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Abstract In mechanical system, the -clearance
between revolute joints is ineluctable, which will
influence the motion precision and constancy of the
system. Currently, studies of simple mechanisms with
single clearance are relatively mature, but in-depth
studies of sophisticated mechanisms with several
clearances are not enough. For the purpose of inves-
tigating non-linear dynamic properties of multiple
clearances and multi-degree of freedom complex
mechanisms, a nonlinear dynamic analysis frame-
work of multi-link mechanism with dry friction clear-
ances was proposed, the rigid body dynamic model
of planar 7-bar mechanism containing dry friction
clearances was built and analyzed in this paper. To
analyze effects of clearances on dynamic response of
the mechanism, taking a seven-bar press with mixed
driven as an illustration, a dynamic modeling and
analytical technique of press mechanism contain-
ing dry friction clearances was proposed. Firstly, the
clearance model was established according to rel-
evant geometrical relations, then contact force model
and friction model were established. Furthermore,
Lagrange multiplier method was adopted to set up the
rigid body dynamics equation which would be solved
by Runge—Kutta method. Secondly, influences of
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different factors on dynamic response were studied,
and correctness of model was verified by emulation
contrast with ADAMS. Thirdly, non-linear proper-
ties of mechanism were analyzed by related images.
Finally, the experimental platform of seven-bar mech-
anism was built to check the validity of outcomes.
The researches provided a foundation for prediction
of dynamic trajectory of press mechanism in theory,
and settled a solid basis for excogitation and fabrica-
tion of high-accuracy press mechanism.

Keywords 7-bar mechanism - Dry friction
clearances - Dynamic response - Non-linear
properties

1 Introduction

In actual production, as a result of existence of
machining accuracy, friction, wear, and so on, clear-
ances in kinematic joints are unavoidable. Clear-
ances could reduce machining accuracy, decrease the
service life of mechanical systems and even damage
parts. For example, in the polishing process of large-
sized ceramic slabs [1] by a polishing machine, there
will be clearances of the revolute joints between
the grinding plate and the frame, which will reduce
the polishing accuracy of ceramic slabs to a cer-
tain extent. Planar linkage is more common in
press mechanism, with universality and generality.
While the study of dynamic response and nonlinear
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characteristics can intuitively show the influence of
kinematic joint clearances on mechanical system.
Therefore, it is of vital essentiality to conduct mod-
eling and analysis of planar linkage mechanism with
dry friction clearances and to investigate effect of
clearances on its dynamic response and nonlinear
properties.

Currently, numbers of researchers have made
much progress when modeling and analyzing simple
mechanical constructs containing single clearance.
However, there are few studies relatively on multi-
clearance complex mechanisms. Ma et al. [2] put for-
ward a modeling method for contact force model of
complex contact surfaces. Chen, Feng et al. [3] car-
ried out dynamic modeling and dynamic character-
istics analysis of crank-slider mechanical constructs
with clearances. In optimizing the connecting bar
length, centroid position and other parameters of pla-
nar linkage mechanism, Etesami et al. [4] used multi-
objective inheritance method of calculation. Bai et al.
[5, 6] put forward an optimization technique for bad
oscillation due to clearances on connecting bar mech-
anism. Subsequently, they improved the configuration
of biaxial driven mechanism of satellite antenna with
double revolute joint clearances. Erkaya [7] studied
the effect of bulbar articulations with clearances and
flexible junctures on mechanism oscillation through
experiments. Chen, Zhang et al. [8] built rock-crack-
ing mechanism model of plane multi-clearance joints
and performed dynamic resolution. Chen et al. [9]
conducted rigid body dynamics modeling and analy-
sis of planar 9-bar mechanism containing clearances.
Marques et al. [10] considered effects of chafe mod-
eling in dynamic response of multi-body systems.
To calculate abrasion of low-speed revolute joints of
multi-link mechanisms, Lai et al. [11] raised an effi-
cacious technique. Oruganti et al. [12] researched
oscillation and impact phenomena of multi-clearance
systems by experimental and computational methods.
Ambrosio et al. [13] proposed an integrate formula
for clearance modeling of kinematic articulation in
several frame systems. Taking 4-bar mechanisms con-
taining two clearances of revolute joints as an exam-
ple, Tan et al. [14] proposed a consecutive research-
ing technique for multi-body dynamics system.
Song, Yang et al. [15] took planar shunt connection
mechanisms as an example to analyze coupling effect
of articulations with clearances and flexible links in
the parallel mechanism. Ebrahimi et al. [16] analyzed
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effects of clearances on vibration factors with regard
to instantaneous natural frequency and mode of vibra-
tion of flexible four-bar mechanism. Wang et al. [17]
raised frictional contact without penetrating analysis
method with regard to crank slider mechanism as an
example.

At the same time, many scholars have made innova-
tive breakthroughs in the analysis of dynamic response
of several connecting bars mechanisms containing sin-
gle clearance. However, analysis of dynamic response
as well as non-linear properties of complicated mech-
anisms with several clearances is relatively few. Chen
et al. [18] analyzed dynamic characteristics of multi-
clearance planar 4-bar mechanisms containing flexible
links. Erkaya [19] researched effects of clearances of
kinematic joints with regard to power consumption of
main actuator of mechanical system of three-dimen-
sional crank slider mechanisms. Jiang and Chen [20]
analyzed effects of different clearance sizes as well as
driving speeds with regard to composite clearances
mechanism through experiments. Chen et al. [21] stud-
ied influences of different clearances and friction mod-
els with regard to dynamic properties of two dimen-
sions mechanisms. Li, Wang et al. [22] studied dynamic
characteristics of two dimensions inflexible-flexible
coherent solar battery aligned system with clearances
of kinematic joint. Tan et al. [23] studied dynamic
properties of a planar mechanism containing clear-
ances on account of contact force model together with
LuGre friction model. To carry out dynamic analysis of
two dimensions mechanisms containing several clear-
ances of revolute joints, isometric analysis method was
adopted by Pi et al. [24]. Tan et al. [25] analyzed effects
of friction on dynamic properties of 4-bar mechanisms
with two dimensions containing clearance joints. Bai
et al. [26] studied effects of mechanism flexibility on
dynamic properties of a 4-bar mechanism with clear-
ances. Li et al. [27] took planar deployable structures
of shear elements on this account to analyze influences
of revolute joint clearances at distinct positions on their
dynamic behaviors. Varedi-koulaei et al. [28] analyzed
effects of clearances of kinematic pair with regard to
dynamics of 3RRR parallel robot with two dimensions.
To assess non-linear properties of multi-body mecha-
nisms, Chen et al. [29] proposed a synthetical method.
Wu, Sun et al. [30] analyzed system confusions prob-
lem of planar multi-clearance 4-bar mechanisms. Liu
et al. [31] studied bifurcation phenomenon of periodic
motion of a 3-DOF vibration-impact system containing
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clearances. Kong, Tian et al. [32] raised comprehen-
sive calculation techniques to study nonlinear sloshing
dynamics of liquid-filled space satellite system under
microgravity acceleration. Yousuf [33] studied the non-
linear deed of multi-wheel cam driven link configura-
tions through experiments and simulations.

Based on the above analysis, rare studies have been
done on complicated mechanisms containing several
clearances, the researches with regard to dynamic
response and non-linear properties of complicated
planar mechanisms containing several clearances
are also even less. At the same time, the researches
on the mechanism with clearances are mostly con-
centrated in theory, while the relevant experimen-
tal researches are less. Therefore, for the purpose of
analyzing dynamic response and nonlinear proper-
ties of mechanisms containing dry friction clearances
and researching effects of clearances with regard to
mechanical system, a nonlinear dynamic analysis
framework combining theory with experiment was
proposed. the article adopted 7-bar mechanisms as
an illustration to conduct a thorough research. The
structure of this article is as below. For Sect. 2, on
account of L-N model together with improved Cou-
lomb friction force model, contact force model in
normal direction as well as friction force model in
tangent direction of rotational joint clearances was
built separately. For Sect. 3, with regard to Lagrange
multiplier technique, dynamic model of 7-bar mecha-
nisms containing clearances was established. With
respect to Sect. 4, the influences of clearance, friction
coefficient and driving speed on dynamic response of
press were analyzed respectively. Furthermore, cor-
rectness of model is verified by simulation compari-
son between MATLAB and ADAMS. In Sect. 5, the
effects concerning clearance values as well as driving
velocity on the non-linear properties of press mecha-
nism were analyzed via using associated analysis
graph. In Sect. 6, experimental platform of seven-bar
mechanism was built, and validity of results in theory
was proved through tests.

2 Development of clearance model

2.1 Construction of the revolute clearance model

The vector model with regard to clearances is sig-
nified as Fig. 1. OXY is global coordinate of the

system.o;x;y; and o,x;y; are local coordinate system
of bearing and shaft respectively. o; and o, are cen-
troids of bearing together with shaft separately. M;
as well as M; is centers of bearing and shaft.

The eccentric vector of bearing together with
shaft is
e=n'—r ()

J

The unit vector of the eccentric vector is
n="2< 2
- @

Among them, e = V/eTe.
When the bearing and the shaft collide, the colli-
sion depth is

6=e—r (3)

where r refers to clearance value, r = R, — R;. R; as
well as R; is radius of bearing and shaft separately.

As is shown in Fig. 2, the corresponding motion
state of bearing and shaft could be divided into
unrestrained condition, successive contact condition
and collision condition.

Three kinds of motion states between revo-
lute joint elements can be judged by the depth of
collision.

When 6 < 0, there is no collision between bear-
ing and shaft;

When 6 = 0, bearing and shaft are in collision or
separation state;

When 6 > 0, a collision occurs between the bear-
ing and the shaft.

The collision occurs between ¢, and 1, ,
can be expressed as

5(tn)5(tn+1) <0 (4)

While the collision takes place, position vector
of collision point of shaft together with bearing is
expressed as

rﬁv=rﬁW+Rin
=Ry ®

which

First-order differentiation of formula (5) con-
cerning time can be obtained, and the velocity vec-
tor of collision point is
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Fig. 1 Vector model with
regard to revolute joint
clearances

Bearing

XV

Bearing

Bearing Bearing

N N]/,
(a) Unrestrained condition (b) Successive contact condition (¢) Collision condition
Fig. 2 Relative motion of elements in revolute joints

N =M+ RA The velocity vector of collision point is projected
i i i . . .

N MR 6) to two orientations perpendicular to each other of
J J J this plane where the collision occurs, and relative

speeds are
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v= (2 =) n
. (er _ rf\')Tt @)

2.2 Development of the normal contact force model

Lots of scholars have conducted numbers of anal-
yses of collision problems and discussed differ-
ent collision force models. In the article, improved
Hertz model was applied to establish normal con-
tact force model, which considered energy loss,
material characteristics and partly elastic deforma-
tion generated by collision. According to the litera-
ture [3, 15], its expression is

F,=Ké" + Dé (8)

where, F, is contact force of normal orientation; 6 is
relative penetration speed; n is the compensation fac-
tor, and the value depends on features of material; K
is stiffness coefficient; D is damping coefficient.

According to the literature [6], stiffness coeffi-
cient K is expressed as

4 RiRj
K= 9)
3(51' + 5j) R,‘ - Rj

1-p
Ey
bearing together with shaft; y, is the Poisson’s pro-
portion with regard to the bearing as well as shaft.

According to the literature [8], the damping coef-
ficient D is expressed as

2
where, 6, = —%(k =1i,j); E, is elastic modulus of

3K(1—=c?)s"

10
460 (10

Among this, ¢, is recovery parameter; 6 is pri-
mary collision speed.

2.3 Improvement of the tangent friction force model

Coulomb friction model is usually applied for con-
sidering friction caused by revolute joints. In Cou-
lomb friction model, friction force is positively
correlated with normal tension. At the same time,
orientation of friction force is opposite to relative
slipping speed. For the purpose of computing figure

constancy, Ambrosio raised an advanced friction
model based on primary Coulomb friction model
to calculate numerical constancy. According to the
literature [5, 23], the modified Coulomb friction is
shown in following formula.

vt

F= —Cdean an

Among this, ¢, is friction coefficient; v, is cor-
responding slipping speed; ¢, is motional revised
coefficient and according to the literature [14], its
expression is

0 NIAR
Cqg = |“:|+vv00,1)0 < |Vt| < Vi (12)
1 vl > v

where, v, as well as v, is limit values of quiescent
friction and dynamic friction velocities respectively.

Through analyzing above contact force of normal
orientation and tangential friction model, resultant
collision force with dry friction clearance could be
obtained.

Fopy = Fyn+ Fit (13)

The force and torque equivalent to the bearing
centroid are

T
Fy=Fn+Ft= [F;; F;j] (14)
N oy
My ==(5" =) Fy + (5 = %) F} (15)

where, Fl*] and Ff] represent the components of colli-

sion forces in X and Y directions.
Forces as well as moments effective to center of
mass of axis are

Fy = —F (16)

— N X Y
M= =(5) =3 ) Fy+ (2 =5 )P a7
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3 Dynamics modeling of seven-bar mechanism
concerning clearances

3.1 The constructive properties concerning the
mechanism

Structure diagram concerning seven-bar mechanism
is represented as Fig. 3. It contains a rack, driving
crank 1 and 4, connecting link 2, connecting link 3,
connecting link 6 and slider 7. Clearance A is situ-
ated at revolute joints with regard to driving crank
1 together with link 2, similarly clearance B is situ-
ated at revolute joints with regard to driving crank 4
together with link 3. Due to the clearance at the crank
has a great influence on the mechanism, position A

Fig. 3 Schematic diagram
of structure of hybrid driven

and B located at two cranks are adopted for analysis.
There are two DOF with regard to this mechanism. To
ensure a firm movement of this mechanism, a mixed
driven type is selected. In other words, driving crank
1 is operated through dc motor, while driving crank
4 is operated via servo device. Advantage of mixed
operation is that mechanism can achieve several dif-
ferent trajectories, and can meet the requirements of
different pressure machining processes. The mecha-
nism is widely used in low-speed and heavy-duty
mechanical systems and precision instruments.

seven bar press
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3.2 Establishment of dynamic model

According to Fig. 3, the corresponding global gener-
alized coordinates are as follows.

g=(x v 6) (=123467) (18)

Among this, x; together with y; is component with
regard to structural member i in X and Y orientations
in axes of whole situation. In addition, 6; is revolute
angle concerning i relative to positive direction of
X-axis.

Therefore, the generalized coordinates of planar
seven-bar mechanism are

_ (%151 01 x5, 0, x3 ;3 05
q_<xy0xy0xy0> (19)
4 Ya U4 Xo Yo Ug X7 Y7 U7

Each planar kinematic joint will introduce two
constraints. Ideally, a 7-bar mechanism in a plane
possesses 6 rotational joints, 1 translational joint
together with 2 driving restrictions, and 18 restrictive
equations could be produced. At the same time, the
clearances are taken into account at rotational joint A
along with B, and constraint equations of 2 kinematic
joints are reduced by 4. Therefore, restrictive equa-
tions of 7-bar mechanism in a plane containing dou-
ble clearances are

x, —Lg cos 6,

y1 — L sin 6,

Xy + Ly cos 0, —x3 — L cos 0,
Yo+ Lysing, —y; — L sinfs,
x4 — Ly cos 8, — Ly cos 6

Vs — Ly sinf, — Ls sin 65

Xy + Ly cos 6, — xg + L cos O

O(g.1) = =0 (20

Yo+ Ly sin€, — yg + Ly sin 6
Xg + Ly cos Og — x;

Yo + Ly sinbg — y;

Y7
6, — 180"
91 - a)lt

0, — 216.46° — w,t

First-order differentiation of formula (20) is taken
concerning time, and velocity constraint equation is
achieved.

quq =-®, =0 21

@, is Jacobian matrix with regard to restrictive equa-
tions, and it is obtained by taking partial derivatives of
the constraint equation to generalized coordinates,
D, = ’;—(Z; @, is partial differentiation with regard to
constraint equation concerning time, ®, = %;q is gen-
eral speed vector.

The second differentiation of formula (20) concern-
ing time is obtained, and restrictive equation of acceler-
ated speed is

D4 =—(P®q) 4 2P~ P, =7 (22)

where, § is generalized acceleration vector; (I)q, is
partial derivative of Jacobian matrix concerning time;
®,, is second partial derivative of restrictive equation
concerning time.

Rigid body dynamics equation relatively is estab-
lished based on Lagrange multiplier method.

.. T, _
Mq+d>q/1—g (23)

Among this, M is mass matrix concerning system, 1
is Lagrange multiplicator, in addition, g is general force
with regard to system.

Mass matrix of system could be shown as

M=diag< my my Jy my my Jy my my Jy ) (24)

my my J, mg mg Jg m; my J,

where m; is mass concerning member i while J; is
rotational inertia with regard to member i.

On the basis of formulas (22) along with (23),
rigid body dynamics formula of mechanism is

T ..
(o, %) (5)=(7) e

q 14

Equation (25) can be used to calculate § and A.
However, kinematic displacement constraints and
velocity constraints are not be introduced in Eq. (25),
which could produce a default problem when solving
equation. According to the literature [20], Baumgarte
raised a default stabilization algorithm to solve the
default problem by applying this two constraints to
accelerated speed constraint equation.

@ Springer



2634

Meccanica (2022) 57:2627-2652

M ®T q\ _ g
<¢’q 0q></1>_<7—2ad'>—ﬁ2q)> (26)

where a and f are correction coefficients, a > 0, > 0

x  dd
D=—.
’ dt

4 Analysis of dynamic response
concerning seven-bar mechanism with dry
friction clearances

4.1 Solution flow chart

The Runge—Kutta technique was applied for analyz-
ing the rigid body dynamical equation with regard
to multi-link mechanism containing dry friction
clearances. The flowsheet is revealed as Fig. 4, and
the specific flow is as follows:

(1) The initial conditions, structural parameters,
geometric parameters and clearance parameters of
the planar seven-bar mechanism were defined;

(2) The clearance model was built to judge col-
lision state and analyze normal and tangent force
when collision occurred;

(3) The mass matrix, Jacobian matrix as well
as general force were calculated, while dynamics
equation concerning the seven-bar mechanism with
dry friction clearance was established;

(4) A default stability algorithm was proposed
based on Baumgarte. The Runge—Kutta technique
was applied for analyzing the dynamics equation
with regard to a planar 7-bar mechanical stucture
containing dry friction clearance, while generalized

Fig. 4 Flow chart of solv-

coordinates, generalized velocities and generalized
accelerations were obtained;

(5) Repeat the above process until the final solu-
tion time is reached.

4.2 System data

Geometric data concerning planar seven-bar mech-
anism were shown as Table 1, structural data with
regard to planar seven-bar mechanism were shown
as Table 2, and clearance parameters with respect to
the revolute joints were shown as Table 3.

4.3 Dynamic response

4.3.1 Effects concerning clearance value with regard
to dynamic response

This chapter analyzes effects of distinct clearance
figures on dynamic response with regard to the rigid
body seven-bar mechanism containing dry friction
clearance, and considers that there are clearances at
both A and B of the revolute joints. The clearance
figures at A as well as B of the revolute joint are all
0.1 mm, 0.3 mm and 0.5 mm, and compared with the
ideal situation. The friction coefficient was selected
as 0.01, and driving velocity of crank 1 together with
crank 4 was w, = nrad/s and w, = —nrad/s accord-
ingly. The displacement, velocity as well as accelera-
tion of the slider 7 are revealed as Fig. 5, and colli-
sion force and collision track at the clearances of the
revolute joints are revealed as Fig. 6 to Fig. 7.

ing rigid body dynamical @ = wii  — Dynamlc
equation with regard to X solution
multi-link mechanism A
containing dry friction
clearances Yes
Systern Contact
parameters No force F,=0,F, =0
A
t=t+At
Yes
o\ No
Initial ‘
condition — »<Contact ?
9(=0) 9(=0) ‘
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Table 1 Geometric data

Parameter Parameter values
Length of crank 1 L, /(m) 0.161089
Center of mass distance of crank 1 L ; /(m) 0.0805445
Length of Connecting link 2 L, /(m) 0.674046
Center of mass distance of Connecting link 2 0.337023
Ly, /(m)
Length of connecting link 3 L; /(m) 0.669907
Center of mass distance of connecting link 3~ 0.3349535
L.v} / (m)
Length of crank 4 L, /(m) 0.114166

Parameter Parameter values
Center of mass distance of crank 4 L, /(m) 0.057083
Distance of two fixed hinge Ls/(m) 0.509678
The angle between the two fixed hinges and —40.392
the x axis 05/(°)
Length of connecting link 6 L /(m) 1.114569
Center of mass distance of connecting link 6 0.5572845
Ly /(m)
Distance between the origin of coordinates 1.949704

and the lower limit of the slider S, /(m)

Table 2 The structural parameters

Parameter

Parameter values Parameter

Parameter values

Mass of crank 1 m, /(kg) 0.1900300161
Mass of connecting link 3 m, /(kg) 0.7902666497
Mass of connecting link 3 m;/(kg) 0.7854233988
Mass of crank 4 m, /(kg) 0.1351230677
Mass of connecting link 6 m/(kg) 1.3057446381
Mass of slider 7 m, /(kg)

Moment of inertia of crank 1J,/(kg m?)
Moment of inertia of connecting link 2 J, /(kg m?)
Moment of inertia of connecting link 3 J; /(kg m?)
Moment of inertia of crank 1 J,/(kg m?)
Moment of inertia of connecting link 6 J; /(kg m?)
0.023126858927 Moment of inertia of slider 7 J, /(kg m?)

4.2632877711 x 107*
0.030072948456
0.02952384924
1.5634512491 x 10~
0.135550343
1.6780635677 x 1076

Table 3 Clearance parameters of revolute joints

Parameter Parameter values
Radius of bearing R;/(m) 0.015
Coefficient of restitution c, 0.9
Modulus of elasticity E;, E; /(GPa) 200
Poisson’s ratio y;, Y 0.3
Correction coefficient of normal contact 1.5
force model n
Baumgarte’s correction coefficient a, 50
Integral step (s) 0.0001

In Fig. 5a, the displacement summits of ideal
condition, 0.1 mm clearance, 0.3 mm clearance
and 0.5 mm clearance are 528.1 mm, 527.9 mm,
527.6 mm and 527.1 mm respectively, indicating that
in the wake of rise of clearance figure, displacement
peak value of sliding block 7 decreases slightly, but in
general, clearance value has little effects with regard
to displacement of slider 7. As is shown in Fig. 5b,
the bigger clearance value is, the larger sawtooth
swings concerning the speed image is, especially

at initial position. For Fig. 5c, acceleration image
vibrates sharply before 0.4 s, then the vibration atten-
uation tends to be stable, which is basically consist-
ent with the ideal situation. The peak acceleration at
0.1 mm, 0.3 mm and 0.5 mm clearance values reach
149.4 m/s%, 270.7 m/s? and 592.9 m/s® respectively,
indicating the bigger clearance figure is, the bigger
the peak value with regard to acceleration fluctuation
is, at the same time, the more severe the impact on the
mechanism is.

In Fig. 6a, the collision force of revolute joint A
at 0.1 mm clearance, 0.3 mm clearance and 0.5 mm
clearance reaches its peak value of 415.5 N at
0.0046 s, 741.6 N at 0.0076 s, 1569 N at 0.0238 s.
According to Fig. 6b, while clearance figures are
0.1 mm, 0.3 mm and 0.5 mm, peak figures of the
collision force at position B take place at 0.008 s,
0.0408 s, and 0.0856 s, and figures are 328.2 N,
597.6 N and 705.8 N respectively, indicating that the
collision force at clearances increases in the wake
of rise of clearance value. In case of the equivalent
clearance figure, collision force at location A is larger
than that at location B, suggesting the revolute joint
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Fig. 5 Dynamic response 1 - Cloarance=0.5mm
of mechanism R 0.5 -+=-=-Clearance=0.3mm
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clearance A has stronger influences on the mecha-
nism than that at location B.

Figure 7a, b are the collision track images at A
and B of the revolute joint clearance respectively.
The collision trajectories at the clearance B of
the revolute joints are more chaotic than those
at clearance A of the revolute joints. Simulta-
neously, with the increase of clearance value,
motion range at clearance A as well as clearance
B gets larger, indicating that rise with regard
to clearance figure makes central trajectory at
the clearances more complex. Furthermore, the
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relative contact concerning shafts along with
bearings increases, which emerges greater effects
concerning constancy for mechanism.

4.3.2 Effects of friction coefficient in relation
to dynamic response

The part analyzes influence of different friction coef-
ficients with respect to dynamic response of planar
7-bar mechanism with dry friction clearance, and
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(b) Clearance B

Fig. 7 Collision trajectory of shaft

considers that there are clearances at both A and B of
the revolute joints. The friction coefficients concern-
ing 0.01, 0.05 and 0.1 were selected as comparative
researches with ideal condition. Clearance values at
both A and B of the revolute joints were selected for
0.5 mm, and driving speeds of driving crank 1 and
4 were w, = wrad/s along with @, = —zrad/s respec-
tively. The displacement, speed as well as accelera-
tion of slider 7 are shown as Fig. 8, concurrently, col-
lision force and collision track at the clearances are
revealed as Fig. 9 together with Fig. 10.

In Fig. 8a, displacement curves with friction coef-
ficients of 0.01, 0.05 and 0.1 almost coincide, and
the peak value is slightly lower than the ideal condi-
tion, indicating change of friction coefficient has mild
effects concerning displacement of slider, and dry
friction clearance will slightly reduce the peak value
of displacement. According to the speed image in
Fig. 8b, the velocity fluctuation range generated while
friction coefficient is 0.01 is the most extensive, indi-
cating that the more minor friction coefficient is, the
greater volatility with respect to velocity curve is. In

Fig. 8c acceleration comparison diagram, during the
period of 0~0.3 s, the image vibrates violently. While
friction coefficients are 0.01, 0.05 and 0.1, summits
about acceleration take place at 0.0238 s, 0.0096 s
and 0.0098 s separately, and summits are 592.9 m/
5%, 374.7 m/s and 334.5 m/s? respectively, indicating
that while friction modulus increases at the range of
0.01 to 0.1, summits of acceleration decreases and the
amplitude of the vibration decreases.

Figure 9 reveals collision force images at A and
B of the revolute joint clearances. Collision force at
two revolute joint clearances generates high peak
values and violent vibration before 0.3 s, and the
vibration weakens significantly and tends to be sta-
ble after 0.3 s. In Fig. 9a, while friction coefficients
are 0.01, 0.05 and 0.1, summits of collision force at
location A occurs at 0.0238 s, 0.0096 s and 0.0098 s
separately, and peak value is 1569 N, 1020 N and
901.4 N respectively. In Fig. 9b, while friction coef-
ficients are 0.01, 0.05 and 0.1, summits of collision
force at location B occurs at 0.0856 s, 0.0238 s and
0.0146 s, and the peak value is 705.8 N, 739.9 N
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and 631 N respectively. This shows that in the
wake of rise of friction coefficient, oscillation fre-
quency with regard to collision force at clearances
decreases and the peak value decreases relatively.
However, the collision force at location A is larger
than that at location B, manifesting the clearance at
location A has momentous effects with respect to
mechanism than that at location B.

According to the images of collision tracks at revo-
lute joint A and revolute joint B in Fig. 10, collision
tracks with a friction coefficient of 0.01 are most
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(b) Clearance B

chaotic, and the collision range is larger, indicating
that the motion state is improved in the wake of rise
of friction coefficient.

4.3.3 Effects of driving velocity with regard
to dynamic response

The part analyzes effects of distinct driving speeds
concerning rigid body dynamic response of seven-bar
mechanism containing dry friction clearances, con-
sidering that there are clearances at both A and B of
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the revolute joints. The driving speeds are chosen for
w = rrad/s, w = 1.5zrad/s and w = 2xrad/s. Moreo-
ver, clearance figure at A together with B is set as
0.5 mm. Finally, the friction coefficient is 0.01. The
displacement, speed as well as acceleration of slider
7 are shown as Fig. 11, concurrently, collision force
and collision track at the clearances are revealed as
Figs. 12, 13.

In Fig. 11a, the displacement peaks of driving
speed @ = rrad/s, @ = 1.5zrad/s and o = 2xrad/s
are 527.1 mm, 527.1 mm and 527.5 mm respec-
tively, indicating in the wake of rise of driving
speed, displacement peaks increase, but they are
lower than ideal values due to the presence of revo-
lute joint clearances. In Fig. 11b, speed image oscil-
lates at initial position, and then nearly matches
the ideal curve. As the driving speed increases,
the speed of slider 7 increases accordingly. In
Fig. 11c, the acceleration summits of driving speed
w = rwrad/s, w = 1.5zrad/s and w = 2xrad/s are
592.9 m/s%, 435.5 m/s> and 751.9 m/s? respectively,
indicating in the wake of rise of driving speed,
acceleration image of slider 7 tends to produce more
intense vibration and higher peak value in the gen-
eral trend, especially in the early stage of motion.

It can be seen from the collision diagram at
the revolute joint clearance A in Fig. 12a, sum-
mits of collision force concerning driving speeds
of w = rrad/s,w = 1.5zrad/s and w = 2xrad/s reach
1569 N, 1159 N and 1983 N respectively. Simi-
larly, at clearance B in Fig. 12b, summits of colli-
sion force concerning driving speed of w = zrad/s
,w = 1.5zrad/s and w = 2zrad/s are 705.8 N, 1403 N
and 1902 N respectively. In addition, while driv-
ing speeds are w = zrad/s and @ = 1.5zrad/s, the

(b) Clearance B

collision force curve only vibrates violently at the
beginning of the motion and tends to be stable at the
later stage, while when the driving speed increases
to @ = 2zrad/s, collision force curve always has
intermittent vibration. To sum up, the higher the
driving speed, the greater the fluctuation range
of the collision force at clearances. Furthermore,
the higher the peak values of the collision force,
the stronger the effects with regard to stability of
mechanism.

It can be seen from the collision track images at
A and B of the revolute joint clearance in Fig. 13,
in the wake of rise of driving speeds, boundary of
moving track at clearances is larger, the track is
more chaotic, and the collision depth is larger. It
can be seen that the larger driving velocity is, the
stronger influences on operation stability of mecha-
nism is.

4.3.4 ADAMS simulation verification

For the purpose of checking validity of rigid body
dynamic model of 7-bar mechanical containing dry
friction clearances, the results obtained by ADAMS
virtual simulation software are compared with those
in MATLAB. Considering that there are clearances
at both A and B of the revolute joints, the clearance
values at both A and B of the revolute joints were set
to be 0.5 mm, the friction coefficient was selected to
be 0.01, and the driving velocity with respect to driv-
ing crank 1 and driving crank 4 were chosen to be
w=rrad/s. The displacement, velocity and accelera-
tion of slider 7 are shown in Figs. 14, 15, 16.
According to the displacement image of slider
7 in Fig. 14, the results obtained by MATLAB and
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Fig. 11 Dynamic response of mechanism

ADAMS are basically consistent. The image peak
value obtained by MATLAB is 0.5271 m, and the
image peak value obtained by ADAMS is 0.5292 m.
It can be seen from the speed image of slider 7 in
Fig. 15 that the speed image fluctuates significantly in
the first 0.15 s, and the image obtained by MATLAB
fluctuates slightly. In addition, both images produce
sawtooth fluctuations at the peak, while the general

@ Springer

trend of velocity images is basically at the same. It
can be seen from the acceleration image of slider 5 in
Fig. 16 that the acceleration peaks obtained by MAT-
LAB and ADAMS occur in 0.0248 s and 0.0128 s
respectively, and the peak sizes are 380.7 m/s*> and
346.5 m/s’. Both acceleration images fluctuated vio-
lently in the first 0.3 s, and then the fluctuation weak-
ened and tended to be stable. Although the time of
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the peak value is slightly offset, the overall trend of
the acceleration image remains consistent. The peak
error between the two is 34.2 m/s%, within the allow-
able error range. To sum up, the comparative analy-
sis results of two different simulation software show
that the trend of images obtained by MATLAB and
ADAMS software is basically consistent, which veri-
fied the correctness of the dynamic model. The rea-
sons for the discrepancy between the results obtained

by MATLAB and ADAMS are the uncertainty of
clearance motion simulation, the difference between
the two algorithms and solvers, and the diversity in
solution accuracy.
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5 Analysis on nonlinear characteristics
of seven-bar linkage mechanism with dry
friction clearances

5.1 Significance of studying nonlinear characteristics

Clearances will cause kinetics concerning mechanism
to show some non-linear properties, among which
chaos is a common appearance. The study concerning
non-linear properties is of vital importance to analyze
the influence of clearances with regard to mechanism,
and phase diagram as well as Poincare map is signifi-
cant ways to analyze non-linear properties. Clearance
values along with driving speeds are two important
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Fig. 16 Acceleration of slider 7

factors affecting the nonlinear characteristics. The
nonlinear characteristics of the influencing factors in
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Fig. 15 Velocity of slider 7

a certain interval are analyzed by bifurcation diagram,
and the variation rule of the stability is analyzed.

5.2 Effects of clearance values with respect to
non-linear properties of multi-link mechanism
containing dry friction clearances

This section studied the effects of distinct clearance
figure with regard to non-linear properties of 7-bar
mechanism with dry friction clearances. Consid-
ering that there are clearances at both A and B, the
clearance figure of the two revolute joints were both
selected to be 0.5 mm and 0.8 mm, and the phase dia-
gram as well as Poincare map in X direction concern-
ing clearances was drawn, as well as the bifurcation
diagram changing with the clearance values. Driving
velocity was set as @ = zrad/s and friction coefficient
as 0.1. The phase diagram along with Poincare map at
location A and location B of the revolute joints was
shown in Figs. 17, 18, 19, 20, while bifurcation dia-
gram is shown in Figs. 21, 22.

In Fig. 17, at location A, the abscissa range of
the phase diagram when the clearance value is
0.5 mm is [3.887 x 1074,5.022 x 10~*], and the ordi-
nate range is [—1.098 x 1072,1.102 x 1072]. Most
of the Poincare mapping points fit into a closed cir-
cle. In Fig. 18, while clearance figure is 0.8 mm,
abscissa range of phase diagram in the X direction is
[6.044 x 1074,8.022 x 107*], and the ordinate range
is [-1.902 x 1072,1.89 x 1072]. Most of the mapping
points in the Poincare map are also approximated to
a closed circle. According to Figs. 17, 18, the more
numerous clearance values, the more extensive scope
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concerning phase diagram and Poincare map, so the
mechanism is in quasi-periodic motion state.

In Fig. 19, while clearance figure is 0.5 mm at
revolute joint clearance B, the abscissa range of the
phase diagram is [—2.687 x 1074,2.558 x 107#], and
the ordinate range is [—1.428 X 1072,1.43 x 1072].
In the corresponding Poincare map, Some map-
ping points are approximated to form a closed cir-
cle, while others are more dispersed. As can be seen
from Fig. 20, when the clearance value is 0.8 mm
at the revolute joint clearance B, the abscissa
range of the phase diagram in the X direction is
[-4.603 x 1074,4.332x 10™*], and the ordinate
range is [—2.586 x 1072,2.457 x 1072]. In the cor-
responding Poincare map, Some mapping points fit
into a closed circle, while others have chaotic and
irregular distribution. According to Figs. 19, 20, the
larger the clearance value is, the distribution range
of points in the phase diagram and Poincare map is
larger and more chaotic, and the mechanism is in a
state of chaotic motion.

Figures 21, 22 respectively show the bifurcation
diagram of the revolute joint clearances at A and
B in X and Y orientations in the wake of variety
of clearance values. [0.01 mm, 1 mm] is selected
as the interval of clearance value. As shown in
Fig. 21a, in the wake of rise of clearance values,
motion state with regard to revolute joint clearance
A in the X direction gradually changes from peri-
odic condition to quasi-periodic motion state. In
Fig. 21b, in the interval of [0.01 mm,0.13 mm], the
motion of revolute joint clearance A in the Y direc-
tion is in quasi-periodic state, while in the interval
of [0.13 mm,1 mm], the distribution range of points
on the bifurcation diagram gradually expands. At
this time, the motion of revolute joint clearance A

(b) Poincare map

in the Y direction is in ataxic condition. Moreover,
ataxic condition is increasingly intense. In Fig. 22,
in the wake of rise of clearance values, kinematic
condition of clearance B in X along with Y orien-
tations gradually ranges from quasi-periodic condi-
tion to confused condition. According to Figs. 21,
22, the motion state in the Y direction at location A
is most chaotic and has most prominent effects on
the stability of system.

5.3 Effects of driving speeds with regard to
non-linear properties of 7-bar mechanism with
dry friction clearances

The part studied effects of different driving speeds
with regard to nonlinear properties of planar 7-bar
mechanism with dry friction clearances. Consider-
ing that there are clearances at both A and B of the
revolute joints, the driving speed was selected as
® = 1.5zrad/s together with ® = 2.5zrad/s. Fur-
thermore, phase diagram and Poincare map in the X
orientation with regard to the clearance were drawn,
as well as the bifurcation diagram changing with the
driving speeds. Set the clearance value of the two
clearances as 0.5 mm and the friction coefficient as
0.1. The phase diagram and Poincare map at loca-
tion A as well as location B of the revolute joint were
shown in Figs. 23, 24, 25, 26, and the bifurcation dia-
gram was revealed as Figs. 27, 28.

In Fig. 23, at location A, while driving
velocity is w= 1.5zrad/s, abscissa range con-
cerning phase diagram in the X direction is
[3.564 x 1074,5.028 x 10™*], and the ordinate
range is[—2.176 X 1072,2.201 x 1072]. The distri-
bution of Poincare mapping points is concentrated
but irregular. As can be seen from Fig. 24, while
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Fig. 18 Clearance figure is
0.8 mm at location A

Fig. 20 Clearance value is

0.8 mm at clearance joint B

Fig. 19 Clearance value is

0.5 mm at clearance joint B

Fig. 21 Bifurcation dia-
gram at clearance A
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driving velocity is w= 2.5zrad/s, abscissa range
concerning phase diagram in the X direction is
[-5.086 x 1074,5.086 x 10™*], and the ordinate
range is [—7.241 x 1072,7.316 x 1072]. The Poincare
map has a large distribution range and is in a dis-
crete state. Based on Figs. 23, 24, it can be seen that
the driving speed has a large and complex influence
on the operation stability of the mechanism, and the
mechanism is in chaotic motion.

Figure 25 shows that at revolute joint clear-
ance B, while driving velocity is w= 1.5zrad/s,
abscissa range of phase diagram in the X direction
is [=3.799 X 10745.004 x 10~*], and the ordinate
range is[—4.696 X 1072,4.599 x 1072]. The map-
ping points of the Poincare map are mainly distrib-
uted in two segments [—4 X 1074-2x 107*] and
[1.5% 10744 x 107#], which are chaotic and irregu-
lar. In Fig. 26, at revolute joint clearance B, while
driving velocity is = 2.5zrad/s, abscissa range
concerning phase diagram in the X direction is
[-4.583 x 10745.013 x 10™*] and the ordinate range

Relative displacement x(m) 14
(b) Poincare map

is[— 0.1782,0.1602]. The mapping points of the
Poincare map are mainly distributed in two intervals
[-5x107%-2.5%x 107%] and [1.5x 107%4 x 1074].
The mapping points on the first interval are approxi-
mately a circle, while the mapping points on the sec-
ond interval are concentrated and disorderly. Accord-
ing to Figs. 25, 26, compared with the revolute joint
clearance A, the driving speeds have a greater influ-
ence on the revolute joint clearance B and the situ-
ation is more complicated. At this time, the mecha-
nism is in a chaotic motion state.

Figures 27, 28 are bifurcation diagrams with
regard to clearances at A and B in X and Y orientation
changing in the wake of driving speeds respectively.
[zrad/s,3zrad/s] is selected as the driving speed inter-
val. It can be seen from Fig. 27 that the bifurcation
diagrams with regard to clearance A in the X as well
as Y directions are divergent, suggesting movement at
the clearance A was in a chaotic state. In the wake
of rise of driving velocity, diffusion degree of points
on the bifurcation diagram varies greatly, but on the
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Fig. 24 Driving speed is
w= 2.5xrad/s at clearance
joint A

Fig. 25 Driving speed is
w= 1.5zrad/s at clearance
joint B

Fig. 26 Driving speed is
w= 2.5xrad/s at clearance
joint B

Fig. 27 Bifurcation dia-
gram at clearance A
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Fig. 28 Bifurcation dia- x107*

x107*

gram at clearance B

displacement in X direction (m)

displacement in Y direction (m)

Tl 1.5 2
Driving speed (n*rad/s)

(a) Bifurcation diagram in X orientation

whole, the chaotic state at the clearance A is gradu-
ally weakened in the wake of rise of driving velocity.
In Fig. 28, while range of driving velocity was [zrad/s
J.4zxrad/s], the points on the bifurcation diagram in
the X and Y orientations of clearance B were rela-
tively concentrated, and the motion at the clearance
B was in a quasi-periodic state. While driving veloc-
ity is w = 1.42zrad/s, distribution range of spots on
the bifurcation diagram suddenly expands. When the
driving speeds were in [1.42zrad/s,2.3zrad/s], the
motion at clearance B was in a confused condition,
and confused state gradually weakened in the wake
of rise of driving velocity. When the driving speed is
in interval of [2.32xrad/s,2.66xrad/s], the distribution
range of points on the bifurcation diagram expands
again with irregularity. Finally, when the driving
speeds were in [2.68xrad/s,3zrad/s], the motion at
clearance B returned to quasi-periodic state.

6 Researches on experimental platform of 7-bar
mechanism containing double clearances

6.1 Construction with regard to experimental
platform

Seven-bar mechanism analyzed in above chapters
was laid upright, and its measurement and mass are
large, which is not conducive to direct experimental
researches. The experimental platform projected in
the section laid up each component on a plane and
decreases size of every constituent correspondingly,
which reduced the manufacturing cost and facilitates
the assembly of each component. The two degree of
freedom seven-bar mechanism bed-stand was exhib-
ited in Fig. 29, containing rack 5, crank 1, crank 4,

2.5 3 1 1.5 2 2.5 3
Driving speed (n*rad/s)
(b) Bifurcation diagram in Y orientation

connecting link 2, connecting link 3, connecting link
6, slider 7 and guide rail 8. Aluminum alloy was
selected as the material of each component, and its
density is 2800 kg/m>. The relative parameters were
revealed as Table 4.

6.2 Influences of clearance figures with regard
to response of seven-bar mechanism test-bed
containing double clearances

In this part, effects of distinct clearance figures con-
cerning test-bed of 7-bar mechanism with double
clearances were studied. The driving speed was set
as @ = 3xrad/s. Moreover, shafts with clearance fig-
ures of 0.3 mm as well as 0.6 mm were selected for
the experiment. When the mechanism reached a sta-
ble state, 21 T~30 T data was selected for analysis.
The effects of distinct clearance values with respect to
acceleration of slider were exhibited in Fig. 30.

In Fig. 30a, the greater the clearance figure, the
lower the vibration frequency of the acceleration

[}

Fig. 29 2DOFs 7 bars mechanism test-bed
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Table 4 Size and inertia parameters

Components Length (m) Mass(kg) Moment of iner-
tia (10~°kg/m?)
Crank 1 0.080 0.107 0.118
Connecting link 2 0.180 0.219 0.774
Connecting link 3  0.318 0.374 3.595
Crank 4 0.080 0.107 0.118
Connecting link 6  0.305 0.359 3.200
Slider 7 - 0.139 0.061

Accelerometer was erected at moving orientation with regard
to slider to pledge that the acceleration vibrancy semaphore
was measured during slider’s movement

image of the slider 7, and the larger summits of the
vibration. When clearance figure was 0.3 mm, the
maximum summit of acceleration was 35.19 m/s%;
while the clearance value was 0.6 mm, the maximum
summit was 38.47 m/s%. This shows that the greater
the clearance figure was, the more intense the col-
lision between shaft and bearing was, the lower the

stability of mechanism was and the violent fluctuation
of acceleration was.

As is shown in Fig. 30b and c, the consequences
in theory of acceleration image were contrasted with
experimental consequences. When clearance fig-
ure was 0.3 mm, the largest acceleration peaks cor-
responding to experimental and theoretical conse-
quences were 33.4 m/s> and 9.468 m/s*> separately.
While clearance figure was 0.6 mm, maximum
acceleration peaks corresponding to the experimen-
tal as well as consequences in theory were 35.48 m/
s? and 10.26 m/s> separately. In general, the experi-
mental consequences were basically identical to con-
sequences in theory, and time of vibration peak and
the size of vibration peak were deviated. The factors
causing the deviation may be the sensitivity error of
the accelerometer, the friction effects between slider
and track, precision error of test-bed during manufac-
turing as well as assembly and vibration of the test-
bed at high speed. Therefore, the experimental results

Fig. 30 Effects of distinct 60 - T T T T T T ]
clearance values with - - - Clearance=0.6mm
regard to slider’s accelera- --=--~Clearance=0.3mm
tion when involving double 40 —Ideal
clearances g
=
2 20
g
3
1 0
<
-20
14 15 16 17 18 19 20
Time (s)
(a) Test results of 10 circles (21T~30T)
40 40
< 20 NQ 20
£ 2
= =
£ 0 2 9 '
< 5 © 1wy
g 8 i i
< -20 < A - - - ‘Theoretical result | H:’ln,:
------ Test result |ﬂﬁ::::
—Ideal i
-40 -40
19.4 19.6 19.8 20 19.4 19.6 19.8 20
Time (s) Time (s)

(b) Clearance figure is 0.3mm (30T)
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basically verified the correctness of the theoretical
results.

6.3 Effects of driving speeds concerning response of
seven-bar mechanism test-bed containing double
clearances

In the part, effects of distinct driving speeds on
test-bed of 7-bar mechanism with clearances were
analyzed. Clearance figures with regard to the two
rotational joints were put up as 0.6 mm. By adjust-
ing motor speeds, different driving speeds could
be obtained at the cranks. Crank 1 and crank 4 with
speeds of 60 rpm and 90 rpm were selected for com-
parison, and the impact of different driving speeds on
the acceleration of the slider was analyzed, as shown
in Fig. 31.

In Fig. 31a and b, while mechanism operated sta-
bly, by analyzing the experimental data from the 21st
cycle to the 30th cycle, the larger the driving speed
was, the higher the acceleration vibration frequency
of the slider 7 was, and the greater the peak value of
the vibration was. When the driving speeds of crank
1 together with crank 4 was 60 rpm, the maximum
acceleration peak of slider 7 was 21.47 m/s%; When
the driving speeds of crank 1 and crank 4 was 90 rpm,
the maximum acceleration of slider 7 was 38.47 m/
s>. This suggests that the faster driving speed was,
the higher collision frequency at clearances’ inter-
faces was, which reduced operating performance of
mechanism.

In Fig. 31c and d, theoretical results of accel-
eration image were compared with the experimen-
tal results. When the velocity of crank 1 and 4 was
60 rpm, the maximum acceleration peaks correspond-
ing to the experimental and consequences in theory
were 18.49 m/s?> and 4.865 m/s® separately. While
the speed of crank 1 as well as crank 4 was 90 rpm,
the maximum acceleration peaks corresponding to
the experimental and consequences in theory were
35.48 m/s* and 10.26 m/s* separately. In general, the
consequences in experiment were basically in accord-
ance with the consequences in theory, and time of
vibration peak and the size of vibration peak were
deviated. The factors of deviation were consistent
with Sect. 6.2.

7 Conclusions

In this article, a nonlinear dynamic analysis frame-
work of multi-link mechanism with dry friction
clearances was proposed, by combining theory with
experiment, the influence of joint clearances on the
dynamic response and nonlinear characteristics of
the mechanism is studied respectively, and the non-
linear dynamic characteristics of the mechanism with
joint clearances are accurately revealed. A rigid body
dynamic model of a planar 7-bar mechanism con-
taining dry friction clearances was built. Moreover,
its dynamic response as well as nonlinear character-
istics was analyzed. Lagrange multiplier method and
Runge—Kutta technique were applied to model and
settle a mechanical device with multiple connecting
bars containing dry friction clearances. Influences
of various parameters on dynamic response of the
mechanism were analyzed respectively, and ADAMS
was used for simulation verification. The non-linear
properties at clearances of kinematic joints for two
elements were resolved via drawing various ana-
lyzed images. The experimental platform of seven-
bar mechanism was built to check the validity of out-
comes. The following verdicts can be drawn:

(1) Normal contact force model was established
by using the Hertz model improved by Lankarani
and Nikravesh, also tangential friction model was
established by using improved Coulomb friction
model. Dynamic equation of planar 7-bar mechanism
containing dry friction clearances was established
through Lagrange multiplier technique, in addi-
tion, dynamic equation was numerically settled by
Runge—Kutta technique.

(2) Influences of clearance values, friction coef-
ficients and driving velocity on dynamic response of
mechanism were analyzed, and correctness of model
was verified by emulation contrast with ADAMS.
With rise of clearance values and driving velocity and
decrease of friction coefficient, displacement of the
slider has little influence, and the vibration amplitude
and peak value of the speed and acceleration of slider
rise. Furthermore, the collision force and collision
track range at clearances also increase, and the stabi-
lization of mechanical device decreases.

(3) Influences of clearance values and driving
velocity on nonlinear properties of mechanism were
analyzed. The larger clearance values are, the more
chaotic the motion state at the clearance is, and the
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stronger the chaos phenomenon is, and the stability
of the system decreases. However, effects of driv-
ing speeds on non-linearity properties at clearances
are complex and not strictly negative correlated. On
the whole, the higher driving speeds are, confusion
degree of motion state at clearances reduces rela-
tively, and the chaotic appearance tends to attenuate
correspondingly, and stability of the system increases
relatively.

@ Springer

(d) velocity of crank 1 and 4 is 90 rpm (30T)

(4) The experimental platform of 2-DOF seven bar
mechanism containing double clearances was built
and tested. Influences of clearance values and driving
speeds on operating characteristics of experimental
platform with double clearances were studied respec-
tively, and the test consequences were compared with
theoretical consequences. The experimental conse-
quences are basically accordant with consequences in
theory, which verified correctness of the theoretical
results.
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