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Abstract: With the development of high-speed and lightweight mechanisms, and the continuous
improvement of manufacturing accuracy requirements in industrial production, clearance joints have
increasingly become one of the key factors affecting dynamics performance. Poor clearance will
seriously compromise stability, accuracy, and dynamics performance. Based on a genetic algorithm,
an efficient modeling methodology for the dynamics optimization of a planar complex multi-link
mechanism containing multiple clearance joints is put forward. The model comprises a 2-degree
of freedom (DOF) nine-bar mechanism that can be used as the main transmission mechanism of a
hybrid drive multi-link press, which is taken as the research object. The optimization objective is to
minimize the maximum acceleration of the slider and minimize the difference between the actual
central trajectory and the ideal trajectory. By optimizing the quality parameters of key components, an
optimal solution for the design parameters is obtained, and the effects of the different optimizations
of the objective functions on dynamics response are compared and analyzed. At the same time, a
new modeling and calculation methodology of the dynamics accuracy and reliability of a complex
multi-link mechanism in terms of multiple clearances is proposed, and the effect of optimization
on dynamics accuracy and the reliability of the mechanism is analyzed. Based on the optimization
results obtained by taking the minimum difference between the actual center trajectory and the ideal
trajectory as an optimization objective, the nonlinear characteristics before and after optimization
are analyzed through a phase diagram and Poincaré map. A test platform was built to study the
dynamics of the mechanism with clearances. Research not only provides a basis for the dynamics
optimization of a multi-link mechanism containing clearances but also provides reference significance
for the reliability analysis of a multi-link mechanism containing clearances.

Keywords: dynamics optimization; clearances; dynamics response; dynamics accuracy reliability;
nonlinear characteristics

1. Introduction

As an important element of mechanical structures, the multi-link mechanism has
the advantages of a simple structure, good reliability, and strong bearing capacity. In
recent years, it has been the focus of mechanism research and has attracted the attention of
many scholars. In the analysis of such a mechanism’s motion, it is usually assumed that
a kinematic pairing is ideal. However, in practice, the clearance of kinematic pairing is
inevitable due to tolerances in the design, manufacturing defects, and wear. Clearances will
increase certain additional and uncontrollable degrees of freedom, cause additional wear,
and impact various elements in the kinematic pair. It will also lead to the deterioration of
dynamics performance or adverse vibrations and will mean that the dynamics behavior
of the actual mechanism with clearance will deviate from the dynamics behavior of an
ideal mechanism. The degree of freedom brought by a clearance joint is a significant
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source of error [1-11]. Aiming at the problems of low stability and intensified wear
during the operation of a mechanism containing clearances, according to its kinematic and
dynamics characteristics, we addressed this problem through the dynamics optimization
of a mechanism with a clearance. The vibration and noise caused by poor clearance
can be effectively reduced and the stability and reliability of the mechanism could be
improved [12-14].

How to reduce the adverse effects of clearances on dynamics performance and improve
the accuracy and performance of mechanisms is a hot topic. Many scholars have carried
out a series of theoretical studies examining this problem. Based on the continuous contact
model, some scholars have carried out the dynamics optimization of a four-bar mechanism
containing revolute clearances [15,16]. Sardashti et al. [15] assumed a four-bar mechanism,
considering a single clearance as an example, and proposed an algorithm based upon
particle swarm optimization to solve the optimization problem. Erkaya et al. [16] regarded
kinematic clearance as a massless virtual rigid bar; they established a dynamics equation
for a four-bar mechanism, considering revolute clearance using the Lagrange equation, and
optimized the parameters at joint clearance with a genetic algorithm. Based on the Taguchi
method, Meng et al. [17] considered clearance, the pin radius, and the friction factor as
controllable factors and used collision force as the noise factor to optimize the transmission
mechanism of a high-voltage circuit breaker and found that the three controllable factors
can effectively affect the dynamics performance of the mechanism. Bai et al. [18] established
the normal contact force at clearance by using a nonlinear spring-damper model. The influ-
ence of the clearance of a kinematic pair on the dynamics response of a satellite antenna
mechanism is studied, and a dynamics optimization method for a satellite antenna driving
mechanism with clearance was proposed. Li et al. [19] analyzed the dynamics response and
optimized design of a planar rigid—flexible-coupling crank-slider mechanism with double
clearances, established a motion differential equation based on the absolute node coordinate
method, and studied the effects of a single clearance joint, double clearance joints, and
harmonic drive on rigid body dynamics and the rigid—flexible coupling dynamics of the
mechanism. Varedi et al. [20] proposed an optimization methodology for a crank-slider
mechanism containing clearances based on the particle swarm optimization algorithm,
which reduces or eliminates the collision force at the clearance joint by optimizing the mass,
centroid position, the moment of inertia of the connection rod, and the mass of the end
effector. Sun et al. [21] took a crank-slider mechanism as an example to carry out kinematic
analysis and a robust optimization design for a mechanical system containing clearances
and proposed a prediction methodology, based on the Baumgarte method and confidence
region methodology, to analyze the motion error of a mechanical system. In order to
improve the pointing accuracy of a satellite antenna, Ding et al. [22] took the deployment
mechanism of a plate satellite antenna as the research object, studied the influence of
revolute clearance on pointing accuracy, proposed an analytical method of block modeling
using the matrix method, optimized the model based on the particle swarm optimization
algorithm, and obtained an optimal solution with a specific configuration. Li et al. [23] opti-
mized the dynamics of the actuator of a multi-link articulated high-voltage circuit breaker
with clearance, using the selected clearance size as a design variable. Daniali et al. [24]
proposed a comprehensive optimization methodology for the kinematic optimization and
dynamics optimization of a four-bar mechanism while considering clearance at the same
time, which can reduce the collision of a clearance pair in terms of the dynamics response of
the whole mechanism by modifying the mass distribution of the rod, and solved this highly
nonlinear optimization problem based upon particle swarm optimization. Ahmedalbashir
et al. [25] added a spring between the connecting rod and the swing rod to improve the
dynamics responses of a planar four-bar mechanism containing clearances and improve
the mechanism’s dynamics performance.

Dynamics accuracy refers to the accuracy changes of a mechanism under the influence
of working conditions. The reliable performance of dynamics accuracy could better reflect
the actual situation of the mechanism. However, research on the dynamics reliability of a
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mechanism with clearance has mainly focused on a simple mechanism containing a single
clearance, while studies on the reliability of the kinematic and mechanical characteristics of
a complex mechanism with multiple clearances were relatively few. Gao et al. [26] analyzed
the reliability and sensitivity of a crank-slider mechanism considering multiple clearances
and optimized the design of a mechanism containing several clearances, based on an
analysis of the design’s reliability and sensitivity. Zhang et al. [27] proposed a novel time-
dependent reliability methodology to forecast the probability of meeting specific motion
requirements within a predetermined time. Through the analysis of many kinds of four-bar
mechanisms, the effectiveness of this method was proved. Wei et al. [28] introduced a
reliability sensitivity analysis of time-varying parameters and a global reliability sensitivity
analysis. An envelope function methodology and the first-order approximation of a motion
error function were introduced to effectively estimate several time-dependent PRS and GRS
indices. The importance and effectiveness of the proposed methodology were proved with a
four-bar mechanism and automobile rack and pinion steering linkage. Zhang et al. [29] took
a multi-loop Hoberman radial linkage as their research object, its reliability having been
analyzed. Based on the effective length model, the influence of universal joint clearance
on dynamics response was established, and the position deviation of the mechanism
was analyzed with an improved loop increment methodology. A reliability evaluation
model based on the probability density function was established, and the structure of
the mechanism was optimized. Chen et al. [30] took a 2-DOF seven-bar mechanism
containing clearances as an example, for which a dynamics accuracy and reliability model
was established based upon the stress strength interference theory. The influences of the
different parameters on dynamics accuracy and the reliability of the mechanism were
studied. Yu et al. [31] built a comprehensive reliability analysis model of a rolling bearing.
By modeling the probability distribution of an actual bearing’s working clearance and
studying the life factor, the reliability of the results was analyzed. Zhao et al. [32] analyzed
the reliability of a slider’s displacement of a crank-slider mechanism containing clearance
and friction and investigated the effect of different random parameters on the reliability of
the slider’s displacement.

To sum up, the working of a clearance pair leads to a series of problems, such as
poor stability, high noise levels, and intensified wear of the mechanism, which reduces the
stability, accuracy, and service life of the mechanism. Therefore, it is urgent to optimize
the dynamics of a mechanism with clearance to reduce the negative impact of clearance
on the dynamics response of the mechanism. However, the published research on the
optimization of a mechanism with clearance mainly focuses on a simple mechanism with
a single rotating-pair clearance or on improving the performance of the mechanism by
adding springs. There are relatively few studies on the dynamics optimization of a complex
mechanism with multiple clearances. The center track at a clearance joint reflects the
real motion track of the shaft in the bearing, including their function in free flight mode,
continuous contact mode, and impact mode, which directly determines the mechanism’s
dynamics performance. It is necessary to optimize and improve the dynamics performance
of a multi-link mechanism with multiple clearances by reducing the difference between
an actual center track and an ideal track, so as to reduce the adverse impact caused by
clearance. Clearance exists in almost all motion mechanisms and has a significant impact
on motion accuracy. Reliability analysis of a mechanism with clearance has important
research significance and application value as a way to improve a mechanism’s reliability.

The main aim of this paper is to propose an efficient dynamics optimization method
for a planar complex multi-link mechanism including multiple clearances. In this paper,
a 2-DOF nine-bar mechanism that can be used as the main transmission mechanism of
a hybrid drive multi-link press is taken as the research object. In order to improve the
dynamics performance of the mechanism, based on the principle of mass distribution,
a dynamics optimization model of a 2-DOF nine-bar mechanism, considering multiple
clearances by using a genetic algorithm is proposed. Two optimization criteria are used to
minimize the maximum acceleration of the slider and to minimize the difference between
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the actual central trajectory and the ideal trajectory. Based on the optimization results, the
nonlinear characteristics before and after optimization are analyzed via a phase diagram
and a Poincaré map. The effect of dynamics optimization on the dynamics accuracy and
reliability of the mechanism are also analyzed.

The main structure of this paper is as follows. The clearance model is built in Section 2.
The dynamics optimization model of the mechanism, containing clearances, is built in
Section 3. The dynamics accuracy and reliability model of the mechanism, including the
clearances, is established in Section 4. In Section 5, the effects of optimization on the
dynamics responses and dynamics accuracy and reliability of a mechanism with clearances
are analyzed. A test platform was built to study the dynamics of the mechanism when
incorporating clearances. Our conclusions are presented in Section 6.

In view of the adverse effect of the clearance of the kinematic pair on the dynamics
response of the mechanism, based on the genetic algorithm, this paper proposes two differ-
ent dynamics optimization modeling methods for a multi-link mechanism with multiple
clearances. Two optimization criteria are used to reduce the influence of clearance on
the mechanism, which are to minimize the maximum acceleration of the slider as the
optimization objective function and to minimize the difference between the actual center
trajectory and the ideal trajectory as the optimization’s objective function. According to
the optimization results, it was found that when the optimization’s objective function is to
minimize the difference between the actual trajectory and ideal trajectory, the optimization
effect is stronger than that when the optimization objective function is to minimize the
maximum acceleration of the slider. The results show that the peak and vibration frequen-
cies of dynamics response are significantly reduced. Based on the optimization results
obtained by taking the minimum difference between the actual center trajectory and the
ideal trajectory as the optimization objective, the nonlinear characteristics and dynamics
accuracy and reliability before and after optimization were analyzed. The results show that
optimization improves the nonlinear characteristics and reliability of the mechanism and
also makes the mechanism more stable.

2. Establishment of the Clearance Model

A clearance model of a revolute pair is shown in Figure 1. R; and R; are the radii of
the bearing and shaft, respectively. The eccentricity vector of dry friction clearance can be
written as:

e=r;—r1] (1)

where 1 and 74’ are the position vectors of the centroid of the shaft and the bearing of the
dry friction revolute clearance joint in the fixed coordinate system, respectively.

Bearing _—

Figure 1. Clearance model of a revolute pair.
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Bearing

(a)

The unit vector of the eccentric vector is:

The embedding depth of clearance of the rotating pair can be expressed as:
b=e—c¢ 3)

where c is the clearance value, c = R; — Ry, e represents the magnitude of eccentricity
vector of dry friction revolute clearance joint, and e = /e-e.

Due to the clearance of the revolute pair, according to the geometric relationship
between the bearing and shaft, motion states between the shaft and bearing are divided
into the free flight state, continuous contact state, and impact state, as shown in Figure 2.

N 20, o
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Bearing \\Pz \\QontactPlane Bearing “\P O
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Figure 2. The motion mode of revolute clearance. (a) Free flight state; (b) continuous contact state;
(c) impact state.

The criteria for collision between elements in the revolute clearance are as follows:

0 <0, freeflightstate
6 = 0, continuouscontactstate . 4)
6 > 0, impactstate

When the embedding depth é < 0, there is no collision between the shaft and bearing,
and they are in free flight mode, with a contact force F,, = 0. When the embedding depth
6 > 0, the shaft and bearing collide with each other and they are in impact mode, so that
the contact force F, # 0. When the embedding depth § = 0, the shaft and bearing are in
continuous contact mode, with a contact force F, # 0. The change in contact status could
be further detected as:

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

When 6(t,)6(ty41) <0,6(ty) < 0and 5(t,+1) > 0, at this moment, the motion state at
the clearance joint changes from a free flight state to an impact state. When 6(#,,)d(t,,41) <0,
0(ty) > 0and 6(t,41) < 0, at this moment, the motion state at the clearance joint changes
from an impact state to a free flight state.

The position vector of the collision point can be expressed as:

rJQ =1’ +Rjn (j=1,2). (6)
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When the bearing collides with the shaft, the speed at the contact point is:

. P .
r]-Q =1 +Rmn (j=1,2) (7)

where i1 = ¢¢.

The Lankarani—-Nikravesh model (L-N model) is a nonlinear viscoelastic model that
is suitable for general mechanical contact and collision problems, especially when the
coefficient of restitution is high and the energy dissipation in the collision process is
relatively small. In addition, the model considers not only energy loss but also the material
properties, local elastic deformation, collision speed, and other factors. This model has the
advantages of convenient calculation, a fast convergence speed, and so on. It is widely
used in the study of the dynamics of mechanisms with clearances [2,18,26,33,34]:

1
45" RiRy \? 3(1—¢2).
F, = 1+ —26
3(01 + 02) <R1 + Rz) < " 4('5(*) ®)

where 07 = (1—v%)/Ey, 03 = (1 —v3)/E,, v1 and v; are the Poisson’s ratio, E1 and E,

are the elastic modulus, c. is the recovery coefficient, and 5 =) is the initial impact velocity.
When 6(t,)0(t,41) <0, (ty) < 0and 6(t,41) > 0, the time of collision is between t,, and

. . . G
t,+1 and the impact velocity at time t,, 11 is 6 .
A modified Coulomb friction model is used for tangential friction [2,13,27,35,36]:
(4
Fr = —crcyFy— 9)
T o
where ¢y is the friction coefficient and ¢, is the dynamics correction coefficient, and
0, |Ut| < 7
=% 9y < for| < o1
1, v >0

Cqg =

3. Dynamics Optimization Model of a Mechanism with Clearances

The diagram for a 2-DOF nine-bar mechanism is shown in Figure 3. The 2-DOF
nine-bar mechanism is composed of crank 1 (L1), rod 2 (L), rod 3 (L3), crank 4 (L4), frame
5 (Ls), rod 6 (Lg), a triangle plate 7 (L7, L73, L73), rod 8 (Lg), and a slider (Sg). It is known
that the mechanism has eight movable members (crank 1, rod 2, rod 3, crank 4, rod 6,
triangle plate 7, rod 8, and the slider) and one fixed member (frame 5). The revolute pair
and translational pair are lower pairs; the number of lower pairs in this mechanism is 11.
According to the calculation formula for the degree of freedom (DOF), the DOF of this
mechanism is:

Fpoop =3n—2Pp — Py =3x8—-2x11-0=2 (10)

where Fpor is the DOF of the mechanism, n is the total number of moving components of
the mechanism, Py is the number of lower pairs, and Py is the number of higher pairs.

It can be seen that the DOF of the mechanism is 2. When the mechanism has two
drives, the mechanism has a unique motion; that is, the slider makes a reciprocating linear
motion along the guide rail. The 2-DOF nine-bar mechanism has the following positive
motion characteristics, such as the low and stable running speed of the slider at the bottom
in the dead center, rapid return characteristics, good flexibility, the strong bearing capacity
of the mechanism, etc. This 2-DOF nine-bar mechanism could be effective when applied to
the main transmission mechanism of a hybrid drive multi-link mechanical press.
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Figure 3. Diagram of a 2-DOF nine-bar mechanism.

Since the clearance of the revolute pair A is between crank 1 and rod 2, and the
clearance of the revolute pair B is between crank 4 and rod 3, the impact forces at clearances
A and B directly affect the dynamics of the mechanism. Consequently, this paper focuses on
the influence of revolute pair clearances A and B on the mechanism. A structural diagram
of the 2-DOF nine-bar mechanism with revolute clearances is shown in Figure 4.

Y Sl

Figure 4. Structure diagram of a 2-DOF nine-bar mechanism with revolute clearances.

3.1. Design Variable

Since clearances A and B are located on two separate driving components, the end
effector directly affects the motion characteristics of the whole mechanism, and the pa-
rameters of rod 2, rod 3, and the slider are selected for optimization. Mass, the centroid
position, and the moment of inertia are important factors determining the mass distribution
of components. Because rods 2 and 3 are long bars, the mass, the center of mass position,
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and the moment of inertia of the rods will affect the dynamics of the mechanism. Therefore,
it is necessary to optimize mass, centroid position, and the moment of inertia of rods 2
and 3. As an end effector, the slider directly affects the motion characteristics of the whole
mechanism, so it needs to be optimized. Because the slider moves in translation within the
guide rail, its moment of inertia has little effect on the dynamics response of the mechanism.
Compared with rods 2 and 3, the length of the slider is relatively short, resulting in the
relatively small influence of its center of mass position on the dynamics of the mechanism.
Therefore, the quality of the slider is selected as the optimization design variable. To sum
up, taking the mass, centroid position, and moment of inertia of rod 2 and rod 3 and the
slider’s mass as the optimization design variables:

X, = (my, Ly, J,m3, Lg3, J3, m9) "

(11)
- (x(l)'x(2)'x(3)’x(4)'x(5)'x(6)’x(7))
3.2. Constraint Conditions
The constraints of the dynamics optimization model are:
XE<Xo<xY (12)

where X! and Xl are the upper and lower limits of the optimized design variables.
The value ranges of X Y and XL are shown in Table 1. Among them, the lower limit of
component quality is half the size of the original quality, and the upper limit of component
quality is twice the size of the original quality. The upper limit and lower limit of the
centroid position of the member are taken as the limit positions of the member, respectively.
The lower limit of the moment of inertia assumes that the rotating shaft passes through the
center of mass of the rod, and the upper limit of the moment of inertia assumes that the
rotating shaft passes through the end point of the rod [20,33].

Table 1. Value ranges of XM and X.L.

malkg Lgp/mm Jo/ (kg - m?) mslkg Lgz/mm J3/ (kg - m?) molkg
XCL %1112 0 %mzLZZ %Tﬂg 0 %1113[132 %mg
Xcu 21’”2 Lz %m2L22 211’13 L3 %m:),Lg,z 27’]19

3.3. Objective Functions
3.3.1. Optimize the Maximum Acceleration of the Slider

As the end effector of the 2-DOF nine-bar mechanism, the kinematic characteristics
of the slider have important research significance. Acceleration is a bridge connecting
kinematics and the dynamics of the mechanism, which is closely related to the force of the
system. At the same time, the peak value of the slider’s acceleration intensifies the vibration
due to the surge of its clearance value. Therefore, it is of great practical significance to
optimize the maximum acceleration of the slider. The objective function of the optimization
design is to minimize the maximum value of the slider’s acceleration; the specific expression
can be expressed as:

F, = min(||ayl|.,) (13)

where ay is the slider’s acceleration. Here, ||ay||,, = max|ay|, which is the maximum of
1

all the absolute values of slider acceleration.

3.3.2. Optimize the Central Trajectory at the Clearance Joint

Due to the existence of clearance, the movement of the clearance shaft in the bear-
ing may be random and arbitrary. Therefore, by optimizing the central trajectory at the
clearance point, increasing the continuous contact state between the shaft and bearing, and
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reducing the generation of the collision state, the undesirable influence of clearance on the
mechanism can be reduced effectively.

Taking the minimum difference between the actual center trajectory and the ideal
trajectory as the optimization objective, the specific expression of the objective function can
be expressed as:

F, = min(wAfA + waB) (14)

where w4 and wp are the weighing factors, and expressions of f4 and fg can be written as:

fa= \/(62)24— (ez‘)z —cp2

fo =)+ () —er?

(15)

where ¢} and 321 are the components of eccentricity between the shaft and bearing in
revolute joint A in the X and Y directions, respectively. ez and e% are the components of
eccentricity between the shaft and bearing in the revolute joint B in the X and Y directions,
respectively. c4 and cp are the clearance sizes of joints A and B, respectively.

Based on the structural diagram of the mechanism with clearances shown in Figure 1,
the expressions of ¢}, and e? can be expressed as:

ea=( xp—Lypcost) — Lycosty Yy, — Lypsinf, — Lysinb; )
S &)
A A T (16)
eg = ( x3 — Lggcostl3 — Lycosfy y3 — Lgzsinfl3 — Lysinfy + Ls )
~ (e &)
B ©B

3.3.3. Optimization Method

The genetic algorithm is a multi-objective optimization algorithm that can find an optimal
solution by simulating the process of natural evolution. Firstly, the initial population is
randomly generated as the candidate solution. Then, according to the fitness value, individuals
are selected, crossed, and mutated. The cycle is repeated to obtain a group satisfying the
conditions. Finally, the optimal solution of the optimal design variables is obtained.

The steps of the optimization are as follows

(1) Set the initial parameters: chromosome length, population size, maximum genetic
algebra, coding type, mutation probability, crossover probability, etc;

(2) Randomly generate an initial population with size N, P(0) = {x(l), X, x?\]_l, )

(3) Calculate the fitness value of each individual xf(i =1,2,---,N) in the population
P(t) = {xy, %3+ Xy AN

(4) By comparing the fitness value of each individual, select individuals according to the
selection operator, and keep the selected individuals with a larger fitness value until
the number of the population is N;

(5) Optimize the combination of some genes of the surviving parent individuals, exchang-
ing the genes at some corresponding positions of the two parent individuals according
to the crossover probability, so as to produce two new individuals; the individuals
that have not been crossed directly replicate into the new species group;

(6) The genes at some coding positions are mutated according to the mutation proba-
bility. The mutated individual replaces the original individual in the new species
group. Individuals without compilation directly enter the new population. This
completes an evolutionary process and selects the next generation of the population

N BV | t+1 1,
P(t+1) = {xﬁ JX e XN XY }'
(7)  If the fitness has reached saturation or the number of iterations has reached the upper
limit, it will stop. Otherwise, go to step 3.
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3.4. Establishment of a Dynamics Optimization Model of a 2-DOF Nine-Bar Mechanism with
Multiple Clearances

The generalized coordinates of each component are set as:

0= v 6) (17)

where x; and y; are the position components of component 7 in the X and Y directions in
the system coordinate system, and 0; is the rotation angle of member i.

The 2-DOF nine-bar mechanism has 24 generalized coordinates; the generalized
coordinates of the mechanism can be expressed as:

_ Xy 0 x2y2 62 X3 Y3 03 x4 Yy Oy 7 18
X6 Yo Ue X7 Y7 U7 X8 Yg Ug X9 Y9 U
The dynamics optimization model of the mechanism with clearances is the set of the
dynamics model and the optimization design variables. A displacement constraint equation
with multiple clearances, including optimization design variables, could be written as:

x1 — Lg1 cos 6
V1 — le sin 91
x4 — Lgq cos Oy
Ya — Lggsinfy + Ls

x7 + Lg7 COS(Oél) — X7 — (Lz — X0 ) cos 6,
Y7 + Ls7 Sil‘l([Xl) — Y2 — (Lz — x ) sin 6,
x7 + Lgyp cos(ag) — x3 — (L3 — x )) cos 6
y7 + Lszasin(w) —y3 — (Ls — x5 ) sin 03
X — LS6 Ccos 96 — Hx
) ,t _ Y6 — S6Sil‘196—Hy =0 19
(4:1) X7 — Lg71 cos(ap) — xg — Lgg cos b4 (19)

X7 + Lg73 cos(as) — xg + Lgg cos Og

y7 + Lgzz sin(az) — yg + Lsg sin 6

X9 — Hy — L cos 0 — Ly cos(ay) — Lsg cos 6
Yo — Hy - L6 sin 96 — L72 Sin(Dé4) — Lsg sin 98
X9 — Hx

99 — 157

01 — wqt — 5.7645

94 — a;4t + 2.4934

Y7 — Lgz1 sin(a2) — v — Lgg sin g
)

where the values of B, B1, B12, and w1y are 34.11°, 22.22°,83.24°, and 36.19°, respectively. Hy
and Hy are 0.08 m and 0.645 m, respectively. a1 = 07 — By, ap = 07 + B, a3 = 07 + B12 + w1,

g = 07 + P12
Velocity is a constraint equation that can be expressed as [37]:

g =-dr=v (20)

where @ is the Jacobian matrix, ®; = d®/dq, q represents the generalized velocity vector,
®; = 0P /dt, and P; can be written as

0o

o = =
NPy

= (01><18/ —w1, _w4)T (21)
The Jacobian matrix of the mechanism can be expressed as:

ch - (q)q(U’CDQ(zyq)‘i(s)" o '¢q(zz)f®q(z3y¢ﬂ(z4)> (22)
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T T . T
where q)q(l) = (11019><1) /q)q(2) = (0/ 1/018><1) /q)q(3) = (le SIHGl/ _le Cos 611016><1/ 1/0) ’
T T .
DPg, = (04x1,=1,01541) , Py = (05x1, —1,014x1) ", Pgi = (0ax1, Lso sin s, —Ls1 cos 0,
T T .
012x1) 7, Qg = (O6x1,—1,013x1) ", Pyy) = (0751, —1,012x1) , Pggy = (Opx1, Lszsinbs,
T T
—Lg3 08 03,01241)", D@g10) = (02x1,1,017x1) ", Pgipy) = (0351, 1,016x1) ", Py = (021, Lsa,
. T T
sm 64/ _LS4 cos 641015X1/1)T/ q)q(l?:) = (08><1/ 1/ 0/ _1/09><l) s ®L]<14) = (09><]/ 1/ 0/ _1/08><1) ’

Qg5 = (01, Lsg sin 8, — Lsg €08 B¢, Lsg sin 0, — Lsg €08 06,021, Lsg sin 0, — Lsg cOs O,
0sx1)", g = (04x1,1,0,1,0351,1,0, 1,07.1)", @g,, = (05x1,1,0,1,0551,1,0, 1,061)",
041, —Ls7z sin(aq), Lgyp cos(aq), —Lgyp sin(aq), Ls7p cos(aq), 021, T
gy = Ly sin(ag), - - - ,
—L571 COS((Xz), —L573 Sil‘l(lX{;), LS73 COS((X?,), L72 Sil‘l([X4), —L72 COS((X4), 04><1
DPgp) = (O12x1, ~1,0741)", Pgpy = (O13x1, ~1,06x1)", g,y = (012x1, —Lsgsinbg, Les,

. T T

cos Bg, Lsg sin 0, —Lsg cos 03, 04x1) T, D@y = (01431, 1,0,1,05x1) ", Py = (015x1,1,0451)
T

D@y = (O17x1,1,021)

The acceleration constraint equations could be expressed as [37]:
(Dqé = — (q)qq)qq — Z(Dqté] — (Dtt = ’)/ (23)

where g represents the generalized acceleration vector, ®; is the partial derivative of the
Jacobian matrix with respect to time, @4 = 020524, Py is the partial derivative of ®; with
respect to time, @ = 0% 1, and 7 is the vector of quadratic velocity terms.

®y; can be written as:

Pgg = (q)q(l)q(l)’q)ﬂa)q(z)' (I)Wg)‘i(s)" T cpq(zz)ﬂ(zz)/ cpfi(zs)q(zs)/ ®q(24)q(24)) (24)

where: Po30) = Pagae = Pawaw = Pasas = Pagar = Pagae = Paanian =
qu(n)q(n) = qD@(w)ﬂ(la) = P

(14)9(14) qae)d1s) — —dandazr)y = 419919 qDﬂ(zo)ﬂ(m)

_ _ _ _ _ : T

= Py = Papies = Papydey = 01x200 Pgiyq) = (Lsiwr cos b1, Lsjws sin b1, 015x1) ",

DPgae = (0ax1, Loows cosby, Lsjwr sin, 014x1)", Pg g9 = (O6x1, Lsaws cos b3, Lews
. . T

sinf3, 012x1)7, DPg a2 = (02x1, Lsaws cos 0y, Leyws sin by, 016x1) , Pg05 = (08x1,

Lsgwe cos 0, Lsgwe sin 0, Lsgwe cos 0, Lsgwe sin g, 0351, Lsgwe c0s 06, Lsgwe sin 0, 04x1) T,
041, —Lsypw7 cos(ay), —Lspwy sin(ay ), — Lszpwy cos(aq ), — Lszpwy

® B sin(ay),02x1, Ls71w7 cos(az), - - -
. —

(18)4(18) L571w7 Sin(az), —L573UJ7 COS(DL3), —L573(/J7 Sil’l(Dé3), L72(/J7 COS(DC4), ’
Lyywy sin(ay), 04x1
q)‘i(21)‘7(21> = (012x1, —Lsgws cos 03, — Lsgws sin Og, Lsgwg cos Bg, Lsgwsg sin B, 04X1)T.

The system dynamics equation considering optimal design variables can be expressed
as follows [38]:
Mj+PpA =g (25)

where M is the mass matrix of the system, A is the Lagrange multiplier, and g is the
generalized force of the system, including gravity, external force, and external torque.

A quality matrix considering the optimal design variables of a 2-DOF nine-bar mecha-
nism with clearances can be expressed as:

Mo diag< my my Ju X(1) X(1) X(3) X(4) X(4) X(6) M4 Mg J4- - ) 26)
me Mg Jo my my J7 mg mg Js X7y X(7) Jo



Machines 2022, 10, 698

12 0f 23

The generalized force of a system with optimal design variables can be expressed as:

_ [ EENMan, —F, —F Mg, FP, FJ, Mgy, -+
g‘( —FB, —PB,MBz, 0,0,0,0,0,0,0,0,0,0,0,0 ) 27)
M = —(0Q] —y1 ) F3 + (0QF — x1)
Mgy = —(0Q) —y2 ) Fx + (0Q3 — x2)F 28)
Mgy = —(0Q] — ya ) Fj + (0Qf — x4)
Mg, = —(0Q) — y3 ) F§ + (OQ% — x3) F}

where Pi] (i=A, B;j=X,Y) are the components of contact force in the j directions at clearance
joint i, respectively. Q1 and Q» are the collision points of the bearing and shaft in rotating
pair A, respectively. Q3 and Qy are the collision points of the bearing and shaft in rotating
pair B, respectively:
OQ1 = OP1 + Rll’lA
0Q, = OP, + Rony
0Q3 = OP3 + Rynp
OQ4 = OP4 + Rlng

(29)

where n4 and np are unit normal vectors of clearances A and B, respectively. P; and P,
are the center points of the bearing and shaft in revolute A, respectively. P3 and Py are the
center points of the bearing and shaft in revolute A, respectively:

OP1 ( Ll C0591 L] Sin91 )

OP2 = ( X — x C0892 Y2 — X(Z) Sin92 )
op; = ( x3—x(5 c0593 Y3 — x(5)sinfs )
OPy = ( Lgcos®y Lysinby — Ls)

(30)

The dynamics equation of the mechanism can be obtained by solving Equations (23)
and (25), and the equation expression is as follows:

@06

In order to overcome the default of the dynamics equation, based on the Baumgarte
default stability algorithm, a strong nonlinear equation with optimal design variables is

solved [39-41]:
M N7\ g
(cb,, oq> (A) - (’y — 20 — ﬁ2c1>> (32)

where « and B are the correction parameters, and ¢ = ‘%’.

Because the dynamics equation of the mechanism containing the clearances is a very
nonlinear equation, it is difficult to solve the equation stably. Variable-order numerical
differentiation algorithms (NDFs) are used to solve the dynamics equations, while the high-
order equations are transformed into low-order equations. Therefore, the odel5s function in
MATLAB is used to solve Equation (32) and convert the second-order differential equation
into a first-order differential equation:

dg; _ dgy _

a — 8 dt =m0

L = 82, a4t =1

dt ' dt (33)
dg;

o i _
a = 8iar =4

where g; represents the generalized coordinates and i is the number of generalized coordinates.
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4. Establishment of a Dynamics Accuracy and Reliability Model

It is assumed that the error function of the mechanism is h(x, t) = P — P/, where P is the
actual situation of the dynamics c response of the mechanism, and P’ is the ideal situation of
the dynamics response of the mechanism. According to the error characteristics of random
variables, while | (x, t)| < |e|, the mechanism is reliable; if not, the mechanism fails.

For mechanism reliability, the actual error is stress, and the allowable error is strength.
Assuming that these are the actual and allowable errors of the motion characteristics, where
driving torque meets a normal distribution, the reliability of the mechanism can be solved
according to the stress-strength interference theory. Based upon the stress-strength interference
theory, reliability is defined as the probability that strength is greater than stress [27]:

R=P(§-5>0) =P(Z>0) (34)
where Z is the safety margin.

It is assumed that stress and strength obey a normal distribution, and the safety margin
also obeys normal distribution:

f(Z)

1 -hEey

= —° oz 35
2oy (39)

where pz = ps — g, 07 = 4/ ((Tg + (Ts%), us and og are the mean value and variance of

intensity, and g and 0y are the mean value and the variance of stress.
Reliability could be written as:

7 1 _l(Z_VZ )2 <
P(Z > 0) = / ¢ 2\Tg a7z = /QD(Z)dZ =1 — CD(ZO) (36)
V21oy
0 %0
where ¢(z) = \/%67%22,2 = Z;;Z, and zg = —% — __MsTHg

1
(ct+e3)’
The reliability index can be expressed as:

,B:Vl: VS_V§. (37)

0z [o2 + 02
S+ S

5. Effect of Optimization on the Dynamics Responses and the Dynamics Accuracy and
Reliability of a Mechanism with Clearances
5.1. Simulation Parameters

The mass, moment of inertia, geometric parameters, and clearance parameters are
shown in Tables 2 and 3.

Table 2. Geometric and inertial parameters.

Component

Length of Rod (mm) Centroid Position Length (mm) Mass (kg)

Moment of Inertia

(10-3 kg-m?)
Crank 1 45 23 0.148 0.2382
Rod 2 326 163 0.805 8.007
Rod 3 497 248.8 0.603 13.37
Crank 4 95 48 0.265 1.210
Frame 5 430 — — —
Rod 6 230 115 0.581 12.12
Ly 325 Len 147
Triangular panel 7 L7, 250 Ley 219 38.02 4.334
L73 386 Ls73 190
Rod 8 335 167.6 0.827 8.663
Slider 9 — — 0.801 —
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Table 3. Clearance simulation parameters.
Parameter Parameter Values Parameter Parameter Values

Bearing radius Ry 15 (mm) Clearance value 0.1 (mm)
Restitution coefficient ce 0.9 Speed of crank 1 2nrad/s

Poisson ratio vi, v, 0.3 Speed of crank 4 —2mnrad/s
Elastic modulus Eq, E; 207 (GPa) Integral tolerance 0.000001
Friction coefficient 0.01 Integral step 0.0001 s

In order to exaggerate the influence of the clearance parameters on the dynamics
response of the mechanism, the clearance value at revolute pairs A and B is set as 0.1 mm,
and the friction coefficient at the clearance is set as 0.01, which will lead to a sharp increase
in the peak value of the dynamics response.

When the optimization objective is to minimize the maximum acceleration of the slider,
rod 2, rod 3, and the slider are optimized according to the principle of mass distribution.
The optimization results are as follows:

my = 1574 (kg)

Lg; = 0.241 (m)

J» = 0.007 (kg - m?)

m3 = 1.12 (kg) . (38)
Lsz = 0.235 (m)

J3 = 0.033 (kg - m?)

mg = 1.574 (kg)

When the optimization objective is to minimize the difference between the actual
center trajectory and the ideal trajectory, the optimization results are as follows:

my = 0.538 (kg)

Ly = 0.244 (m)

J» = 0.004 (kg - m?)

ms = 0862 (kg) . (39)
Ly = 0.319 (m)

J3 = 0.006 (kg - m?)

mg = 0.4 (kg)

5.2. Comparative Analysis of Dynamics Behavior before and after Optimization
5.2.1. Comparative Analysis of Dynamics Response of the Mechanism before and
after Optimization

Based on Equations (26) and (27), the dynamics response of the mechanism after
stabilization is shown in Figure 5. When the optimization’s objective function is to minimize
the maximum acceleration of the slider, it is characterized by a blue line in Figure 5 and
is named “Optimization 1”. When the optimization objective function is to minimize the
difference between the actual trajectory and ideal trajectory, it is characterized by a green
line in Figure 4 and is named “Optimization 2”.

According to the acceleration curve, there are two optimization methods that can both
effectively reduce the peak value of acceleration. It shows that the two methods have a good
effect on improving the slider’s acceleration, but the optimization effect in “Optimization
2” is better than that of “Optimization 1”. Similarly, it can be seen from the contact force at
the clearance joint and center trajectory diagram that when “Optimization 2” is adopted,
the optimization effect is significant, and the times of peak and large amplitude of the
dynamics are significantly reduced. However, when “Optimization 1” is adopted, the peak
value of the contact force at the clearance joint is sometimes smaller than it was before
optimization, and sometimes increases sharply. To sum up, when the objective function
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of optimization is to minimize the difference between the actual trajectory and the ideal
trajectory, the optimization effect is stronger than that when the optimization objective
function is to minimize the maximum acceleration of the slider.
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Figure 5. Comparative analysis of dynamics response before and after optimization. (a) Acceleration.
(b) Contact force of joint A. (c) Contact force of joint B. (d) central trajectory of clearance A. (e) central
trajectory of clearance B.

One of the cycles of data is selected for analysis, and the effects of the different
optimization objective functions on the dynamics responses of the mechanism are analyzed
numerically. The diagram for the dynamics response is shown in Figure 6. It can be seen
from the diagram that clearances have little effect on displacement and velocity, which
is almost close to an ideal state. When the mechanism has not been optimized, the peak
value of the acceleration of the slider, the contact force of joint A, the contact force of joint
B, the driving torque of crank 1, and the driving torque of crank 4 are 146.9 m/ s2,1157 N,
1001 N, —70.09 N'm, and 52 N-m, respectively. When the objective function of optimization
is to minimize the maximum acceleration of the slider, the corresponding peak values are
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98.13 m/s?, 806 N, 820.2 N, —52.29 N-m, and 36.11 N-m, respectively. When the objective
function of optimization is to minimize the difference between the actual trajectory and
ideal trajectory, the corresponding peak values are 76.81 m/s?, 469.4 N, 395.7 N, —26.11 N-m,
and 20.95 N-m, respectively. When the objective function of optimization is to minimize
the maximum acceleration of the slider, the optimization efficiencies are 33.20%, 30.34%,
18.06%, 25.40%, and 30.56%, respectively. When the objective function of optimization is to
minimize the difference between the actual trajectory and ideal trajectory, the corresponding
optimization efficiencies are 47.71%, 59.43%, 60.47%, 62.75%, and 59.71%, respectively. It
can be seen that the optimization effect of “Optimization 2" is significantly better than that
of “Optimization 1”.
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Figure 6. Dynamics response. (a) Displacement of the slider. (b) Velocity of the slider. (c) Acceleration
of the slider. (d) Contact force of joint A. (e) Contact force of joint B. (f) Driving torque of crank 1.
(g) Driving torque of crank 4. (h) Central trajectory of clearance A. (i) Central trajectory of clearance B.
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5.2.2. Comparative Analysis of the Nonlinear Characteristics of the Mechanism before and
after Optimization

Based on the optimization data obtained by optimizing the central trajectory at the
clearance joints, the nonlinear characteristics of the clearance before and after optimization
are analyzed. When the mechanism runs for 500 cycles, the nonlinear characteristics of
a mechanism containing clearances before and after optimization are analyzed with a
phase map and Poincaré map. The nonlinear characteristics of joints A and B are shown in
Figures 7-10. The nonlinear characteristics of the slider’s error are shown in Figure 11.
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Figure 7. Nonlinear characteristics of joint A in the X direction. (a) Phase map. (b) Poincaré map.
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Figure 8. Nonlinear characteristics of joint A in the Y direction. (a) Phase map. (b) Poincaré map.
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Figure 9. Nonlinear characteristics of joint B in the X direction. (a) Phase map. (b) Poincaré map.
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Figure 10. Nonlinear characteristics of joint B in the Y direction. (a) Phase map. (b) Poincaré map.
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Figure 11. Nonlinear characteristic of the slider’s error. (a) Phase map. (b) Poincaré map.

It can be seen from the phase diagrams and Poincaré maps that the area of the phase
diagram after optimization decreases; the dispersion of mapping points after optimization
weakens and becomes relatively concentrated. It can be seen that clearance optimization
can effectively improve both the chaos and the stability of the mechanism.

5.3. Dynamics Accuracy and Reliability Analysis of a Mechanism with Clearances before and
after Optimization

Based on the data yielded after optimization (where the optimization objective is to
minimize the difference between the actual trajectory and ideal trajectory), the dynamics
accuracy and reliability of the mechanism before and after optimization are compared and
analyzed. The reliability index diagrams of displacement, velocity, acceleration, torque 1,
and torque 4 are shown in Figure 12.

Because the clearance of the kinematic pair has little effect on the slider’s displacement,
the change in the reliability index of the slider’s displacement is not obvious, but the
reliability of the slider’s displacement has been improved after optimization. The sensitivity
of the slider’s velocity to the clearance is stronger than that of the slider’s displacement,
so the reliability index of velocity is significantly improved. The sensitivity of the slider’s
acceleration and the driving torque to clearance are strong, dynamical response curves
with an obvious vibration and peak, and the response curves have been significantly
improved after optimization. Therefore, the reliability indexes of acceleration and torque
are obviously larger. In general, optimization enhances the reliability of the mechanism,
and the mechanism becomes more stable.
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Figure 12. Reliability index. (a) Displacement. (b) Velocity. (c) Acceleration. (d) Driving torque of
crank 1. (e) Driving torque of crank 4.

5.4. Experimental Research into a Mechanism with Clearances

Design of the Test Platform for a Mechanism with Clearances

The 2-DOF nine-bar mechanism test bed is shown in Figure 13. The structural diagram
of the 2-DOF nine-bar mechanism test platform is shown in Figure 14. The two motors are
installed under the support plate, and the two cranks are driven by motors to drive the
slider to move back and forth along the guide rail. The clearances between the two cranks
and connecting rods are considered (revolute clearances A and B). The component is made
of aluminum alloy, the elastic model is 70 Gpa, the bearing radius is 12 mm, and pin shafts
with a clearance value of 0.1 mm are shown in Figure 15. In order to facilitate the processing
and installation of parts, we have modified the dimensions to some extent. However, the
theoretical results shown in Figure 16b are based on the theoretical model proposed in this
paper. The geometric and inertial parameters of the test platform are shown in Table 4.

Figure 13. The 2-DOF nine-bar mechanism test bed. (a) Vertical view. (b) Lateral view.
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(b)

Figure 14. Structure diagram of the 2-DOF nine-bar mechanism testbed. (a) Normal axonometric
drawing. (b) Lateral view. 1—Frame, 2—Support plate, 3—Crank 1, 4—Crank 4, 5—Rod 2, 6—Rod 3,
7—Triangular panel 7, 8—Rod 6, 9—Rod 8, 10—Slider, 11—Guide rail, 12—Motor.

(b)

Figure 15. Shaft with clearance (clearance value = 0.1 mm). (a) Shaft A. (b) Shaft B.
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Figure 16. Comparison between experimental results and theoretical results. (a) Experimental result.
(b) Theoretical result. (c¢) Comparison diagram.
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Table 4. Geometric and inertial parameters of the test platform.

Moment of Inertia

Component Length of Rod (m) Mass (kg) (103 kg-m?)
Crank 1 0.08 0.142 0.303
Crank 4 0.08 0.142 0.303

Rod 2 0.250 0.284 1.479

Rod 3 0.350 0.396 4.043
0.247

Triangular panel 7 0.140 0.837 3.076
0.270

Rod 6 0.180 0.206 3.6863

Rod 8 0.300 0.341 2.558

Slider 9 — 0.112 —

When the operating speeds of Crank 1 and Crank 4 are 60 rpm and —60 rpm, respec-
tively, the comparison between the experimental results and theoretical results is shown in
Figure 16. According to Figure 16a, the peak value of acceleration corresponding to the
experimental results is 50.36 m/s2. According to Figure 16b, the peak value of acceleration
corresponding to the theoretical calculation results is 65.43 m/s?. As shown in Figure 16¢,
it can be seen from the figure that the two curves are basically consistent in trend, but there
is a certain difference in value. The comparison between the theoretical and experimental
numerical results of the maximum acceleration is shown in Table 5. According to the data
in Table 5, the error between the theoretical result and the experimental result is 15.07 m/ 2,
and the error rate is 23.03%. The main reason is that the vibration of the mechanism and the
friction of the components lead to a decrease in the peak value of the experimental results
and the acceleration of the vibration frequency. This can basically verify the correctness of
the theoretical results.

Table 5. The comparison between the theoretical and experimental results.

Parameter Theoretical Result (m/s?) Experimental Result (m/s?) Error

Acceleration 65.43 50.36 23.03%

6. Conclusions

The dynamics optimization research and dynamics accuracy and reliability analysis of
a complex multi-link mechanism containing clearances are researched in this paper.

(1) The dynamics optimization model and dynamics accuracy and reliability model of
a mechanism are built, considering the clearances.

(2) The effects of two different optimization objective functions on the dynamics
optimization of a mechanism with clearances are compared and analyzed, and the effects
on dynamics responses and the nonlinear characteristics of the mechanism before and after
optimization are analyzed. It is found that optimization effectively improves the dynamics
performance of the mechanism considering clearances; it weakens the mechanism'’s chaos
phenomena and improves the mechanism'’s stability.

(3) The dynamics accuracy and reliability of the mechanism containing clearances
before and after optimization is studied. It is found that the optimization effectively
improves the reliability of the mechanism containing clearances.

(4) A test platform was built to study the dynamics of the mechanism with clearances.
The theoretical result and the experimental result are basically consistent in terms of trends,
but there is a certain difference in value. The error rate between the theoretical result and the
experimental result is 23.03%, which basically verifies the correctness of the theoretical results.

Author Contributions: Writing original draft, S.J.; Formal analysis, Y.L.; Investigation, J.L.; Method-
ology, L.X.; Funding acquisition, S.Z. All authors have read and agreed to the published version of
the manuscript.
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