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Abstract In mechanical industry, most mechanical systems contain lubrication clearance joints. Consequently,
to analyze the dynamic response errors and accuracy reliability for mechanisms with lubrication clearance
joints is very necessary. So far majority studies have focused on kinematic accuracy reliability for mechanism,
but few on dynamic response errors and accuracy reliability. Moreover, the only studies on dynamic accuracy
reliability mainly focus on mechanisms with dry contact clearance joint, while the studies on dynamic accuracy
reliability for mechanisms with lubrication clearance joint are very few. This paper presents an analysis method
of dynamic response errors and accuracy reliability for mechanism with lubrication clearance joints. Firstly,
the lubrication clearance joint model and dry contact clearance joint model are established, respectively. The
dynamic model of nine-bar mechanism with multiple lubrication clearance joints is developed according to
Lagrangian multiplier method. And then, the dynamic accuracy reliability model for mechanism is derived by
first-order second-moment method. Finally, the influences of lubrication clearance and dry contact clearance
on dynamic response errors and accuracy reliability for mechanism are compared and analyzed at different
driving speeds. And the influences of dynamic viscosity and clearance values on dynamic response errors and
accuracy reliability for mechanism with lubrication clearance joints are researched. This research offers the
theory foundation for design of reliability for mechanism.

Keywords Multi-link mechanism - Lubrication clearance joints - Dynamic response errors - Dynamic
accuracy reliability

1 Introduction

The reliability of mechanism refers to its ability to keep the allowable output accuracy during operation, that is,
the probability that the output dynamic response errors are within the allowable error range [1-3]. However, the
appearance of kinematic pair clearances has significant impacts on dynamic response and accuracy reliability
for mechanism. So as to eliminate the impacts of the kinematic pair clearances on kinematic accuracy of
mechanism, the kinematic pair clearances are usually filled with lubricating oil. Lubricating oil not only
makes mechanism have better performance, but also improves the carrying capacity and dynamic accuracy
reliability for mechanism [4-6]. Along with the increasing requirements for performance and accuracy of
mechanism, it is of great significance to establish a reasonable reliability model to analyze and predict the
dynamic accuracy reliability for mechanism with lubrication clearance joints.

In the last few years, some scholars have conducted many studies on reliability of mechanism. However,
most of them focus on kinematic accuracy reliability, while studies on dynamic response errors and accuracy
reliability are few. Zhang et al. [7] established structural deviation model and kinematic accuracy model
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to research the effect of clearance on reliability of mechanisms. Geng et al. [8] conceived a novel analysis
method of kinematic accuracy reliability of non-uniform wear clearance according to non-probabilistic interval
interference model. Xiao et al. [9] used MC method to discuss the time-varying reliability of BDC press. Zhang
et al. [10] analyzed kinematic accuracy reliability and sensitivity of mechanism by truncated and correlated
normal variables, which was applied to four-bar mechanism. Zhang et al. [11] established a kinematic accuracy
reliability model of robot mechanism considering the random size and the angle of joint. Wang et al. [12]
proposed an approximate model with high accuracy to analyze kinematic accuracy reliability of steering
mechanism. Wu et al. [13] presented a model of kinematic accuracy reliability of four-bar bistable compliant
mechanisms considering degradation and uncertainty. Qui et al. [14] put forward a design model of kinematic
accuracy reliability and applied to four-bar mechanism based on axiomatic theory. Zhan et al. [15] presented
a model of kinematic accuracy reliability of parallel robots with clearance joint. Xu. [16] analyzed kinematic
accuracy reliability of delta mechanism by MC method. Zhang et al. [17] considered the uncertainty of random
clearance to estimate kinematic accuracy of the four-bar function generation mechanism. Wang et al. [ 18] raised
kinematic accuracy reliability of four-bar mechanism by first-passage method.

At present, the only research mainly focuses on dynamic accuracy reliability of mechanisms with dry
contact clearance joint, while rarely on dynamic accuracy reliability of mechanisms with lubrication clearance
joints. Gao et al. [19] conducted dynamic accuracy reliability of mechanism considering dry contact clearance
joint according to the Monte Carlo and Kriging method. Wu et al. [20] presented a probabilistic model to
evaluate dynamic accuracy reliability of mechanism considering dry contact clearance. Zhuang et al. [21]
studied dynamic accuracy reliability of wear mechanism with dry contact clearance joint considering time-
varying parameters based on Monte Carlo method. Li et al. [22] set up dynamic accuracy reliability model of
space deployment mechanism and analyzed the impacts of dry contact clearances and geometric parameters
of mechanical reliability. Pandey et al. [23] presented a new way to count the reliability of manipulator with
dry contact clearances according to maximum entropy principle. Lai et al. [24] researched a new Monte Carlo
simulation method and considered comprehensively the influence of geometric size and clearances on reliability
of mechanism with dry contact clearances. Lara-Molina et al. [25] proposed reliability design for series and
parallel robots and discussed the impact of dry contact clearances on accuracy of manipulator. Chen et al. [26]
discussed the impacts of clearance values and driving speeds on dynamic accuracy of mechanism with dry
contact clearances. Li et al. [27] researched the impact of errors of revolving joint clearance and the spherical
joint clearance on reliability of delta parallel robot. Sun et al. [28] conducted a method to increase dynamic
accuracy reliability of mechanisms with dry contact clearances and applied to crank-slider mechanism. Zhang
et al. [29] presented a new model for mechanism’s reliability analysis with dry contact clearances.

To sum up, most of the studies on reliability focus on kinematic accuracy reliability of mechanism, while
studies on dynamic response errors and accuracy reliability are few. Moreover, the only studies on dynamic
accuracy reliability usually focus on dry contact clearance joint, but the studies on dynamic accuracy reliability
of multiple lubrication clearance joints are very few. Thus, in order to analyze the influences of lubrication
clearance joints on dynamic response errors and accuracy reliability for mechanisms, this paper presents an
analysis method of dynamic response errors and accuracy reliability for mechanism with lubrication clearance
joints. Taking the 2-DOF nine-bar mechanism as a research object, the dynamic model and dynamic accuracy
reliability model are derived, and the dynamic response errors and accuracy reliability of multi-link mechanism
with multiple lubrication clearance joints are researched. The impacts of lubrication clearances and dry contact
clearances on dynamic response errors and accuracy reliability for mechanism at different driving speeds are
compared and analyzed. And the impacts of dynamic viscosity and clearance values on dynamic response
errors and accuracy reliability for mechanism are researched.

2 Dynamic modeling of multibody system
2.1 Establishment of lubrication clearance model

In multi-link mechanism, due to various reasons, there will inevitably be clearance between kinematic pairs,
which will cause instability and uncertainty on operation of mechanism. In order to intuitively represent the
geometric position relationship of each element in kinematic pairs, the lubrication clearance model of rotating
pair is shown in Fig. 1.
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Fig. 1 Lubrication clearance model

According to Fig. 1, components B and S are bearing and shaft, which are sealed and full of lubricating
oil. Rg and Rs are radii of both. O and Og are center positions of bearing and shaft, respectively. Therefore,
eccentricity vector of both is

e = r(s) — rg (1)
Eccentricity ratio € describes the degree of deviation between bearing and shaft, and its expression is

£=— 2)
Cr

where ¢; = Rg — Rs.
Deflection angle y is direction of eccentricity vector in global coordinate system, and its expression is

ey
y = arctan(e—x> (3)

where ¢* and ¢” are component of eccentric vector in X and Y direction.

2.2 Establishment of dry contact clearance model

The existence of clearance will cause relative movement in kinematic pair, resulting in contact, collision, and
separation. When collision occurs, contact force will be generated between bearing and shaft. The dry contact
clearance model of rotating pair is shown in Fig. 2.
The normal contact force adopts the Lancarani-Nikravesh model [30], which is modified on basis of Herz
model, taking into account the elastic deformation and energy dissipation of the collision in kinematic pair.
In Fig. 2, embedded depth is

S=e—c; 4

Normal contact force is

r ®)
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where c, represents coefficient of restitution, S0 represents initial contact velocity, 5; represents relative collision
velocity, K represents stiffness coefficient, which is shown as

4 RBRg
K = (0)
3(0’]3 +Os) RB +RS

where ég = (1 — v%)/EB, ds = (1 — v%)/Es, vp and vg are Poisson’s ratio, Eg and Eg are elastic modulus.

The existence of clearance will cause relative tangential movement between bearing and shaft, resulting in
tangential friction. Modified Coulomb friction model [31] is used to describe the role of friction in kinematic
pairs. Dynamic correction coefficient is adopted, which will more accurately describe the friction phenomenon
in clearance elements and the viscosity phenomenon at low speed. Its expression is

%3
Fr = —cyctFy— (7
[vr |
‘ |0 [ve| < vo
Vt | — Uy
CN = U;TUSUOSWASU;) ®)
1 v | > vy

where cy is dynamic correction coefficient, cr is friction coefficient, vy and v, are limit velocities of static and
dynamic friction.
In conclusion, the dry contact force is

FDry = Fyn+ Frt )

2.3 Establishment of oil-film bearing force model

Oil-film bearing force is generated through the lubricating oil accumulation in lubrication clearance joint, which
balances the external load, can effectively reduce friction and collision between kinematic pair elements, and
improve the operation accuracy of mechanism. Pinkus-Sternlicht model [32] considering the oil-film effects
of wedge-shaped and squeeze, an isothermal Reynolds equation suitable for dynamic load bearings is given,

which is shown as
a (h3opP a (KPP oh oh
ax\uwox/) oz\poz X ot
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where P represents oil-film pressure, p represents lubricating viscosity, & represents oil-film thickness, U
represents relative tangential velocity, X and Z represent radial and axial directions.

Pinkus and Sternlicht based on Giimbel boundary condition, deduced the oil-film bearing force suitable
for planar multibody system with dynamic load. Giimbel boundary condition describes the dynamic oil-film
more accurately and can better analyze bearing capacity of system. When ¢ > 0, which is shown as

Fl:—ngL é 4ke? g 3 an
' d  (1-e2)\(@2+e) T k+15

r

3 .
Fo 6uURL  me(w—2y) k+3 (12)

c? (2+62)(1 - 82)0‘5 k+1.5

When ¢ < 0, which is shown as

o —6uRIL & dke*  k (13)
T2 (1—32)1'5 (2+¢?) k15

iy

6uRIL — 2y
Fip = “25 e V)OS k (14)
Cf (2+82)(1_82)' k+1.5

k is shown as

k= ((1 _82)<(“’ ;;y.>2+8i2))o.s (15)

where F); and Fy; are normal and tangential oil-film bearing forces, L means bearing width, ¢ means radial
velocity, y means the first derivative of deflection angle y to time, w is relative angular velocity.

However, Pinkus-Sternlicht oil-film bearing force model has defects. When eccentricity ratio tends to 0,
the calculation of oil-film bearing forces becomes inaccurate. Therefore, correction factor A is used to improve
this defect. Modified Pinkus-Sternlicht model is

| A if gg<e <1

F”‘_{skFlr if 0<e<gegp (16)
] Fye if gg<e<l1

Ft’\_{s)‘Flt if 0<e<g a7

In global coordinate system, the oil-film bearing force is

| Fx | _ | Fo.cosy — Fysiny
Frup = [Fy] - [ Fyy siny + Fy, cos y (18)

In order to more truly reflect the transformation between lubrication state and dry contact state, this paper
adopts the transition force model [33] to ensure the accuracy of numerical calculation in the transition process.
Transition force model is shown in Fig. 3.

Fruw if e<c
F=1%TFpy+ T =Ry if c<e<c+el (19)
Fpry if e>cr+e

where e is the tolerance of eccentricity.
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Fig. 3 Transition force model

Fig. 4 Structure of 2-DOF nine-bar mechanism
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2.4 Dynamic model of mechanism

Structure of 2-DOF nine-bar mechanism is shown in Fig. 4. The mechanism is composed of the framework 9
and 8 movable members, including cranks land 2, connecting robs 3, 4 and 5, triangular plate 6, connecting
rob 7 and slider 8. The DOF of mechanism is 2, and mechanism is driven cranks 1 and 2 by two motors,
respectively. Thus, the mechanism has definite motion. Cranks 1 and 2 are connected with connecting rods 3
and 4 through revolute pair C and revolute pair C», respectively. Cranks 1 and 2 are directly driven by motor.
So, the lubrication clearance at rotating pair C; and rotating pair C7 is considered, which can better reflect
the impacts of lubrication clearance on operating accuracy of mechanism. Dynamic model is established by
Lagrangian multiplier method.
The component coordinates are shown by centroid coordinate method, which are shown as

Gmn = Gm Ym O)m=1,...,8) (20)
Displacement constraint equation of lubrication clearances C| and C; can be expressed as
x1 — Lg1 cos by
y1 — Lg1 sin 0y
xp — Lgr cosby
y2 — Lgrsinfy + Lo
x5 — Lgscosfs — Hy
vs5s — Lgssinfs — H,,
x6+L 62 cOs(Bg — ,32) — x3 — Lg3cos6i
Ye+Lsez sin(0 — B2) — y3 — Ly38in 63
Xx6+Ls62 cos(0g — B2) — x4 — L4 c0s 04
®(q.1) = Ye+Lsez sin(0 — B2) — y4 — Lgasin6y —0 21
x6 — Lgse1 cos(0g + B) — x5 — Lg5cos 05
Y6 — Lse18in(0 + B) — y5 — Lyssin0s
X6 + Lgg3 cos(0g + B1 + w) — x7 + L7 cos 07
v6 + Lse3 sin(f¢ + B1 + w) — y7 + Lg7sin 67
xg — Hy — L5 cosf05 — Lep cos(0g + B1) — Lg7 cos 6y
8 — Hy — Lssin@s — L sin(6g + 1) — Ly7 sin 67
Xg — HX
03 — 90°
01 — wit — 60.28°
6) — wot + 52.86°

Velocity constraint equation can be expressed as
byg=—-D, =6 (22)

where &, represents Jacobian equation, g represents generalized velocity vector, ®; represents time derivative
of Eq. (21).
Acceleration constraint equation can be expressed as

Py = =Py —20g1G — (Pqq) 4 =& (23)

where § represents generalized acceleration vector, ®;; = O20x1, @gr = 020x24-
Dynamic equation with Lagrangian multiplier A is

M @]\ (G g
(cpq oq)(/\)=<g—2aci>—ﬁ2q>) (24)

where o and S are correction factors, which improve the stability of the algorithm, M is mass matrix, g is

external force, b = %.



532 X. Chen et al.

3 Modeling and solving of dynamic accuracy reliability
3.1 Establishment of model

A reasonable reliability model can analyze and predict performance and accuracy of mechanism operation.
The paper establishes dynamic accuracy reliability model by first-order second-moment method. Assuming
that actual and allowable errors obey normal distribution, according to strength-stress interference theory, the
reliability is obtained by the errors.

R=P(UI—i>0)=Pa>0) (25)

where [ is allowable errors and represents strength, and i is actual errors and represents stress. Based on nature
of normal distribution, « also obeys normal distribution.

_ 1 L@~ pa)?
flo) = NS exp <_§o—£) (26)
2

where (g = 1y — i, 64 = m. Among them, p; and p; are mean of allowable and actual errors, and

o and o; are standard deviation of allowable and actual errors.
Then the reliability R is

> @ ] 1 (= po)?
R =P(ax>0) :/ ()da = / expl —=—————— |d« 27
0 ! 0 ~2moy P\72 o2
let = “;i‘a B = U—z = KK the standard normal distribution of reliability R is expressed as

1]

0']+O'l-

o 1
(a > 0) fo f(@)da /ﬂ =

Therefore, the reliability R can be obtained by errors of the end effector slider.

o0

1
exp<_§;2)dg = d(B) (28)

3.2 Solving process of model

Firstly, according to initial conditions, the dynamic equation of system is solved by fourth-order Runge—Kutta
method. And the output dynamic response errors of mechanism are obtained. Secondly, the allowable output
errors are determined according to engineering practice and output response of mechanism. Finally, the relia-
bility indexes and reliability of mechanism are obtained by dynamic accuracy reliability model. Flow chart of
solution is shown in Fig. 5.

4 Dynamic response errors analysis for mechanism considering multiple lubrication clearance joints

This chapter compares the impacts of lubrication clearance and dry contact clearance on dynamic response
errors for mechanism at different driving speeds. The impacts of dynamic viscosity and clearance values on
dynamic response errors for mechanism are analyzed. Geometric parameters of each component are represented
in Table 1. Simulation parameters of mechanism are represented in Table 2.

4.1 Impacts of dry contact clearance and lubrication clearance on dynamic response errors for mechanism

This section analyzes the impacts of dry contact clearance and lubrication clearance on dynamic response
errors for mechanism at different driving speeds. Through dynamic response of mechanisms with different
clearance models and dynamic response of ideal mechanisms, the dynamic response errors of two models are
obtained. The models consider that the mechanism has revolute clearances C| and C», and clearance value is
0.5 mm. Viscosity of lubricating oil (40°) is 100 cp. Crank driving speeds of mechanism are w; = —3x rad / S



Dynamic response errors and accuracy reliability 533

Start

v v

Clnitial position X, Y, 6, < System parameter >

| |

Hybrid Dry contact
force

A4
Dynamic equation of rigid body

M ®©\(§) g \
® 0 [AJ_(y—Zad)—ﬂ:(D/.

Actual error
ol
c.,0,,0,

llowable error
Mooy 1
0,0,,0,

Dynamic solution

Dynamic accurancy Reliability index

Check the standard

reliabilit N
y normal distribution B= Hy __ H—Hi
R.,R,.R, table o, /O.l: =

Fig. 5 Flow chart of solution

Table 1 Geometric parameters of component

Component Mass (kg) Size (mm) Moment of inertia (kg m?)
Crank 1 0.148 45 2.382x 1074
Crank 2 0.265 90 1.210x 1073
Rod 3 0.805 326 8.001 x 1073
Rod 4 0.603 497 1337 x 1072
Rod 5 0.581 230 1.212 x 1072
Triangular plate L61 325

Triangular plate L62 4.334 250 3.802x 1073
Triangular plate L63 386

Rod 7 0.827 335 8.663 x 1073
Slider 8 0.801 - 3.944 x 1074
Fixed rod 9 - 430 -

Table 2 Simulation parameters of mechanism

Parameter Values Parameter Values
Bearing radius 15 mm Elastic modulus 206 GPa
Bearing length 40 mm Friction coefficient 0.05

Poisson’s ratio 0.3 Coefficient of restitution 0.9
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Fig. 6 Displacement error of slider

and wy = 37 rad / s. The displacement, velocity, acceleration error curves of slider for mechanism are shown
in Figs. 6, 7 and 8.

It can be seen from Fig. 6 that the displacement error curves of two models basically coincide. In dry contact
model, the displacement error of slider is the range of [—4.047 x 1073 m, 7.72 x 10~* m]. In lubrication model,
the displacement error of slider is the range of [—4.097 x 1073 m, 6.802 x 10~* m]. As can be seen from
Fig. 7, the velocity error of slider is the range of [—0.2039 m/s, 0.2427 m/s] in dry contact model, and error peak
appears at 0.3183 s. In lubrication model, the velocity error of slider is the range of [—0.1229 m/s, 0.1385 m/s],
and error peak appears at 0.3255 s. As can be seen from Fig. 8, the acceleration error of slider is the range of
[—365m / 52,576 m / s?] in dry contact model, and error peak appears at 0.4647 s. In lubrication model, the

acceleration error of slider is the range of [-14.01 m / s2,24.01'm / s2], and error peak appears at 0.4678 .

Crank driving speeds of mechanism are w; = —5m rad / s and wp = 5w rad / s. Viscosity of lubricating oil
(40°) is 100 cp.The models consider that the mechanism has revolute clearances C| and C», and clearance
value is 0.5 mm. The displacement, velocity, acceleration error curves of slider for mechanism are shown in
Figs. 9, 10 and 11.

It can be seen from Fig. 9 that the displacement error curves of two models basically coincide. In dry contact
model, the displacement error of slider is the range of [—3.444 x 1073 m, 7.966 x 10~*m]. In lubrication
model, the displacement error of slider is the range of [—3.449 x 1073 m, 7.691 x 10~* m]. The displacement
error peaks of two models appear at 0.1595 s. As can be seen from Fig. 10, the velocity error of slider is the
range of [—0.3324 m/s, 0.3054 m/s] in dry contact model, and error peak appears at 0.283 s. In lubrication
model, the velocity error of slider is the range of [—0.2114 m/s, 0.1911 m/s], and error peak appears at 0.2834 s.
As can be seen from Fig. 11, the acceleration error of slider is the range of [—581.8 m/s”, 1386 m/s?] in dry
contact model, and error peak appears at 0.2838 s. In lubrication model, the acceleration error of slider is the
range of [—42.8 m/s?, 107.6 m/s”], and error peak appears at 0.287 s.

In conclusion, compared with dry contact model, lubrication model has a smaller displacement error, veloc-
ity error, acceleration error peak and fluctuation degree, and acceleration error is more obvious. Lubrication
model can effectively reduce the operating errors and improve the stability and precision of mechanism. In
addition, lower driving speed can reduce dynamic response errors for mechanism.

4.2 Impacts of viscosity of lubricating oil on dynamic response errors for mechanism

Viscosity of lubricating oil is an important index to evaluate lubrication ability and an important parameter of
lubrication clearance model. This section analyzes the impacts of viscosity of lubricating oil of 100 cp, 200
cp and 400 cp on dynamic response errors for mechanism with lubrication clearance joints. The lubrication
clearance model considers that the mechanism has revolute clearances C; and C,, and clearance value is
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0.5 mm. Crank driving speeds of mechanism are w; = —3mw rad/s and wy = 37 rad/s. The displacement,

velocity, acceleration error curves of slider for mechanism are shown in Figs. 12, 13 and 14.

It can be seen from Fig. 12 that displacement error curves of slider basically coincide when viscos-
ity of lubricating oil is 100 cp, 200 cp, 400 cp, and their displacement errors of slider are the range of
[—4.097x 1073 m, 6.802x 10~*m],[-4.018 x 1073 m, 6.222x 10~ m], [—3.892x 10> m, 5.274 x 10~* m],
respectively. As can be seen from Fig. 13, when viscosity of lubricating oil is 100 cp, 200 cp, 400 cp,
their velocity errors of slider are the range of [—0.1229 m/s, 0.1386 m/s], [—0.09714 m/s, 0.1037 m/s],
[—0.06477 m/s, 0.06576 m/s], and error peaks appear at 0.3254 s, 0.3263 s, 0.3279 s, respectively. As can be
seen from Fig. 14, when viscosity of lubricating oil is 100 cp, 200 cp, 400 cp, their acceleration errors of slider
are the range of [—14.01 m/s?, 24.01 m/s?], [—4.82 m/s?, 11.25 m/s?], [—1.504 m/s?, 6.338 m/s?], and error
peaks appear at 0.4678 s, 0.4663 s, 0.4657, respectively. The results show that output errors of slider decrease
with increase of dynamic viscosity of lubricating oil. The increase of dynamic viscosity of lubricating oil can
reduce the output errors of mechanism and increase the operation accuracy.

4.3 Impacts of clearance values on dynamic response errors for mechanism

Clearance value is a significant factor affecting operation of mechanism. This section analyzes the impacts of
clearance values of 0.3 mm, 0.5 mm and 0.7 mm on dynamic response errors for mechanism. The lubrication
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clearance model considers that the mechanism has revolute clearances C; and C;. Crank driving speeds
of mechanism are w; = —3mrad/s and wy, = 3 rad/s. Viscosity of lubricating oil (40°) is 100 cp. The
displacement, velocity, acceleration error curves of slider for mechanism are shown in Figs. 15, 16 and 17.

It can be seen from Fig. 15 that when clearance value is 0.3 mm, 0.5 mm, 0.7 mm, their displacement
errors of slider are the range of [—3.496 x 1073 m, —1.617 x 10~*m], [-4.097 x 10~3m, 6.802 x 10~* m],
[—4.832 x 1073 m, 1.58 x 1073 m], and error peaks appear at 0.3042 s, 0.2927 s, 0.2915 s, respectively. As
can be seen from Fig. 16, when clearance value is 0.3 mm, 0.5 mm, 0.7 mm, their velocity errors of slider are
the range of [—0.04091 m/s, 0.04001 m/s], [—0.1229 m/s, 0.1385 m/s], [—0.1834 m/s, 0.2430 m/s], and error
peaks appear at 0.4557 s, 0.3255 s, 0.3289 s, respectively. As can be seen from Fig. 17, when clearance value
is 0.3 mm, 0.5 mm, 0.7 mm, their acceleration errors of slider are the range of [—1.532 m/sz, 5.624 m/sz],
[—14.01 m/s?, 24.01 m/s?], [—64.92 m/s?, 100.5 m/s], and error peaks appear at 0.4616 s, 0.4678 s, 0.4703 s,
respectively. The results show that output errors of slider increase with the increase of clearance value, especially
the increase of acceleration. With the increase of clearance value, operation accuracy and stability of mechanism
decrease.
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5 Dynamic accuracy reliability analysis for mechanism considering multiple lubrication clearance
joints

This chapter compares the impacts of lubrication clearance and dry contact clearance on dynamic accuracy
reliability for mechanism at different driving speeds, analyzing the impacts of dynamic viscosity and clearance
values on dynamic accuracy reliability for mechanism.

According to engineering practice and dynamic response for the mechanism, the mean and standard devia-
tion of allowable errors of displacement, velocity and acceleration of slider are determined as 0.012 m, 0.004 m,
0.3 m/s, 0.1 m/s, 18 m/s? and 6 m/s>.

5.1 Impacts of dry contact clearance and lubrication clearance on dynamic accuracy reliability for mechanism

This section analyzes the impacts of dry contact clearance and lubrication clearance on dynamic accuracy
reliability for mechanism at different driving speeds. Through allowable errors for mechanism and output
response errors of different clearance models, the dynamic accuracy reliability of two models is obtained.
The models consider that the mechanism has revolute clearances C; and C», and clearance value is 0.5 mm.
Viscosity of lubricating oil (40°) is 100 cp. Crank driving speeds of mechanism are w; = —3m rad/s and
wy = 3m rad/s. The displacement, velocity, acceleration reliability indexes and their reliability are shown in
Figs. 18, 19, 20, 21, 22 and 23.

As shown in Figs. 18 and 19, when the crank angle is 162°, the displacement reliability indexes of dry
contact model and lubrication model are the lowest, which are 2.021 and 2.014, respectively, and corresponding
reliability is 0.9784 and 0.9780. As can be seen from Figs. 20 and 21, when the crank angle is 180°, the
velocity reliability indexes of dry contact model and lubrication model are the lowest, which are 1.614 and
2.013, respectively, and corresponding reliability is 0.9464 and 0.9780. According to Figs. 22 and 23, when
the crank angle is 270°, the acceleration reliability indexes of dry contact model and lubrication model are the
lowest, which are -0.1706 and 1.675, respectively, and corresponding reliability is 0.4325 and 0.9530.

Crank driving speeds of mechanism are w; = —5m rad/s and wy = 57 rad/s. Viscosity of lubricating oil
(40°) is 100 cp.The models consider that the mechanism has revolute clearances C| and C,, and clearance
value is 0.5 mm. The displacement, velocity, acceleration reliability indexes and their reliability are shown in
Figs. 24, 25, 26, 27, 28 and 29.

As shown in Figs. 24 and 25, when the crank angle is 162°, the displacement reliability index of lubrication
model is the lowest, which is 2.213, and corresponding reliability is 0.9865. When the crank angle is 144°, the
displacement reliability index of dry contact model is the lowest, which is 2.214, and corresponding reliability
is 0.9866. As can be seen from Figs. 26 and 27, when the crank angle is 270°, the velocity reliability index of
lubrication model is the lowest, which is 1.710, and corresponding reliability is 0.9564. When the crank angle
is 162°, the velocity reliability index of dry contact model is the lowest, which is 1.172, and corresponding
reliability is 0.8581. According to Figs. 28 and 29, when the crank angle is 270°, the acceleration reliability
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index of lubrication model is the lowest, which is 0.08237, and corresponding reliability is 0.5329. When the
crank angle is 180°, the acceleration reliability index of dry contact model is the lowest, which is — 0.7213, and
corresponding reliability is 0.2358. The analysis shows that lubrication model has higher reliability indexes
and reliability than dry contact model, especially acceleration reliability of mechanism. Lubrication model
can improve the adverse impacts of clearance on mechanism and improve the reliability of mechanism. In
addition, lower driving speed can enhance the reliability of mechanism.

5.2 Impacts of viscosity of lubricating oil on dynamic accuracy reliability for mechanism

This section analyzes the impacts of viscosity of lubricating oil of 100 cp, 200 cp and 400 cp on dynamic
accuracy reliability for mechanism with lubrication clearance joints. Through the output response errors of
different viscosity of lubricating oil for mechanism and the allowable errors for mechanism, dynamic accuracy
reliability is obtained. The lubrication clearance model considers that the mechanism has revolute clearances
C1 and Cy, and clearance value is 0.5 mm. Crank driving speeds of mechanism are w; = —3m rad/s and
wyr = 3m rad/s. The displacement, velocity, acceleration reliability indexes and their reliability are shown in
Figs. 30, 31, 32, 33, 34 and 35.

As shown in Figs. 30 and 31, when the crank angle is 162°, the displacement reliability indexes of three
viscosity of lubricating oil are the lowest, which are 2.014, 2.043 and 2.091, respectively, and corresponding
reliability is 0.9780, 0.9795 and 0.9817. As can be seen from Figs. 32 and 33, when the crank angle is 180°,
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the velocity reliability indexes with viscosity of lubricating oil of 100 cp and 200 cp are the lowest, which
are 2.013 and 2.263, respectively, and corresponding reliability is 0.9780 and 0.9882. When the crank angle
is 198°, the velocity reliability index with viscosity of lubricating oil of 400 cp is the lowest, which is 2.539,
and corresponding reliability is 0.9945. According to Figs. 34 and 35, when the crank angle is 270°, the
acceleration reliability index with viscosity of lubricating oil of 100 cp is the lowest, which is 1.675, and
corresponding reliability is 0.9530. When the crank angle is 252°, the acceleration reliability indexes with
viscosity of lubricating oil of 200 cp and 400 cp are the lowest, which are 2.051 and 2.389, respectively, and
corresponding reliability is 0.9798 and 0.9916. The analysis shows that the higher the viscosity, the higher the
reliability index and reliability of mechanism. The increase of viscosity can improve the stability and reliability
of mechanism response.

5.3 Impacts of clearance values on dynamic accuracy reliability for mechanism

Clearance value is a significant factor affecting operation of mechanism. This section analyzes the impacts of
clearance values of 0.3 mm, 0.5 mm and 0.7 mm on dynamic accuracy reliability for mechanism. Through the
output response errors of different clearance values for mechanism and the allowable errors for mechanism,
dynamic accuracy reliability is obtained. The lubrication clearance model considers that the mechanism has
revolute clearances C1 and C». Crank driving speeds of mechanism are w; = —3x rad/s and w, = 37 rad/s.
Viscosity of lubricating oil (40°) is 100 cp. The displacement, velocity, acceleration reliability indexes and
their reliability are shown in Figs. 36, 37, 38, 39, 40 and 41.

As shown in Figs. 36 and 37, when the crank angle is 180°, the displacement reliability index with clearance
value of 0.3 mm is the lowest, which is 2.187, and corresponding reliability is 0.9859. When the crank angle is
162°, the displacement reliability indexes with clearance values of 0.5 mm and 0.7 mm are the lowest, which
are 2.014 and 1.832, respectively, and corresponding reliability is 0.9780 and 0.9666. As can be seen from
Figs. 38 and 39, when the crank angle is 180°, the velocity reliability indexes with clearance values of 0.3 mm,
0.5 mm and 0.7 mm are the lowest, which are 2.736, 2.013 and 1.304, respectively, and corresponding reliability
is 0.9969, 0.9780 and 0.9039. According to Figs. 40 and 41, when the crank angle is 252°, the acceleration
reliability index with clearance value of 0.3 mm is the lowest, which is 2.437, and corresponding reliability
is 0.9927. When the crank angle is 270°, the acceleration reliability indexes with clearance values of 0.5 mm
and 0.7 mm are the lowest, which are 1.675 and 0.5269, respectively, and corresponding reliability is 0.9530
and 0.7009. The analysis shows that the larger clearance value will reduce reliability index and reliability of
mechanism, which reduces the kinematic performance of mechanism.
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6 Conclusions

This paper presents an analysis method of dynamic response errors and accuracy reliability for mechanism
with lubrication clearance joints. The dynamic model and dynamic accuracy reliability model for nine-bar
mechanism with multiple Iubrication clearance joints are derived. And the major results are as below.

1. Lubrication clearance joint model and dry contact clearance joint model are established. The dynamic
model of nine-bar mechanism with multiple lubrication clearance joints is derived according to Lagrangian
multiplier method. The dynamic accuracy reliability model is developed by first-order second-moment
method.

2. The influences of lubrication clearance and dry contact clearance on dynamic response errors and accu-
racy reliability for mechanism are compared and analyzed at different driving speeds. Dynamic accuracy
reliability of slider with change of crank angle in a cycle is analyzed. Results show that lubrication can
effectively reduce dynamic response errors and improve dynamic accuracy reliability for mechanism. In
addition, the increase of driving speed will increase the dynamic response errors and reduce the reliability
of mechanism.

3. The influences of dynamic viscosity and clearance values on dynamic response errors and accuracy reli-
ability for mechanism with lubrication clearance joints are researched. Results show that the increase of
dynamic viscosity and the decrease of clearance value can reduce the dynamic response errors and improve
the dynamic accuracy reliability of mechanism.
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