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Abstract The existence of clearance joints seriously
affect the kinematic accuracy and service life of
precision mechanisms. So as to ensure the kinematic
accuracy reliability of mechanism, it is imperative to
accurately predict the dynamic behavior of precision
mechanism considering clearances. At present, the
studies often focus on theoretical analysis and simu-
lation verification of mechanism with clearances,
while the studies verified by experiment are relatively
few and often focus on simple mechanism. Moreover,
most of studies centered on simple mechanism with
dry friction clearance, while the studies on complex
mechanism with multiple lubricated clearances are
less. In this paper, the impact of multiple clearances on
dynamic behavior of 2-DOF 9-bar precision press
mechanism is analyzed. Firstly, the mathematical
models of dry friction clearance and lubricated
clearance are established and embedded into the
Lagrange dynamic equation, respectively. Then, the
impact of clearance values, the material of clearance-
shaft and crank driving speeds on dynamic behavior of
mechanism are researched. Finally, the simplified
experimental platform of 2-DOF 9-bar press mecha-
nism considering 2D revolute joint clearances is
established, and the correctness of the theoretical
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model is proved by experimental verification. This
study not only offers theoretical guidance for the
layout and life prediction of multi-link press mecha-
nism, but also provides reference for the dynamic
behavior analysis and prediction of other mechanisms.

Keywords Dry friction clearances - Lubricated
clearances - Dynamic behavior - Experimental
verification

1 Introduction

The multi-link press mechanisms remain more widely
used because of its simple structure, easy manufac-
turing and control. However, due to the effects of
machining accuracy, installation errors and other
factors, clearance will unavoidably appear in rotating
pair of mechanism. The clearance would aggravate the
friction and wear between the elements of rotating
pair, and seriously affect the motion accuracy and
service life of mechanism [1-3]. In practical engi-
neering, lubricant oil is usually added at the clearance
joint to reduce the impact of the collision of elements
between the clearance on the output of mechanisms,
and thus to increase the stability and reliability [4-6].
Therefore, so as to accurately predict the effect of dry
friction clearances and lubricated clearances on
dynamic behavior of mechanism, to construct a
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reasonable dynamic model and carry out experimental
study is very meaningful.

In recent time, many scholars have studied the
revolute clearance joint of mechanism. However, most
of them often focus on the results of theoretical
simulation and experimental research on simple
mechanism with 2D revolute clearance joint, such as
crank-slider mechanism and four-bar mechanism,
while there are few literatures on the study of complex
mechanisms considering 3D revolute clearances. Reis
et al. [7] explored a new hydrodynamic lubricated
model and found that this model has faster calculation
speed than the traditional HD model through numer-
ical simulation. Abdallah et al. [8] simulated dynamic
behavior of flexible crank-slider system considering
clearance based on ADAMS software and found that
multiple clearance joints have greatly effects on
system. Miao et al. [9] built the mathematical model
of locking mechanism and studied the influence of
clearance on its kinematic accuracy. The simulation
results found that clearances have distinct effects on
dynamic under different working states. Marques et al.
[10] presented a model of spatial four-bar mechanism
considering spherical clearance, analyzed the effects
of different parameters on its dynamic behavior. Chen
et al. [11] conducted experimental research on mech-
anism with clearances and considered the influence of
factors such as dynamic viscosity on dynamic behav-
ior of system. However, this research mainly discussed
the system with lubrication clearances, and did not
conduct experimental study on system considering dry
friction clearances. In addition, this study did not
consider the impact of the material of clearance-shaft
on dynamics of system. Geng et al. [12] studied the
time-varying reliability of the motion of mechanism
with clearance, and quantified the uncertain impact of
parameters on motion performance of mechanism.
Jiang et al. [13] researched the impact of non-uniform
wear clearances on dynamic response of multi-link
mechanism, compared and verified the correctness of
the model based on MATLAB software and ADAMS
simulation software, but the article lacks the experi-
mental verification link. Brogliato [14] performed the
feedback control of system considering clearances
from the aspects of collision control and trajectory
tracking. Pandey et al. [15] explored the motion
accuracy of robot considering clearance according to
maximum entropy rule to keep its motion error within
a certain range. Xiang et al. [16] proposed a hybrid
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friction model to discuss the dynamic behavior of the
system with clearances, and verified the rationality of
this model through the motion simulation of space
manipulator. Singh et al. [17] discussed the governing
equation of lubricating oil flow in lubricated clearance
according to finite element method, and researched the
impact of non-Newtonian lubricant on bearing wear
characteristic. Bai et al. [18] set up a model of three-
dimensional revolute clearance and researched the
effect of revolute clearances on satellite antenna
system dynamics through simulation. Especially the
sticking modes induced by Coulomb friction are taken
into account in the framework of the paper. Erkaya
[19] et al. studied the impact of joint clearance on
vibration and noise characteristics of mechanism, and
built a test platform of crank-slider mechanism
considering clearance. The vibration and noise of
system were measured by accelerometer and micro-
phone and evaluated the vibration and noise charac-
teristics of the mechanism with and without clearance.
Flores [20] et al. built an experimental platform of
crank-slider mechanism with revolute clearance joint
to verify the prediction ability of multi-body clearance
joint model. The correlation between numerical results
and experimental results is given and discussed in this
paper. Erkaya [21] et al. analyzed the influence of joint
clearance on partial compliance and traditional artic-
ulated mechanism through numerical and experimen-
tal research. The influence of joint clearance on
vibration of mechanism is measured by installing
accelerometers at different positions. In addition, a
few scholars have carried out research on mechanism
system considering 3D revolute clearance joint.
Akhadkar [22] et al. used non-smooth set-valued
contact models 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. Qian et al.
[23] carried out the 3D model of translational clear-
ance joints, and used this model to discuss the
nonlinear dynamic behavior of crank-slider mecha-
nism. Federico et al. [24] conducted a novel model of
3D revolute clearance, and the effectiveness of this
method was proved by numerical calculation. Wu
et al. [25] presented a contact force model of 3D
moving clearance and applied it to double crank
mechanism and found that the moving clearance has a
great impact on dynamics of mechanism.
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At same time, the studies on dynamic behavior of
mechanisms mostly centered on the simple mecha-
nism considering single clearance, while the studies on
complex mechanism considering multiple lubricated
clearances are rare. Tan et al. [26] put forward a
calculation method for solving the dynamic of spatial
flexible mechanical considering spherical clearance
joints according to ANCF method, and checked the
method with crank-slider mechanism. Ahmedalbashir
et al. [27] established a dynamic modeling and built
the test platform of four-bar mechanism considering
single clearance, then compared the simulation results
and theoretical results, so as to verify the rationality of
the established model. Wang et al. [28] carried out a
novel non-penetration method of revolute clearance
and verified it by crank-slider mechanism. Guo et al.
[29] researched the effect of clearance between the
piston and cylinder of the crank train on secondary
movement. The results show that the impact of
clearance on system dynamics is linked to impact
response of secondary movement of the piston. Amiri
et al. [30] investigated the effect of clearance joint on
dynamics of crank-slider mechanism, and utilized
tuned mass damper to suppress error of dynamic
response. Ordiz et al. [31] proposed a useful way to
discuss the impact of clearances on operation life of
mechanism according to commercial software, and
applied it to serial robot. Farahan et al. [32] analyzed
the dynamic behavior and nonlinear characteristics of
simple mechanism considering clearance based on
Poincaré portraits. Zheng et al. [33] compared and
studied the impact of different friction model on
numerical analysis of dynamic behavior of crank-
slider mechanism with clearance. Li et al. [34]
considered the effect of parameter uncertainty on
dynamic performance and kinematic precision of
planar space deployable mechanism considering
clearance. Zheng et al. [35] put forward a model of
planar mechanism with clearance considering viscos-
ity, and took crank-slider mechanism as an example to
prove that viscosity will infect the dynamic charac-
teristics of system.

To sum up, previous studies often focused on
dynamic simulation research of mechanism and the
experimental study of simple mechanism with clear-
ance, while there are few studies on dynamic behavior
and experimental study of complex mechanisms with
multiple lubricated clearances. Based on this back-
ground, this paper takes 2-DOF O9-bar press

mechanism as a research object, the dynamic behavior
and experimental study of complex mechanism con-
sidering multiple clearances is researched. The
arrangement of this study is as follows: In chapter 2,
the mathematical models of dry friction clearance and
lubricated clearance is established, respectively. In
chapter 3, the dynamic model of mechanism consid-
ering clearances according to Lagrange multiplier
method is developed. In chapter 4, the effects of
clearance values, material of clearance-shaft and
crank driving speeds on dynamic behavior of press
mechanism considering dry friction clearances and
lubricated clearances are analyzed and predicted. In
chapter 5, a simplified experimental platform of
2-DOF 9-bar press mechanism was built, and the
impact of different parameters on dynamics of plat-
form is researched. The comparison between experi-
mental results and theoretical results verified the
correctness of the theoretical model.

2 Modeling of revolute clearance
2.1 Dry friction clearance model

In this paper, the “contact-separation-collision” three
state model is used to describe the relative relationship
between the elements of the revolute clearance joint
[36]. The model comprehensively considers the con-
tact, separation and collision of the elements of the
revolute clearance joint in the process of motion, as
well as the transition process from the collision state to
the continuous contact state, which is more in line with
the actual motion of the elements of the revolute
clearance joint. Therefore, it is widely used in the
clearance modeling of mechanisms considering revo-
lute clearance joint, as shown in Fig. 1.

As depicted in Fig. 2, the eccentricity vector of dry
friction clearance is given by

6’1:"1-3—)'? (1)

! J

where r and rjP represent position vectors of centroid

of bearing and shaft.
Embedding depth of dry friction clearance
expresses as

(51817}" (2)

where r means clearance value, and » = R; — R;.
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Fig. 1 Three state model of revolute clearance joint

Bearing

Fig. 2 Dry friction clearance model

The velocity of the collision point is decomposed
into normal velocity (v,) and tangential velocity (v,),
yielding

{ v = (7% = i)'n

P — ot

(3)

v = (

where i'lQ’ and i'JQf represent velocity vectors at point of
impact of shaft and bearing, respectively, when
collision occurs.

When the mechanism is simulated, the motion state
of the shaft in the bearing can be judged by the
following formula
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0(1,)0(tyr1) <0 Free state
0(t,)0(ty+1) =0 Continuous contact state
0(t)0(tps1) >0 Collision state

(4)
where J(#,) represents the collision depth at the time

fn, O(t,+1) represents the collision depth at the time

Int1-

The Lankarani-Nikravesh (L-N) model is widely
utilized to settle the normal collision force of revolute
clearance [9, 32, 33], which could be expressed as

o <R,R, )%[1+3(1_—C?)51 )

3(0i+0)) \Ri+R; 450

12 . L
where 6, = —(m = i,j), v, represents Poisson’s

ratio, E,, represents elastic modulus, 5") means initial
impact velocity, n is exponent and set to 1.5 [20, 30],
c. means recovery coefficient.

Modified Coulomb friction model is usually uti-
lized to settle tangential friction of clearance [11, 32],
which is given by

Ve
F, = —creyF,, —
t ftd n|Vt‘
0 [ve| <o
=< —c [Vl =vo Fusign(ve) vo<|v| <wy (6)
V1i—Vo
—crFysign(vy) [ve] > vy

where ¢y represents friction coefficient, ¢ represents
correction coefficient, vg and v; are the limit speed.

To sum up, the impact force of dry friction
clearance can be given as

Fay = Fun + Fit (7)

2.2 Lubricated clearance model

Adding lubricant to the clearance is one of the most
effective method to increase the stability of mechan-
ical system, so to establish a reasonable model to
describe lubricated clearance is completely necessary.

In this paper, the lubricated clearance model is
built, as depicted in Fig. 3, the eccentricity vector of
lubricated clearance is given by

ezzl';-g—l“-g (8)

J
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Bearing Lubricant oil

o X

Fig. 3 Lubricated clearance model

where r and er are position vectors of centroid of shaft
and bearing of lubricated clearance.

At present, Reynolds equation is usually used to
solve the oil film pressure of lubricated clearance
[6, 23], which could be expressed as

o (W op o (Wop Oh dh
a(;a) +6—Z<Z6_z> —6Ua+125 9)

where h means film thickness, p means pressure, x and
z mean radial and axial directions, respectively, p
means dynamic viscosity, U means relative tangential
velocity.

The right two terms of Eq. (11) are represented
wedge-film force and squeeze-film force, respectively.
Because Eq. (11) is a non-homogeneous equation, so
it is difficult to solve directly. In this paper, because
the length to radius ratio of the bearing is larger than 2,
so it can be regarded as an infinite short bearing, that
is, assuming that the second term on the left of
Eq. (11)is 0.

Pinkus and Sternlicht proposed a force model of
lubricated clearance, when ¢&>0, the model is
expressed as

_ —O6uRL g 4ke? k+3
e (1—e) \(2+¢&) "k+15
(10)
C6URL  me(w—2j) k43 (11)
ut — r2 (2 + &2)(1 _ 82)05 k + 15

When ¢ <0, the model is expressed as

F _—6uR?L I3 4ke? k
T -2y \2+¢) "k+15

(12)

_ 6uR’L

t
I rz

me(w — 27y) k
2+e)(1—e)k+ 15

(13)

In Eq. 12 to Eq. 15, ¢ and y represent eccentricity
ratio and offset angle, respectively. ¢ and y represent
the first derivative against time of eccentricity ratio
and offset angle, respectively. And the calculation
formula for each parameter is as follows: &= 872,

y= arctan (z—‘), {=2, =% Parameter k is given

€

L 05
by k = ((1 - 82)((“’;‘3") +8i2)) , where @ means
relative angular velocity.

The lubricated force would change suddenly when
7y tends to 0. Therefore, the correction factor m is
introduced to modify the model, and the modified
model is given as

| Fu if ggp<e<1

Fonn = {8’"F,U if 0<e<e (14)
_ F, if g<e<ld

Fani = {e’”F#, if 0<e<eg (15)

where ¢, means parameter of modified interval.
Therefore, the modified lubricated force model is
given as

Fy
R
Flores [37] presented a transition model from dry
friction clearance to lubricated clearance, which
solves the problem of numerical integration instability

when the eccentricity is close to 1, the transition model
expresses as

F, =

(16)

Fincosy — Frye siny
Fn siny + Fy cosy

F, if e;<r
r ey) — e e —r
F= (r + eo) 2Fy+2—Fp, if r<es<r+e
€o €o
FDyy if ey >r—+ ey

(17)

where F is the force between bearing and shaft, ¢y is
offset distance.
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3 Dynamic modeling of press mechanism
considering clearances

The structure of 2-DOF 9-bar press mechanism is
shown in Fig. 4. This mechanism includes frame (Ls),
cranks (L, L4), connecting rods (L, L3, Le, L7, Lg) and
slider (Sy). The slider is connected with the frame
through a moving pair, and the other joints are
connected by rotating pair, in which joint A and joint
B are clearance joints. This mechanism has 8 movable
members and 11 low pairs, so according to the DOF
calculation formula, the mechanism has 2 DOF.
Therefore, in order to ensure a definite movement of
the mechanism, the cranks (L, L) are directly driven
by the motor.

In this paper, the Lagrange multiplier method is
used to model the dynamics of system, and the
generalized coordinates of each member is given by

gi=(x yi 0) (i=1,..9,i#5) (18)

where x; and y; mean generalized coordinates of
member i in X and Y directions, respectively. And 0;
represents rotation angle of member i in X direction.

When considering the clearance between joints A
and B, the displacement constraint equation of mech-
anism is given as

Acceleration constraint equation is acquired by first
derivative of Eq. (22) against time, which expresses as

Dy = —(Dq) G — 2Pyl — Py =7 (21)

where ¢ represents generalized acceleration vector,
Dy = 020524, Py = 0201

Establish the dynamic equation about Lagrange
multiplier 4, which expresses as

MG+ ®)i=g (22)

where g means generalized force, M means mass
matrix.

Simultaneous Egs. (23) and (24), the dynamic
equation is given as

(o, ¥)(2)- () @

In order to acquire more stable simulation results,
the Baumgarte coefficients are introduced, and the
modified dynamic equation is given by

(cﬁ q:’g)(‘ﬁ'%(ymiﬁw)) (24)

where(l-):%,cx:ﬂ:SO.

x1 — Ly cos 01;y1 — Ly sin 015 x4 — Ly €08 045 y4 — Lga sin 04 + Is;

®(q,1) =

x7 — Lgcost; —xy — Ly cosby;y7 — Lygsinfl; — y, — Ly sin 6,

x7 — Ly cos 07 — x3 — Lgz cos 03;y7 — Ly sin 07 — y3 — Lg; sin 03;

x7 4+ Lg7 cos 07 — xg + Lgg cos Og; y7 + Ly sin; — yg + Lg sinfg; | =0 (19)

X7 + Lg7 cos 07 — xg — Lgg cos Ug; y7 + Lg7 sin 07 — yg — Lgg sin Og;

X6 — Lo cos Og — hy; ye — Lyg sin O — hy; xo — Lgg cos 0y — xg;

yo — Lyg sin 03 — yg: xo — hg; 09 — 90 ;0 — w1t 4+ 39.52"; 04 — wat — 199.47

Velocity constraint equation is given as
Dg=-D, =0 (20)

where @, represents Jacobian matrix, @, = %—f,

D, = ai;.q' represents generalized velocity vector.
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4 Simulation result of dynamic behavior
of mechanism

The solution flowchart of dynamics of press mecha-
nism considering dry friction clearances and
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Fig. 4 Structural diagram 66
of 2-DOF 9-bar press
mechanism hy L h".
L %\
...... S7 L
LS" 08
L L 5
3 Lgs (At Y
Lg,
L, 4 S8\ \Lg
0,

lubricated clearances are depicted in Figs. 5 and 6, are calculated according to L-N model and

respectively. modified Coulomb friction model, respectively.
As shown in Fig. 5, the specific steps are as follows. (3) The dry friction clearance model is embedded
. . - into the rigid body d i ti tab-

(1) Define simulation data and initial conditions of 1to the Tigid body dynamic equation esta

(@)

press mechanism.

The dry friction clearance model of the rotating
pair is established and judge the collision state
of the elements of the rotating pair. If the shaft
and bearing do not collide, then F,, = 0, F, = 0.
If the shaft and bearing collide, the normal
contact force F,, and tangential friction force F;

(4)

lished by Lagrange multiplier method, and its
dynamics is solved based on fourth-order
Runge—Kautta algorithm.

Cycle through the above steps until the
simulation is complete.

As shown in Fig. 6, the specific steps are as follows.

Define Simulation Define initial
data of press »  conditions 2—><_Is there contact?
mechanism X, No
Yes
v
Contact for E=
ontact force F =0
t=t+At
7'}
No A 4
Solving dynamic equation
Yes i ..
qaqaq Qq 0 ﬂ. y_za@_ﬁZQ

Fig. 5 The solution flowchart of dynamics of press mechanism considering dry friction clearances
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Define Simulation
data of press

A 4

Define initial
conditions
mechanism X5 Y6,

No

\ 4
0
Q‘/
3

A v
Calculate dry . Calculate mllxed fo‘rce Calculate
i ) includes lubricated force E ~
t=t+At friction force SRS lubricated force
< and dry friction force
Solving dynamic equation
» T (7 <
No »l( M ¢q q _ g i <
® 0 i) (y-200-p0
Yes tain |
t>t., obtair
q9-49-9

Fig. 6 The solution flowchart of dynamics of press mechanism considering lubricated clearances

ey
@

Table 1 Simulation data of
clearance

Define simulation data and initial conditions of
press mechanism.

The solution process of impact force of
lubricated clearance is as follows. If e; <r, the
shaft is not in direct contact with bearing, so
only the lubricated force is considered. If
r<e; <r+eg, The shaft and bearing are in
transition state, and mixed force includes lubri-
cated force and dry friction force is considered.
If e; > r + eg, the shaft is in direct contact with

bearing, so only the dry friction force is
considered.

(3) The lubricated clearance model is embedded
into the rigid body dynamic equation estab-
lished by Lagrange multiplier method, and its
dynamics is solved based on fourth-order
Runge—Kutta algorithm.

(4)  Cycle through the above steps until the
simulation is complete.

Parameter Values Parameter Values
Bearing radius R; 0.015(m) limit speed v; 0.001(m/s)
Bearing length L 0.04(m) limit speed vy 0.0001(m/s)
Dynamic viscosity u 100cp Elastic modulus of aluminum alloy 70(GPa)
Friction coefficient ¢y 0.15 Elastic modulus of steel 206(GPa)
Integral step d,(s) 0.0001 Exponent n 1.5
Recovery coefficient c, 0.9 Modified interval & 2% 10°°
Poisson’s ratio v;,vg 0.3
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Table 2 Simulation data of

echamism Member Mass (Kg) Length (m) Moment of inertia(Kg - m?)
L 0.142 0.080 3.030 x 1074
L, 0.284 0.250 1.479 x 1073
Ly 0.396 0.350 4.042 x 1073
Ly 0.142 0.080 3.029 x 10~
Lo 0.204 0.180 3.683 x 1073
L, 0.277 0.247 3.076 x 1073
Lg 0.341 0.300 2.558 x 1073
So 0.112 - 2.320 x 10~
hy - 0.500 -

h - 0 -

4.1 Simulation data

The simulation data of 2-DOF 9-bar press mechanism
are shown in Tables 1 and 2.

4.2 Influence of clearance values on dynamic
behavior

In this section, the influence of clearance values on
dynamic behavior of press mechanism is researched.
Choose the material of clearance-shaft as aluminum
alloy, and the driving speeds are w; = 2nrad/s w4 =
—2mrad/s. The impact of different clearance values of
0.3 mm, 0.5 mm and 0.8 mm on dynamic behavior of
mechanism considering dry friction clearances and
lubricated clearances is discussed, respectively.

The dynamic behavior of different clearance values
to mechanism considering dry friction clearances is
shown in Figs. 7, 8.

Asis seen from Fig. 7, when the clearance values of
dry friction clearance are 0.3 mm, 0.5 mm and

0.8 mm, respectively, the maximum displacement
errors of slider are — 0.00277 m, — 0.00314 m and
-0.00371 m, respectively, the maximum velocity
errors are — 0.0232 m/s, — 0.0276 m/s and —
0.0334 m/s, respectively, and the maximum acceler-
ation errors are 1.721 m/s?, 1.888 m/s> and 4.214 m/
sz, respectively. To summarize, with the increase in
clearance values, the motion characteristics of slider
fluctuate more and more, and the errors also increase.
This is because the larger the clearance values, the
more uncertain motion state between the elements of
revolute clearance joint, resulting in the increase in the
errors of slider.

As shown in Fig. 8, the impact force at clearance
will continue to increase with the increase in clearance
values. When the dry friction clearance values are
0.3 mm, 0.5 mm and 0.8 mm, respectively, the max-
imum impact forces at clearance A are 159.3 N,
315.4 N and 159.3 N, respectively, and the maximum
impact forces at clearance B are 79.1 N, 320.8 N and
430.8 N, respectively. The impact force fluctuates

1 X 107 . . -
S S 4 ~——Clearance=0.3mm |
—~ ~— Clearance=0.3mm 0.02 & —— Clearance=0.5mm
\E, 0 — Clearance=0.5mm =z < |——Clearance=0.8mm |
5 —— Clearance=0.8mm g E 2
= = S
=
£, > g
g2 5 —cimeosmn]| B
& 2 0.02 —Clcarance=0.3mm | | ko]
= 3 ~~ § R ——Clecarance=0.5mm g -2
A y — L —Clcarancc=0.8mm | é
A
-4 -0.04 -4
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s) Time (s)
(a) Displacement error (b) Velocity error (¢) Acceleration error

Fig. 7 The error of motion characteristics of slider
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Fig. 8 Impact force of dry 500 500
friction clearance ——Clearance=0.3mm |——Clearance=0.3mm
400 —Clearance=0.5mm 400 —Clearance=0.5mm
= —— Clearance=0.8mm ~ —— Clearance=0.8mm
4 Z
ks ko
2 300 © 300
2 <
S 200 § 200
£ =
100 100
0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)
(a) Clearance A (b) Clearance B
%107
0.5 0.02 0.3
~ ——Clearance=0.3mm ~——Clcarance=0.3mm —~
0 _ {5 ]
g —— Clcarance=0.5mm @ —— Clearance=0.5mm » 02
\g 055 — Clearance=0.8mm E 0.01¢ ——Clcarance=0.8mm E
g = s 0.1
Q o =}
= -l = 5]
g o 0 = 0
£-15 2 2
3 'S £ 0.1
2 2 < -001 - : =
% g e 3 ~——Clearance=0.3mm
0 -2.5 < -0.2 ——Clearance=0.5mm
—— Clcarance=0.8mm
3 -0.02! 0.3
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Time (s) Time (s) Time (s)
(a) Displacement error (b) Velocity error (c) Acceleration error
Fig. 9 The error of motion characteristics of slider
14
——Clearance=0.3mm ——Clearance=0.3mm
12 —Clearance=0.5mm —Clearance=0.5mm
o —— Clearance=0.8mm ~ —— Clearance=0.8mm
Z 10 Z
] T
2 g 3
& &
2% g
E 4 E
2
0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)
(a) Clearance A (b) Clearance B

Fig. 10 Impact force of lubricated clearance

violently in the range of [0, 0.08 s] and tends to be flat
after 0.08 s. This is because the shaft and bearing
collide violently at the beginning of operation, so the
impact force fluctuates greatly. After stable operation,
the motion state of shaft and bearing is also relatively
stable, so the impact force becomes stable.
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The dynamic behavior of different clearance values
to mechanism considering lubricated clearances is
shown in Figs. 9, 10.

As can be seen from Fig. 9, when the clearance
values of lubricated clearances are 0.3 mm, 0.5 mm
and 0.8 mm, respectively, the maximum displacement
errors of slider are 0.00242 m, 0.00254 m and
0.00286 m, respectively, the maximum velocity errors
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are 0.0116 m/s, 0.0130 m/s and 0.0155 m/s, respec-
tively, the maximum acceleration errors are 0.2012 m/
s, 0.2304 m/s* and 0.2753 m/s?, respectively. Con-
sistent with the law of dry friction clearance, the errors
of mechanism with lubricated clearances are also
increasing when clearance values become larger.
However, compared with the dry friction clearance,
the lubricated clearances reduce the errors of the
output response of mechanism, especially the accel-
eration error.

As shown in Fig. 10, the clearance value has little
influence on impact force of lubricated clearance, and
the impact force is only slightly different at the initial
movement. Moreover, compared with the impact force
considering dry friction clearance, the impact force
considering lubricated clearance is greatly reduced.
Therefore, lubricated clearance can reduce the influ-
ence of clearance effect on dynamic behavior of
mechanism.

4.3 Influence of the material of clearance-shaft
on dynamic behavior

Clearance-shaft of different materials have different
elastic modulus, so in theory, the impact on mecha-
nism with clearances during operation is different. In
this section, the crank driving speeds are w; =
3mrad/s w4 = 3nrad/s and the clearance values are
0.5 mm. The impact of clearance-shaft made of
aluminum alloy and type 45 steel on dynamic behavior
of press mechanism considering dry friction clear-

The dynamic behavior of different clearance-shaft
to mechanism considering dry friction clearances is
shown in Figs. 11, 12.

As shown in Figs. 11, 12, the different clearance-
shaft materials have little impact on displacement and
velocity of slider, but have an obvious influence on
acceleration. When the material of clearance-shaft is
aluminum alloy and type 45 steel, respectively, the
maximum acceleration errors are 157.2 m/s® and
255.9 m/s%, respectively; the maximum impact forces
at clearance A are 319.4 N and 482.2 N, respectively,
and the maximum impact forces at clearance B are
321.6 N and 540.7 N, respectively.

This result shows that the elastic modulus will have
an impact on dynamic behavior of mechanism
considering dry friction clearances, and the greater
the elastic modulus of material, the greater the impact
on dynamics of mechanism. This is because the
greater the elastic modulus, the less easy the material
is to deform and the stronger the brittleness, so the
more violent vibration will be generated when the
shaft collides with the bearing, resulting in the greater
the collision force at the clearance.

The dynamic behavior of different clearance-shaft
to mechanism considering lubricated clearances is
shown in Figs. 13, 14.

As is seen from Figs. 13, 14, the different clear-
ance-shaft materials have little influence on the motion
characteristics and impact force of mechanism with
lubricated clearances. According to the lubricated
clearance model established in Sect. 2.2, the lubricat-

ances and lubricated clearances are studied, ing oil film will be formed between the shaft and
respectively. bearing, so only the lubricated force is considered
-3
05 % 10 . i § 0.1 200 : )
— Aluminium alloy —— Aluminium alloy = — Aluminium alloy
,E 0 —T: 45 steel o —Type 45 steel s —Type 45 steel
N @ = 100 ¢
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) 5 g
g -l & g
Q
E-15] 2 2.
R 2 ks
g 2 3
B .25t 2
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0 0.2 04 0.6 0.8 0 0.2 04 0.6 08 0 0.2 04 0.6 08
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(a) Displacement error (b) Velocity error (¢) Acceleration error

Fig. 11 The error of motion characteristics of slider
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Fig. 12 Impact force of dry 500 600
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Fig. 13 The error of motion characteristics of slider
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Fig. 14 Impact force of lubricated clearance
when e; <r. In other words, when the mechanism 4.4 Influence of crank driving speeds on dynamic
operates at medium or low speed, the shaft and bearing behavior
in the model will not be in direct contact due to the
action of oil film. This is the reason that the material of In this section, the influence of different driving speeds
clearance-shaft will hardly affect the mechanism with on dynamic behavior of press mechanism considering
lubricated clearances. dry friction clearances and lubricated clearances is
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Fig. 16 The error of motion characteristics of slider when driving speeds are w; = 5nrad/s, wy = —5mrad/s
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Fig. 17 The error of motion characteristics of slider when driving speeds are w; = 8nrad/s, w, = —8mrad/s

studied. The material of clearance-shaft is aluminum
alloy, and the clearance value is 0.6 mm. The effects
of driving speed on dynamic behavior of mechanism
are  discussed ~when driving speeds are
w; = 3nrad/s, ws = —3mrad/s, w; =

Smrad/s, w4 = —5mrad/s and
oy = 8nrad/s, w4 = —8nrad/s, respectively.

The influence of different driving speeds on
dynamic behavior of mechanism with dry friction
clearances and lubricated clearances is shown in

Figs. 15, 17.
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As is seen from Figs. 15, 16, 17, when dry friction
clearances of press mechanism are considered, and
when the driving speeds are w; = 3mrad/s, w4 =
—3nrad/s,w; = 5nrad/s, w4 = —5nrad/s and
wy = 8nrad/s, w4 = —8nrad/s, respectively, the
maximum displacement errors of slider are 1.256 x
1073 m, 1.819 x 1073 m, 2.567 x 1073 m, respec-
tively, the maximum velocity error of slider are
0.0780 m/s, 0.1163 m/s, 0.1526 m/s, respectively,
and the maximum acceleration error of slider are
117.8 m/s?, 317.4 m/s>, 533.2 m/s®, respectively.
When lubricated clearances of mechanism are con-
sidered, and when the driving speeds are @ = 3nrad/
s, oy = —3nrad  /s,w; = Snrad/s, w4 = —5nrad/
nulldelimiterspaces,w; = 8nrad/s, w4 = —8nrad/s,
respectively, the maximum displacement error of
slider are 1.241 x 1073 m, 1.525 x 1073 m, 2.298 x
1073 m, respectively, the maximum velocity error of

slider are 0.0310 m/s, 0.0545 m/s, 0.1109 m/s,
respectively, and the maximum acceleration error of
slider are 0.5652 m/s®, 11.69 m/s*, 64.38 m/s’,
respectively. It can be seen that the displacement,
velocity and acceleration errors of slider are increasing
with the increase in the driving speeds. In addition, the
lubricated clearances can reduce the output error of
slider, especially the acceleration error.

The influence of different driving speeds on Impact
force of clearance is shown in Figs. 18, 19, 20.

As is seen from Figs. 18, 19, 20, when dry friction
clearances of press mechanism are considered, and

when the driving speeds are ;= 3mrad/
nulldelimiterspaces, wy = —3mrad/s,w; = Smrad/s,
w4y = —5mrad/s and w; = 8mrad/s, ws =

—8mrad/s, respectively, the maximum impact forces
at clearance A are 233.3 N, 287.2 N and 753.1 N,
respectively, and the maximum impact forces at
clearance B are 322.6 N, 436.2 N and 9264 N,

250 350
—Dry friction clearance — Dry friction clearance
200 — Lubricated clearance 300 — Lubricated clearance
z
S 150
<
é 100
g
50
0
0 0.2 0.4 0.6 0 0.2 0.4 0.6
Time (s) Time (s)
(a) Clearance A (b) Clearance B
Fig. 18 Impact force of clearance when driving speeds are «; = 3nrad/s, w4 = —3nrad/s
300 500
— Dry friction clearance] — Dry friction clearance
250 — Lubricated clearance — Lubricated clearance
- A400
Z Z
S 200 S
2 2
< 150 =
51 51
& &
g 100 g
50
0
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time (s) Time (s)
(a) Clearance A (b) Clearance B
Fig. 19 Impact force of clearance when driving speeds are w; = Smrad/s, w4 = —5nrad/s

@ Springer



Experimental verification of dynamic behavior for multi-link press

721

800 1000
——Dry friction clearance ——Dry friction clearance
— Lubricated clearance — Lubricated clearance
600 . 800
z’ z
T T
o 2 600
< 400 2
S g 400
2, =*
=] =]
= 200 =
200 “ |
0 0
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
Time (s) Time (s)
(a) Clearance A (b) Clearance B
Fig. 20 Impact force of clearance when driving speeds are w; = 8mrad/s, wy, = —8mnrad/s

(a) Entity diagram

Fig. 21 Experimental platform of press mechanism

respectively. When lubricated clearances of press
mechanism are considered, and when the driving
speeds are w; = 3mrad/s, ws = —3mrad/s,w; =
Smrad/s, w4 = —5mrad/s and w; = 8nrad/s, w4 =
—8mrad/s, respectively, the maximum impact forces
at clearance A are 18.61 N, 46.0 N and 170.5 N,
respectively, and the maximum impact forces at
clearance B are 15.18 N, 57.81 N and 174.2 N,
respectively. In summary, with the continuous
increase in the driving speed, the impact force of
clearance increase accordingly. However, at the same
driving speed, the peak impact force at the clearance of
mechanism with lubricated clearance are much less
than those with dry friction clearances. In addition, the

(b) Structure diagram
1-Frame, 2-Baseplate, 3-L,, 4-L,, 5-L,, 6-L;, 7-Ls, 8-L;, 9-Lg, 10-Slider, 11-Guild rail, 12-Pin shaft

contact force at clearance B is greater than that at
clearance A.

5 Experimental study
5.1 Construction of experimental platform

In this chapter, the simplified experimental platform of
2-DOF 9-bar press mechanism is built and the
correctness of the theoretical results and the model is
verified. This platform includes 2-DOF 9-bar mech-
anism, acceleration sensor, data acquisition card and
PC terminal, as shown in Fig. 21. The material of the
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experimental platform is aluminum alloy and the
density is 2800 kg/m’.

The principle of the test is that the crank (L and L)
is driven to rotate by the servo motor, thereby driving
the slider (So) to reciprocate in the guide rail. The end
of slider is connected with an acceleration sensor (as
shown in Fig. 22) to capture the acceleration signal of
slider. The signal is collected by the data acquisition
card (as shown in Fig. 23) and transmitted to the PC
terminal, then the data are processed and stored by
LabVIEW software.

Fig. 22 Type MPS-ACCO1X acceleration sensor

Fig. 23 Type MPS-060602
data acquisition card

@ Springer

5.2 Experimental verification of the influence
of clearance value on dynamic behavior

In this section, the influence of different clearance
values on dynamic behavior of experimental platform
is researched. Choose the driving speed as
w; = 3nrad/s w4 = —3mrad/s, and the material of
clearance-shaft is aluminum alloy. The effects of
different clearance values on dynamic behavior of
experimental platform with dry friction clearances and
lubricated clearances are discussed, as shown in
Figs. 24, 25. The experimental results and theoretical
results are compared and analyzed, as shown in
Figs. 26, 27.

As shown in Figs. 24, 25, the acceleration of slider
in a period of time after the stable operation of
mechanism is analyzed. The experimental results
show that the acceleration trend of slider is completely
consistent at different clearance values, and only the
peak values is different. When clearance values are
0.3 mm and 0.6 mm, respectively, the maximum
acceleration peaks of mechanism considering dry
friction clearance are 52.78 m/s> and 64.41 m/sz,
respectively. And the maximum acceleration peaks
of mechanism considering lubricated clearances are
41.74 m/s* and 51.88 m/s*, respectively. It can be
found that the acceleration of slider is larger when the
clearance values is larger. And the lubricated clear-
ances can reduce the peak values of acceleration of
slider. This result also confirms the correctness of the
theoretical analysis in Sect. 4.2.

As is seen from Figs. 26, 27, theoretical results and
experimental results of different clearance values are
compared when considering dry friction clearances
and lubricated clearances of mechanism. The results

MPS-060602

e USB2. 0 Power Supply

e Two Synchronus Inputs

e High Speed & High Precision
e IEPE Sensor Supported

16bit IEPE Signal Acquisition

INT IN2
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Fig. 24 Experimental study of different clearance values when considering dry friction clearance
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show that the experimental results are basically
consistent with the theoretical results. The peak value
of theoretical result is larger than experimental result
when considering dry friction clearances. The reason
is that during the test, lubricant oil will be added
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between the guide rail and the sliding block in order to
make the mechanism run more smoothly, resulting in
that the peak value of experimental acceleration of
slider is smaller than theoretical acceleration.
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5.3 Experimental verification of the influence
of material of clearance-shaft on dynamic
behavior

In this section, the influence of different materials of
clearance-shaft on dynamic behavior of experimental
platform is researched. Choose the clearance values as
0.3 mm and  the driving speeds are
w; = 3nrad/s w4 = —3mrad/s. The material of
clearance-shaft are aluminum alloy and type 45 steel,
respectively. The impact of different clearance-shaft
materials on dynamic behavior of experimental plat-
form with dry friction clearances and lubricated
clearances are discussed, as shown in Figs. 28, 29.
The experimental results and theoretical results are
compared and analyzed, as shown in Figs. 30, 31.

As is seen from Figs. 28, 29, when the material of
clearance-shaft are aluminum alloy and type 45 steel,
respectively, the maximum acceleration of mechanism
considering dry friction clearance are 41.74 m/s* and
81.07 m/s?, respectively. And the maximum acceler-
ation of mechanism considering lubricated clearance
are 36.68 m/s” and 52.78 m/s?, respectively. It can be

0.6 0 0.2 0.4 0.6
Time(s)

(b) Type 45 steel

found that the peak value of acceleration is greater
when the material of clearance-shaft is type 45 steel.
And compared to dry friction clearance, the lubricated
clearances can reduce the peak acceleration of slider.
This result proves the impact of the material of
clearance-shaft on dynamic behavior of mechanism
with dry friction clearance mentioned in Sect. 4.3.
However, it is mentioned in Sect. 4.3 that the material
of clearance-shaft has little impact on dynamic of
mechanism with lubricated clearance, which is differ-
ent from the results obtained in the experiment. This is
because during the test, the extrusion force generated
by the mechanism during dynamic operation is large,
and the sealing performance of the sealing ring cannot
be perfectly guaranteed, which leads to the
inevitable leakage of lubricant oil. A more reliable
sealing method will be considered in the later exper-
imental study.

As shown in Figs. 30, 31, theoretical results and
experimental results of different material of clearance-
shaft are compared when considering dry friction
clearances and lubricated clearances of mechanism.
The results show that the experimental results are
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Fig. 32 Experimental study when driving speeds are @, = 2nrad/s w, = —2mrad/s
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Fig. 33 Experimental study when driving speeds are w; = 3nrad/s ws = —3mrad/s

basically consistent with the theoretical results, but the
vibration frequency of the experimental results is
higher. This is caused by vibration of experimental
platform and accuracy errors of the measurement
system.

5.4 Experimental verification of the influence
of driving speeds on dynamic behavior

In this section, the influence of different driving speeds
on dynamic behavior of experimental platform is
researched. Choose the clearance value as 0.3 mm and
the material of clearance-shaft is aluminum alloy. The
dynamic behavior of experimental platform with dry
friction clearances and lubricated clearances is

@ Springer

analyzed when driving speeds are ;=
2nrad/s w4 = —2mrad/s and ; = 3nrad/s w4 =
—3mrad/s, as shown in Figs. 32, 33. The experimental
results and theoretical results are compared and
analyzed, as shown in Figs. 34, 35.

As shown in Fig. 32, when the driving speeds are
w; = 2nrad/s w4 = —2mrad/s, the maximum accel-
eration of mechanism considering dry friction clear-
ance and lubricated clearance are 46.22 m/s® and
36.08 m/s?, respectively. As shown in Fig. 33, when
the driving speeds are ;= 3nrad/s w4 =
—3mrad/s, the maximum acceleration of mechanism
considering dry friction clearances and lubricated
clearances are 56.37 m/s®> and 37.57 m/sz, respec-
tively. The existence of lubricated clearance reduces
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the acceleration of slider, which is consistent with the
conclusion in Sect. 4.4. In addition, the higher the
driving speed, the greater the peak acceleration of
mechanism, which is consistent with the results of
theoretical analysis.

As shown in Figs. 34, 35, the acceleration of
mechanism considering dry friction clearances and
lubricated clearances is compared with the theoretical
results, respectively. And the results show that the
trend of the experimental result is basically consistent
with the theoretical results.

6 Conclusions

Experimental verification of dynamic behavior for
multi-link press mechanism with 2D revolute joint
considering dry friction clearances and lubricated
clearances is researched in this paper, main conclu-
sions are as follows:

(1) The dry friction clearance model and lubricated
clearance model are established and the rigid
body dynamic model of press mechanism con-
sidering 2D revolute clearances based on
Lagrange multiplier method is developed.

(2) The impact of clearance values, material of
clearance-shaft and driving speeds on dynamic
behavior of mechanism with dry friction clear-
ances and lubricated clearances are researched.
The results show that the larger the clearance
values and driving speeds, the larger the output
errors and impact force of mechanism. The
material of clearance-shaft has a great influence
on mechanism considering dry friction clear-
ances, but has little influence on mechanism
considering lubricated clearances.

(3) The experimental platform of 2-DOF 9-bar
press mechanism with clearances is built, and
the effects of different factors on its dynamic
behavior are studied. The results show that the
trend of the theoretical results is basically
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consistent with the test results under different
parameters, so thus to verify the correctness of
theoretical model and analysis.
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