of mechanism was
explained by Chebyshev polynomials. Xu et al. [14]
analyzed the dynamics characteristics of planar par-
allel mechanism with clearance. Guo et al. [15]
performed the dynamic model of the secondary
motion of piston with clearance, and found that the
joint clearance and the secondary motion of piston are
closely related. Akhadkar et al. [16] used nonsmooth
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set-valued contact models and used the so-called
NSCD method and the time-stepping Moreau-Jean
algorithm to perform numerical simulations for 3D
revolute joints with clearances, and verified the
correctness of the model by experiments. Especially
the sticking modes induced by Coulomb friction are
taken into account in the framework of the paper.

In practical engineering, frequent collision and
friction will inevitably occur between the elements of
kinematic pair, which will lead to the occurrence of
wear phenomenon. Wear will reduce the accuracy and
shorten the service life of mechanism. Currently, the
researches on wear clearance mainly focus on
dynamic characteristics of simple mechanism with
single wear clearance, while the research on dynamic
characteristics of planar complex linkage with multi-
ple wear clearances are less. Machado et al. [17]
presented a numerical model to describe the wear
between bearing and shaft, and analyzed the effect of
wear on dynamics of rotor-bearing system. Zhuang
et al. [18] conducted the abrasion phenomenon of the
rotary joint clearance of the aircraft locking mecha-
nism. Zhu et al. [19] performed the NLCP method that
combines dynamic analysis and wear calculation. The
correctness of this method is proved by experimental
research on crank-slider mechanism with wear clear-
ance. Flores [20] presented a method to quantify the
wear phenomenon of revolute clearance, and verified
it with a four-bar mechanism. Lai et al. [21] proposed
an effective method for calculating the wear of low-
speed planar rotary joints, which was verified by wear
tests of typical mechanisms. Zhao et al. [22] conceived
a numerical modeling and prediction method for
crank-slider mechanism considering the clearance and
wear of rotating joint. Wang et al. [23] explored the
impact of spherical joint wear on dynamic behavior of
space four-bar mechanism. Zhao [24] et al. proposed a
numerical method for modeling and predicting the
wear of rotating clearance joints in flexible multi-body
mechanical systems, and verified this method by
crank-slider mechanism. Mukras [25] et al. predicted
the wear function at the clearance by Archard wear
model, and then verified this model by comparing the
wear prediction and wear test of crank slider with
clearance. Mukras [26] et al. compared two methods
of analyzing the planar multi-body system worn at the
rotating joints, and compared the performance of the
two methods through experiments on crank-slider
mechanism. Ordiz [27] et al. explored the influence of
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the wear in rotating clearance joints on life of slider-
crank mechanism. Alves [28] et al. analyzed the
influence of bearing wear on the response of rotating
mechanism, and discussed the vibration phenomenon
in the presence of bearing wear. Machado [29] et al.
discussed the influence of journal bearing wear on
dynamic characteristics of rotating system under
different conditions. Singh [30] et al. investigated
the effect of non-Newtonian lubricants on the bearing
characteristics of wear bearings.

Based on above analysis, the researches on mech-
anism with wear clearance is less, and most of the
researches on wear clearance mainly focus on simple
mechanism with single clearance, but on dynamics
characteristics of complex planar mechanisms with
multiple wear clearances is even less. Thus, so as to
accurately predict the dynamic response of complex
mechanism with multiple wear clearances, this paper
takes the hybrid drive seven-bar press mechanism as
an example, and makes a detailed study on it. The
layout of the paper is as follows. In chapter 2, based on
L-N model and modified Coulomb friction model, the
normal contact force and the tangential friction force
of the revolute clearance are established respectively.
In chapter 3, based on Lagrange multiplier method, the
dynamic model of hybrid seven-bar press mechanism
with clearances is developed. In chapter 4, according
to Archard wear model, the non-uniform wear model
at the learance is constructed. In chapter 5, the wear
times, friction coefficient and driving velocities on
wear characteristics of kinematic pair and the dynamic
response of press mechanism are analyzed
respectively.

2 Establishment of clearance model
2.1 Establishment of clearance model

The mathematical model of joint clearance of revolute
pair is established, which has shown in Fig. 1.
The eccentricity vector is

ej =1, — 1/ (1)

where P; and P; represent the position vectors of the
bearing and shaft centers in the coordinate system, and
r/ and r_lP represent the position vectors of the bearing
and shaft respectively.

231
Fig. 1 The clearance model
The unit eccentricity vector is
— (2)
€jj
where ¢; = | /eje; is the size.

The position vector of the collision point is

rl-Q" = rf" + Rin;;
(3)

O _ B
= l‘j +Rjﬂ,'j

T
where Q; and Q; represent the collision points of the
bearing and the shaft in the coordinate system,
respectively.

The velocity at Q; and Q; can be used for the first-

order derivation of their positions

'Qi _ -P;
I =r;" + Rny;

-Qj
T

(4)

P .
=1’ + Ry
where 1 = S%¢%

The normal and tangential relative velocities of the
impact point are

Vn = (riQi - erj)Tni/

Qi Oi\T
i j/) tij

L

(5)

Vy = (I‘
The penetration depth is
5ij =€ —r (6)

where r = R; — R; is the clearance value.
The collision conditions are as follows

5,;,~:e,~j—r<0
0y =ej—r=0 (7)
5[j:€,'j'—l’>0
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When J; =e¢; —r<0, no collision; When 0 il <vo
P [vi|=vo
0;j =e;—r=0, contact or separation; When cg=9 —— vo<|w|<v;, v and v; are the
.. . . Vi—Vo
5,-]~ = ¢;; — r > 0, collision and elastic deformation. v >y
) —

2.2 Establishment of normal contact force model

In the actual collision process, the contact collision
force will aggravate the vibration and wear of the
mechanism. L-N model, as a nonlinear viscoelastic
model, can be applied to general mechanical contact
and collision problems, especially when the recovery
coefficient is high and the energy dissipation in the
collision process is relatively small. Moreover, the
influence of parameters such as stiffness and damping
on the mechanism is fully considered in the model.
Therefore, the L-N model is used to represent the
contact force at the clearance. According to the
literature [2], the expression is

Fy = Kad}; + Dinoady (8)

where K, 1is the nonlinear stiffness coeffi-
. g RiR; 12 1

ment,Kn = m R,TIIQ, 5,‘ = T, 6}' = le 5[7 5}'

are the collision depth of shaft and bearing respec-

tively. Dpoq is the modified damping coefficient,

3K(1—c2)8}; .

%, c. represents coefficient of recov-
0

ery, 0;; and do represent relative collision velocity and

initial impact velocity respectively, n represents metal

surface power exponent.

Dioq =

2.3 Establishment of tangential friction model

The modified Coulomb friction model is widely used
to solve the tangential friction of two-dimensional
revolute clearance™>"*), which can be expressed as

Ve
F, = —crcyF, —
t ftd n‘vf|
0 vl <o

V| — v

= —cf-M—OFnsign(vt) vo<|vl<vi (9)
Vi — Vo
—crFysign(vy) [vi| > vy

where ¢ is the friction coefficient, ¢, is the dynamic
correction coefficient and  expresses as
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static and dynamic friction velocities respectively.

The impact force and moment can be obtained by
normal contact force and tangential friction force,
expressed as follows

X T
Fj=Fn+Fit=|F; Fj]
My =—(¢ - yi)fi + (& — x))f} (10)
0; X O; )
Mji = =07 =yl + (5" —x)f;

3 Dynamic modeling of mechanism with multi
clearances

3.1 Structural characteristics of mechanism

As the main body of the hybrid driven press, the
structure diagram is shown in Fig. 2. The seven-bar
linkage with multiple clearances is composed of
frame, crank 2 and 7, connecting rod 3, triangle plate
4, connecting rod 5,and slider 6. The clearance A is
located at the joint of crank 2 and connecting rod 3,
and the clearance C is located at the joint of triangle
plate 4 and connecting rod 5. Because the research of
multiple clearances is mostly concentrated on the
crank, the research on triangle plate is less, and all the
key parts of the mechanism should be included as
much as possible. Therefore, the clearance A and
clearance C are selected to study and analyze. The
mechanism has 2 degrees of freedom. In order to make
the mechanism have definite motion, the hybrid drive
mode is adopted, that is, crank 1 is driven by direct-
current electromotor and crank 4 is driven by servo
motor. The advantages of hybrid drive can make the
mechanism realize the movement of multiple tracks.

3.2 Dynamic modeling of mechanism

According to Fig. 2, the corresponding global gener-
alized coordinates are as follows

g=(x5 y 0)" (i=2-7) (11)

where x; and y; represent the centroid coordinates and
0; represents the included angle.
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Fig. 2 The structure )
diagram of press mechanism Y
0.5 Lg X
Ly e
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0
A
0
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05 C
The corresponding generalized velocity and accel- [ hx — (xa + Ly cos 0) ]
eration are expressed as follows hy = (v2 + Lz sin02)
X3 — s'% cos 63 (X4 — 341 COS(94 -+ ﬁ] — T())
. .. AN\T . ¥3 — Lg 8in 03 — (y4 — Lyar sin(04 + §; — 7))
q; = (xj Vi ej) (]:2"'7) (12) X7 + Lg7 c0os 07 — (x4 + Lgar cos(0s — f — 7))
y7 + Lg78in 07 — (y4 + Lygp sin(0s — f — 7))
~(xs — 0s)
. A\T ®(q.1) = X6 — (x5 — Lys cos 0s —0
Q= (5 35 6) =27 13 e o 03~ L sinds)
X6 — hx
When the Lagrange multiplier method is used to o fﬁ [ 79:())5 0,
establish the dynamic model of mechanism, two y7 — L sin 0
constraints will be introduced into each plane motion 07 — w7t +51.18°
pair. Ideally (that is, when only bilateral constraints is . 02 — ant +119.27 .
considered), the planar seven-bar mechanism has (14)

seven revolute pairs, one moving pair and two driving
constraints, so eighteen constraint equations will be
introduced.

When the existence of clearance is considered at
both revolute joint A and revolute joint C, the bilateral
constraints of the two revolute pairs are removed, so
the constraint equations are reduced by four. There-
fore, the constraint equation of planar seven-bar
mechanism with two clearances is shown in Eq. 14.

The corresponding velocity can be acquired by
calculating the first derivative of time by constraint
Eq. (14), which is expressed as follows

Dg=-D=v (15)

where @, is Jacobian matrix.

The corresponding acceleration can be obtained by
calculating the second derivative of time by constraint
Eq. (14), which is expressed as follows

Dy = —(D,q) G — 20y — By =y (16)

According to Eq. (15) and Eq. (16), the dynamic
equation is obtained as follows
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Mj+® =g (17)

where M is the mass matrix, 4 is the Lagrange
multiplier column vector, and g is the generalized
external force column vector.

The dynamic equation of rigid body is expressed as
follows

(o ¥)(5)- () w

The stability of the calculation results is ensured by
introducing displacement and velocity constraints,
which are expressed as follows

Y =y — 200 — D (19)

a=f=20 is the stability coefficient, o= %.
Thus, the stable dynamic equation can be expressed
as follows

(3 §)0)- () @

4 Establishment of wear model with clearance
4.1 Archard wear model

According to a large number of references, the
Archard wear model is widely used for the calculation
and modeling of revolute clearance between the
bearing and shaft. Since the wear amount in the
Archard wear model can be related to the physical and
geometric properties of the sliding body, more accu-
rate calculation results can be obtained. The expres-
sion is as follows

V. KuF,

g i (21)

where V and s are volume wear and relative slip
distance, F, represents normal collision forces, K,
represents dimensionless wear coefficients, and H
represents hardness of softer materials.

Because the wear depth is more convenient, and the
dimensionless wear coefficient can be obtained by the
materials and wear conditions of moving pair, Archard
wear model can be expressed as
Vv K. F,

—=K,A=
K H

(22)
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where A is the actual contact area.
Both sides of the formula are divided by area A, and
the result is as follows

—-= = Kup (23)

where h is the wear depth, K, is the linear wear
coefficient and p is the contact stress.

4.2 Calculation of slip distance

When dynamic wear model is established, continuous
contact process needs to be discretized. Discretization
of slip distance is shown in Fig. 3, As is slip distance
within At;, so As can be expressed as

As; = (R; + 0)Ao(t;) (24)

where R; is the radius of the shaft, J is the deformation
of the bearing, and A¢(t;) is the angle of Az axis
movement in time.

4.3 Calculation of approximate contact area

The contact diagram of revolute pair is shown in
Fig. 4, and the geometric relationship between the
clearance elements is shown in Fig. 5.

In Figs. 4 and 5, P; and P; are the center of bearing

and shaft respectively, f is the contact angle, DC is the
contact chord length, C E s the contact hei ghtand E is
the position of the maximum contact deformation.

The contact angle can be obtained by cosine
theorem

— e + R} -R;

[} = arccos 7ok, (25)
j

The contact arc length along the circumferential

direction is

As
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Fig. 3 The discretization of slip distance
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n;;

Fig. 4 The contact diagram of revolute pair

Fig. 5 Geometric relations P,
of elements in clearance
Pj
D
C E = R;sin(n — ) (26)

‘When collision occurs, the actual contact area can
be expressed as

A=2xCExb (27)

where b is the axial contact.
4.4 Calculation of contact stress

At present, the calculation methods of contact stress of
contact surface mainly include finite element method,
experimental method, Winkler elastic foundation
theory, boundary element method and direct method.
This chapter uses the direct method to calculate the
contact force. The expression is as follows

4.5 Calculation of wear depth

Because the wear process is dynamic, and the
differential coefficient expression of the actual solu-
tion equation is expressed as

Ky (29)

The dynamic wear is the change rate of the wear
depth relative to the slip distance. Thus, the wear depth
can be obtained by integrating the slip distance. When
a mechanism moves, a discrete area will produce
multiple contact and wear. The wear depth in this area
can be expressed as

h="> hy=hy 1+ Ah, (30)

where h, means wear depth of n period, h,_; means
wear depth of last period and Ak, means wear depth of
n-th period.

4.6 Calculation of surface reconstruction

The surface discretization is used to discretize the
geometric surface profile of shaft and bearing. Then
the incremental method is used to determine the
specific position of the shaft and bearing in each
integration step and store it in the corresponding
discrete area. Finally, the sum of each integral time
step in the discrete area is the area based on the wear
depth, the geometric surface of the worn can be
obtained. The discrete analysis diagram of geometric
surface is shown in Fig. 6.

Therefore, the total wear depth can be expressed as

h=>"hy (31)

where m is the code for dividing the discrete area of
shaft and bearing surface, and #,, is the wear depth in
the discrete area with code m.

According to the geometric characteristics of the
clearance between the rotating pair, each discrete
interval of the radius obtained after wear can be
expressed as

. h

Ri :Rl+§

s @)
R =R —3

where, R:‘ means initial radius of bearing, Rj* means
initial radius of shaft, and 4 means total wear and even
distribution (the wear depth is the same, that is, the
shaft and bearing wear half).
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A
Zoom A

Fig. 6 The discrete analysis diagram of geometric surface

5 Analysis of wear characteristics of kinematic
pair and dynamic response of mechanism

5.1 Solution flow chart

Assuming that the mechanism runs for 200 cycles to
calculate the wear depth once, because the wear
amount is too small, the surface wear of the shaft and
bearing is not obvious. Therefore, in order to reduce
the calculation cost and improve the calculation
efficiency, the wear depth of 200 cycles is enlarged
by 20,000 times to approximate the wear depth of the
bearing for 2 million cycles, which is first wear. After
the first wear, reconstruct the surface of the shaft and
bearing and repeat the above steps. This is second
wear. The detailed solution flow chart of the dynamic
model is shown in Fig. 7.

5.2 System parameters
Geometric parameters and inertia parameters are
shown in Table 1. Clearance parameters are shown

in Table 2.

5.3 The influence of different parameters on wear
characteristics of kinematic pair

5.3.1 Wear characteristics of different wear times
The clearance values at clearance A and C are set to
0.8 mm, the driving velocities are set to

w, = —3.57(rad/s), w; = 3.5n(rad/s), and the fric-
tion coefficient is set to 0.02. The wear depth at
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clearance A and clearance C is shown in Fig. 8. The
wear characteristics of kinematic pair at clearance A
and clearance C are shown in Fig. 9 and Fig. 10
respectively.

According to Fig. 8 (a), the wear depth of clearance
A increases from 1.221 x 10 mto 1.178 x 10> m
after considering second wear, and the angle of peak
value changes from 100.7° to 132.7°. In Fig. 8 (b), the
wear depth of clearance C increases from 2.044 x
107 m to 4.548 x 10 m, and the angle of peak value
changes from 225.1° to 297.4°. Based on the analysis,
the wear phenomenon of clearance is more severe
when the second wear is considered. And the wear
degree of clearance A is more serious, but the wear
range of clearance C is wider.

According to Figs. 9a, c and 10a, c, there is slight
wear at the clearance. The wear surface is locally
enlarged to clearly express the wear phenomenon, as
shown in Figs. 9b, d and 10b, d. According to the local
enlarged drawing that non-uniform wear occurs on the
surface of shaft and bearing, and the second wear is
more serious. Compared with clearance C, the wear
phenomenon of clearance A is more obvious.

5.3.2 Wear characteristics of different friction
coefficient

The driving velocities are set to
W, = —6n(rad/s), w; = 6m(rad/s), the clearance
value is set to 0.6 mm, and the friction coefficients
of 0.05 and 0.1 are used for analysis. The wear depth at
the clearance A and clearance C is shown in Fig. 11.
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Read data Define oint properti
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h="h, h,=h,;+Ah, | |current sectorAh,
Fig. 7 The flow chart of dynamic solution
Table 1 Geometric Parameters and Inertial Parameters
Component Length (m) Mass (kg) Moment of inertia (kg-mz)
Crank 2 0.07 0.0243 5.396x 104
Connecting rod 3 0.34 0.1085 1.1x10-3
Ly 0.39 0.4503 3.779x10-3
Ly, 0.21
Lys 0.233
Connecting rod 5 0.40 0.1272 1.771x10-3
Slider 6 - 0.0288 -
Crank 7 0.07 0.0243 5.396x 104
Table 2. Clearance Designed parameter Data Designed parameter Data
parameters
R; 0.015 m Integral step 0.0001
Ce 0.9 Om 0.000001 m
E, E; 200 GPa Vi 0.001 m/s
v; 0.3 Vo 0.0001 m/s
vj 0.3 n 1.5
The wear characteristics of kinematic pair at clearance is 0.05, the peak value of wear depth appears at 84.52°
A and clearance C are shown in Figs. 12 and 13 and the value is 4.406 x 107> m. When the friction
respectively. coefficient is 0.1, the peak value of wear depth appears
According to Fig. 11a, the main wear area of at 86.31° and the value is 2.468 x 10~5 m. In Fig. 11b,
clearance A is [71°,90°], when the friction coefficient the main wear area of clearance C are [102°, 187°] and
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Fig. 8 Wear depth
Fig. 9 Wear characteristics 90 02
of clearance A 120
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(a) Surface of bearing A after wear
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\

210\
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(c) Surface of shaft A after wear

[246.7°,360°], when the friction coefficient is 0.05,
the peak value of wear depth appears at 122.6° and the
value is 9.531 x 10~ m. When the friction coefficient
is 0.1, the peak value of wear depth appears at 115.4°
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(d) The local enlarged drawing

and the value is 7.559 x 10~° m. Based on the above
analysis, the wear depth at the friction coefficient of
0.05 is much greater than that of the friction coefficient
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Fig. 10 Wear 90 002
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(a) Wear depth of clearance A

(b) Wear depth of clearance C

of 0.1, and the wear degree of clearance A is more
serious, but the wear range of clearance C is wider.
According to Figs. 12a, c and 13a, c, there will be a
small amount of wear at clearance A and clearance C.
In order to clearly reflect the wear phenomenon, the

wear surface is locally enlarged. According to the
enlarged drawing of shaft and bearing surface that the
smaller the friction coefficient is, the more serious the
non-uniform wear of shaft and bearing surface is.
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Fig. 12 Wearcharacteristics of clearance A

5.3.3 Wear characteristics of different driving
velocities

The clearance value at the clearance is set to 0.8 mm,
and the friction coefficient is set to 0.03. The driving
velocities of the two cranks are set to w; =
—4n(rad/s), w7 = 4n(rad/s) and wy =
—8n(rad/s), w; = 8n(rad/s) respectively. The wear
depth at clearance A and clearance C is shown in
Fig. 14. The wear characteristics of kinematic pair at
clearance A and clearance C are shown in Figs. 15 and
16 respectively.

According to Fig. 14, when the driving velocities of
two cranks increase from w, = —4n(rad/s),w; =
4n(rad/s) to w, = —8n(rad/s), w; = 8n(rad/s), the
peak value of wear depth of clearance A increases
from 1.414 x 107°® m to 5.502 x 107> m, and the
angle of peak value changes from 95.76° to
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65.52°.The peak value of wear depth of clearance C
increases from 2.835 x 107 m to 2.117 x 107> m,
and the angle of peak increases from 310.3° to 312.8°.
Based on the above analysis, the driving velocities are
greater, the wear depth is greater, and the wear degree
at clearance A is more serious, but the wear range at
clearance C is wider.

According to Figs. 15a, c and 16a, c, there is a small
amount of wear at clearance A and clearance C. In
order to clearly reflect the wear phenomenon, the wear
surface is locally enlarged, as shown in Figs. 15b, d
and 16b, d. According to the enlarged drawing of shaft
and bearing surface that the higher the driving
velocities, the more serious the non-uniform wear of
shaft and bearing surface is.
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5.4 The influence of different parameters
on dynamic response of mechanism

5.4.1 The influence of wear times on dynamic
response

The clearance values at clearance A and C are set to
0.8 mm, the driving velocities are set to
wy = —3.57(rad/s), w; = 3.5n(rad/s), and the fric-
tion coefficient is set to 0.02. The dynamic response of
mechanism is shown in Fig. 17. The collision force
and center trajectory at clearance A and clearance C
are shown in Figs. 18 and 19 respectively.
According to Fig. 17a, the actual displacement
curve of slider lags behind after wear. After the first
wear, the displacement curve is not smooth, and the
peak value increases to 0.1076 m. When the second
wear occurs, the actual displacement curve of slider
shows obvious vibration, and the peak value increases
to 0.1079 m. In Fig. 17b, when considering no wear,
first wear and second wear at the clearance, the peak
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values of velocity of slider are 0.9925, 1.005 and
1.106 m/s respectively. And the velocity curve of
slider fluctuates obviously after the second wear. In
Fig. 17c, when considering no wear, first wear and
second wear at the clearance, the peak values of
acceleration of slider are 1221, 1523 and 3629 m/s?
respectively. And the acceleration curve of slider
fluctuates obviously after the second wear. Therefore,
with the increase of wear times, the errors of slider
output response is also increasing.

According to Fig. 18a, the peak value of collision
force at clearance A increases from 206.9 N to
406.7 N after first wear, and that increases from
406.7 N to 2847 N after second wear. In Fig. 18b,the
peak value of collision force at clearance A increases
from 206.9 N to 310.3 N after first wear, and that
increases from 310.3 N to 1176 N after second wear.
In addition, the collision force at clearance A increases
more serious than that at clearance C after wear.

According to Fig. 19, with the increase of wear
times, the movement of center trajectories at clearance
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A and C becomes more chaotic and the collision range
becomes more wide. The reason is that the non-
uniform wear leads to the missing of the elements of
kinematic pair, which makes the surface of the shaft
and the bearing no longer smooth. So the shaft and
bearing will collide more disorderly, resulting in more
chaotic of center trajectory of shaft.

5.4.2 The influence of different friction coefficients
on dynamic response

The driving velocities are set to
W, = —6n(rad/s), w; = 6m(rad/s), the clearance
value is set to 0.6 mm, and the friction coefficient is
0.05 and 0.1.The dynamic response of mechanism is
shown in Fig. 19. The collision force and center
trajectory at clearance A and clearance C are shown in
Figs. 20 and 21 respectively.

According to Fig. 20a, different friction coeffi-
cients have little effect on displacement response of
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mechanism. In Fig. 20b, when the friction coefficient
changes from 0.05 to 0.1, the velocity curve of slider
fluctuates more violently. In Fig. 20c, when the
friction coefficient changes from 0.05 to 0.1, the peak
value of acceleration of slider changes from 4671 to
1244 m/s?, and can be seen that the smaller the friction
coefficient is, the larger the acceleration fluctuation
range is.

According to Fig. 21a, when the friction coefficient
changes from 0.05 to 0.1, the peak value of acceler-
ation of slider changes from 2363 N to 448.5 N. In
Fig. 21b, when the friction coefficient changes from
0.05 to 0.1, the peak value of acceleration of slider
changes from 650.3 N to 258.8 N. In addition, the
collision force at clearance A increases more serious
than that at clearance C.

According to Fig. 22, with the increase of friction
coefficient, the center trajectory of shaft at the
clearance becomes stable. This is because the greater
the friction coefficient at the clearance, the more
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energy the shaft and bearing consume during the
collision, which makes the center trajectory of shaft
more stable.

5.4.3 The influence of different driving velocities
on dynamic response

The clearance value is set to 0.8 mm, and the friction
coefficient is set to 0.03. The driving velocities are set
to  w; = —4n(rad/s), w; = 4n(rad/s)
—8n(rad/s), w7 = 8n(rad/s)

and wy =
respectively. The
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dynamic response of mechanism is shown in Fig. 23.
The collision force and center trajectory at clearance A
and clearance C are shown in Figs. 24 and 25
respectively.

According to Fig. 23a, when the drive velocities are
w, = —4n(rad/s), w; = 4n(rad/s), the displacement
curve of slider is close to the ideal curve when
considering no wear and first wear. When the drive
velocities are w, = —8n(rad/s), w7 = 8n(rad/s), the
displacement curve shows obvious deviation from
0.2 s to 0.25 s when considering no wear and first
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Fig. 19 Center trajectory of shaft

wear. In Fig. 23b, the velocity curve of slider shows
significant fluctuations when considering no wear and
first wear. And the greater the drive velocity, the
greater the speed curve fluctuates. In Fig. 23c, when

w, = —4n(rad/s), w; = 4n(rad/s), the peak value of
acceleration of slider is 1789 and 2378 m/s*> when
considering no wear and first wear respectively. When
the drive velocities are
w, = —8n(rad/s), w; = 8n(rad/s), the peak value of
acceleration of slider is 2877 and 5391 m/s*> when
considering no wear and first wear respectively.
Therefore, compared with no wear, the peak value of
acceleration of first wear is larger. And the larger the
driving velocities are, the larger the peak value of
acceleration is.

The collision force at clearance A is shown
Fig. 24a, when the driving velocities are w;
—4n(rad/s), w; = 4n(rad/s) and Wy
—8n(rad/s), w; = 8n(rad/s) respectively, the peak
values of the collision force of no wear are 366.8 N,
574.6 N respectively and that of first wear are 420.6 N

in

the drive velocities are 1278 N respectively. The collision force at clearance
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A is shown in Fig. 24b, when the driving velocities are
Wy = —4n(rad/s), w; = 4n(rad/s) and Wy =
—8n(rad/s), w; = 8x(rad/s) respectively, the peak
values of the collision force of no wear are 321.2 N,
424 N respectively and that of first wear are 466.2 N
and 1957 N respectively. In summary, the collision
force at the clearance considering first wear is much
greater than no wear. And the greater the driving
velocities, the greater the collision force at the
clearance.

According to Fig. 25a and b, with the increase of
driving velocities, the movement of center trajectory
of shaft at the clearance becomes chaotic. The reason
is that the greater the drive velocity, the higher the
collision frequency between the shaft and bearing,
resulting in a more chaotic center trajectory of shaft.
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6 Conclusions

In this paper, the wear characteristics prediction of
kinematic pair and the dynamic response of mecha-
nism with non-uniform wear clearances are studied.
The results are as follows:

1. The Archard wear model and the clearance model
are embedded into ideal rigid body dynamics, and
the dynamic model of seven-bar press mechanism
with multiple non-uniform wear clearances is
developed.

2. The wear characteristics prediction of kinematic

pair was carried out and the influence of wear
times, friction coefficient and driving velocities on
wear characteristics are studied. The results show
that when wear times or driving velocities are
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lager, the wear degree of geometry surface is more
serious. However, when friction coefficient is
larger, the wear degree and wear range are reduced
and relatively concentrated. In addition, the wear
degree of clearance A is more serious than that of
clearance C, which indicates that the closer the
clearance is to the driving rod, the more obvious
the wear phenomenon is.

The influence of important parameters on dynamic
response of press mechanism with non-uniform
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wear clearances is studied. The results show that
when wear times and driving velocities increase,
the frequency and amplitude of the displacement,
velocity, acceleration and collision force oscilla-
tion increase, and the center trajectory of shaft
become more disordered. However, when the
friction coefficient is larger, the frequency and
amplitude of response of mechanism decreases,
and the center trajectory of shaft becomes rela-
tively stable.
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