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Contact force in a clearance joint affects the dynamic characteristics and leads to nonlinear response of the mecha-
nism. It is necessary to assess the nonlinearity of contact force quantitatively. Therefore, a new method named contact-force
entropy weight is proposed in this paper. This method presents a comprehensive description of the judgment matrix in the
X, Y, and Z directions. To assess the influence degrees of different clearances and angular velocities on the contact force,
the method is applied to numerical calculation and simulation of a six-bar mechanism with a clearance joint to illustrate
its application and investigate the influence degree of angular velocity and clearance on the contact force. By combining
the simulation results and theoretical calculations, the influence degrees of different clearances and angular velocities on
the contact-force entropy weight of the six-bar mechanism with a clearance joint are revealed. It is found that the angular
velocity has a significant influence on the contact force entropy weight of the clearance joint, showing that the contact-force
entropy weight is a feasible new method of assessing non-linearity of contact force quantitatively. The method gives a
theoretical reference for quantitatively analyzing the nonlinear dynamics.

Keywords: clearance joint, entropy weight, six-bar mechanism, quantitative analysis
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1. Introduction

This paper focuses on the influences of different factors
affecting the contact force exerted by an RRR-RRP (five rev-
olute and one prismatic joints) six-bar linkage with a clear-
ance joint. The mechanism is often used in precision com-
puter numerical control (CNC) pressure-mounting pressure
machinery and mobile robots. Compared with the crank slider
mechanism, the mechanism has good quick-return characteris-
tics, force enhancement characteristics, and low-speed motion
characteristics. In other research into six-bar mechanisms, a
kinematics model was established, 2] and the causes of vibra-
tion and noise of RRR-RRP six-bar linkage with a clearance
joint in the press were analyzed, but the effect of clearance
was not considered. Soh and McCarthy*! and Balasubrama-
nian and Bagci!*! analyzed the motion characteristics of Watt
and Stephenson six-bar chains by combining the research into
a six-bar mechanism with robot technology, creating a new
idea for the design and optimization. Luo et al.’! and Xu et
al.'®! focused on the characteristics of Watt T and Watt IT six-
bar mechanisms respectively, and applied them to the walking
parts of the robot, realizing the innovative application of the
mechanism. In other literature,!”! the motion of a Stephen-
son I six-bar mechanism was analyzed, and the optimal design
of the press based on a Stephenson I six-bar mechanism was
completed. Plecnik and Mccarthy!®! have studied the com-

prehensive equation governing the behaviour of a Stephenson
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IIT six-bar mechanism, and then applied it to the analysis of
a manipulator. Pennock and Israr® used kinematic analysis
and kinematic synthesis to verify and analyze the adjustable
six-bar mechanism as a variable-speed transmission mecha-
nism. There are some shortcomings in the above researches on
six-bar mechanism. One of the shortcomings is that the effect
of the clearance on the whole mechanism is not considered,
and a method to quantitatively analyze the effect of the clear-
ance is lacking. In order to study the clearance, Johnson!!"]
conducted a lot of researches of contact mechanics and tri-
bology. The slider with clearances in a four-bar mechanism
was studied, and the nonlinear dynamic characteristics were
obtained. [!1~13] The kinematics analysis and dynamics simula-
tion on the cylinder pair joint with clearance were carried out,
and the effects of space clearance, friction coefficient, flexibil-
ity of the bar, and other factors in the crank slider mechanism
on the dynamic characteristics of the cylinder pair with clear-
ances were investigated.!!*'8] Liu ez al.!'”! and Wang et al.*")
took revolute with clearances as the research object and modi-
fied the contact model. Wang!?!! and Yan and Guo!*?! studied
the effects of clearance, friction, lubrication, material inhomo-
geneity and other factors on the dynamic model and motion
accuracy of flexible multi-body system with clearances. Tian
et al.'”*! made a comprehensive review of multi-body mechan-
ical systems with clearances.

Since the introduction of information entropy, many re-
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lated methods have been proposed based on information en-
tropy, such as the principle of maximum entropy,* the
cross entropy,! and the Kolmogorov entropy.!?®! The en-
tropy weight method is an objective value assignment method
based on information entropy theory. As for the research of
entropy weight method, in the literature!?”! the entropy weight
method was used to diagnose the faults of bearings and a bet-
ter fault identification effect was obtained. The dynamic sim-
ulation of the model was conducted and the dynamic charac-

teristics of the model were analyzed. Zhang!*®]

integrated the
entropy weight method into cleanliness, and proposed the con-
cept of “cleanliness entropy”, which is used to diagnose the
fault source in such a hydraulic system. Shannon’s entropy
weight method was used to optimise the cross entropy, and
two models of maximising and minimising the cross efficiency
were proposed to improve the accuracy of the analysis.!*]
An improved entropy weight method was used to configure
the weight system of load pattern recognition method index,
which improves the operating efficiency and accuracy of the
power load pattern recognition algorithm. 3% A nonlinear case
of time series signals based on permutation entropy was an-
alyzed, and concepts of permutation entropy was applied to
several cases.’!] A new decision model was established based
on the information entropy weight method, which provided
a good evaluation index for the research in their respective
fields.[3>341 Yan et al.!33! proposed a new method of identi-
fying the centrality of influential nodes in complex networks
based on the entropy power method, which improves the ac-
curacy of identifying influential nodes. Although the informa-
tion entropy and entropy weight methods have been applied to
many fields, the relevant research on quantitative analysis of
six-bar mechanism with a clearance is still lacking.

In this paper, the concept of “contact force entropy
weight” is proposed to analyze the kinematic characteristics of
an RRR-RRP six-bar linkage with a clearance joint. The con-
tact force model and the contact force entropy weight are in-
troduced in Section 1. In Section 2, the contact force model of
the six-bar linkage with a clearance joint is combined with the
entropy weight method used in information theory. It is also in
Section 2 that the mathematical model and calculation flow of
“contact force entropy weight” are established and the RRR-
RRP six-bar linkage with a clearance joint is modelled. In
Section 3, the optimal number of subsequent simulation data is
determined through verifying the influences of the number of
simulation data and information entropy and entropy weight.
In Section 4, two different simulation cases are designed based
on the change of clearance and angular velocity to analyze the
simulation results of clearance and angular velocity. Contact
force entropy weight is used to investigate the influence on an
RRR-RRP six-bar linkage with a clearance joint. The purpose

of the contact force entropy weight proposed herein is to pro-
vide a new analytical model for the optimization of mechanism

with clearance joints. Conclusions are drawn in Section 5.

2. Contact force entropy weight

To study the contact collision situation prevailing in an
RRR-RRP six-bar linkage with a clearance joint, a contact

force model for the clearance joint must be established.

2.1. Contact force on a mechanism with a clearance joint

The normal contact force model is LN model: %! this
model is a nonlinear spring damping model proposed by
Lankarani and Nikravesh, which is based on Hertz contact
theory and relies on increasing the influence of the recovery
coefficient. The LN model is widely used in the dynamics
research center of mechanisms with clearances because it con-
siders some factors such as impact velocity and local defor-
mation. Secondly, in the dynamic simulation analysis of the
clearance mechanism, the friction acting on the clearance joint
should also be considered, because friction will affect the dy-
namic response of the whole clearance mechanism. A mod-
ified Coulomb friction model is used for tangential friction
at the clearance joint. Finally, axial contact forces are also
included, because axial contact forces affect such clearance
joints.[371 On condition that the axis of the shaft is parallel to
the axis of the hole body, an axial force will be generated when
the stopper blocks at both ends of the shaft contact the external
wall of the hole. Hence, normal contact force can be expressed

as
Fn=K&8"+C8, (1)

where K is the contact stiffness coefficient of the collider, 0 is
the elastic deformation, O is the relative displacement and )
is the relative velocity of two objects in contact, n denotes the
power exponent. C is the damping coefficient in the collision

process and expressed as

C=né", 2)
n=3K(1-c2)/48), 3)

where 1] is the viscous damping factor and c. is the coefficient
of recovery. In Egs. (1)-(3), 8(7) is the initial relative velocity
at the point of collision.

Tangential friction force can be presented as

Py = (v) - Fx-v/ v, 4

where v, is the velocity component in the tangential direction,
Fn is the normal contact force, and u (v;) represents the fric-

tion coefficient. The friction coefficient can be expressed as
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—Masign (v),

—{ua+ (us —ua) - (| =vs)/(va=vs)},

|vt‘ > Vd,
vs < |ve| < g, )

s = 25 (Ve +5) /2v5) - (B = (v +vs) /vs) s [wi] <,

where vq is the maximum critical velocity of dynamic friction,
vg is the critical velocity of static friction, L4 is the sliding fric-
tion coefficient, and g refers to the static friction coefficient.

Axial contact force can be presented as
Fr = AE;0. /I, (6)

where &, is the axial distance, [ is the length of line contact,
E; is the elastic modulus of the hole, A is the area on which
the contact force acts. The contact surface is annular, and its
area is given by

A=nr? — gk, 7

where % is the external surface radius of hole and X is the

radius of the pore body.

2.2. Meaning of contact force entropy weight

Contact force is an important index used to study the
kinematic characteristics of a six-bar linkage with a clearance
joint. The theory of information entropy is used in the non-
linear quantitative analysis of the mechanism with clearance
joint. However, the influence degrees of different factors on
the contact-force nonlinearity of the mechanism with clear-
ance are not solved. Lack of an index to evaluate the influ-
ence of this factor on the contact force non-linearity remains
a problem. The contact-force entropy weight is a method,
which reflects the influence degree of velocity, clearance, and
other factors on the contact force of mechanism with clear-
ance. The factors affecting the contact force on the mech-
anism with clearance include clearance size, angular veloc-
ity, and hole shaft size. The contact force entropy weight is
used to determine the weight of the influence of the contact
force in the X, Y, and Z directions under the index according
to the amount of information contained in the contact force
in three directions under each influencing factor. The influ-
ences of clearance size, angular velocity, hole shaft size, and
other influencing factors on the contact force in the X, ¥, and
Z directions of the mechanism with clearance are different,
therefore, it is necessary to calculate the contact force entropy
weight for each factor to evaluate the primary and secondary
relationship of the degree of influence of contact force in each
of three directions of the mechanism with a clearance joint.
Thus, the influences of different factors can be evaluated ob-

jectively, stably, and accurately.

\
3. Contact force entropy weight and information
entropy

Contact-force entropy weight and power spectrum infor-
mation entropy are the analytical methods chosen in this paper.
For this reason, in this section the flow chart of calculating the
contact-force entropy weight is designed, the power spectrum-
information entropy is referred, and the contact-force entropy
weight mathematical model is put forward.

3.1. Flow chart of entropy weight calculation

Firstly, the process of information entropy and entropy
weight method is summarized. Then, by combining the RRR-
RRP six-bar linkage with a clearance contact force character-
istics, the calculation flow chart is designed as shown in Fig. 1.
The specific steps are as follows.

(i) The RRR-RRP six-bar linkage with a clearance joint
is simulated to acquire the contact force data in the X, ¥, and
Z directions. By calculating the power spectrum information
entropy, the influence of data size on information entropy is
obtained, and then the number of the following simulation data
is determined.

(ii) Establishing the initial judgment matrix. The influ-
encing factors and conditions are changed to run the simula-
tion again. According to the data obtained from the simulation,
the contact force simulation data in the X, Y, and Z directions
are integrated together to establish the initial judgment matrix
M.

(iii) Data standardization. The data in the initial judgment
matrix are standardized, and Min—Max normalization is used
to normalize the initial judgment matrix M, so that the origi-
nal data fall uniformly within the interval [0,1]. The standard
judgment matrix F is thus deduced; because the models used
for the contact forces in the X, Y, and Z directions are dif-
ferent, the data pertaining thereto must be standardized. The
purpose of this is to ensure the reliability of the data, eliminate
the differences in attributes and orders of magnitude existing
in various influencing factors, and reduce the influence of the
contact force data with higher values due to the large data dif-
ferences, thus weakening the role of the contact force data with
smaller values.

(iv) Computing information entropy. The relative propor-
tion of each influencing factor is calculated, and the informa-
tion entropy E of each influencing factor in the standard judg-
ment matrix Y is calculated according to the definition of in-

formation entropy.
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(v) Calculating contact force entropy weight. The entropy weight W; of each influencing factor is calculated according to

the information entropy E. Contact force entropy weight is used to ascertain the degree of influence of each influencing factor

on the contact force in each of three directions of motion of the RRR-RRP six-bar linkage with a clearance joint, and finally the

influence is fed-back to the RRR-RRP six-bar linkage with a clearance joint, to provide a reference for mechanism optimization.

R RRR-RRP six-bar linkage with
7| clearance joint is simulated by ADAMS .

@ nrnrnnnsannnnnnnnnnnnn,

y

! :

transform of data

|

Data
normalization

|

Calculating power

spectrum information
entropy

|

Determine the data
volume value

Contact force change Contact force change Contact force change :
data in X direction data in Y direction data in Z direction H
! v :
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Discrete Fourier Establish a standard = .

data matrix

Data standardization =

\ 4 .
Find the information & :
entropy of each index .

Determine the weight
of each index

Fig. 1. Flow chart for calculating contact force entropy weight.

3.2. Power spectrum information entropy

Before calculating the entropy weight, it is necessary
to understand the calculation process of information entropy.
Information, together with matter and energy, is one of the
three basic elements that constitute the world and human be-
ings depend on these for survival. The concept of entropy
first appeared in the field of physics. In 1865, it was pro-
posed by the German physicist Clausius. In 1877, Ludwig
Edward Boltzmann proposed a statistical-physics-based expla-
nation of entropy, which explained that the statistical law in
the microscopic state of a system would determine the macro-
characteristics of the whole system. The entropy S can be ex-
press as 38

S=kglnQ. (8)

where kg is the Boltzmann constant, €2 is the system macro-
scopic state included in the total number of micro-states.

In 1948, Shannon published the “Mathematical Theory of
Communication”, marking the birth of information theory. He
gave the following formula for the entropy of information,

n
I=H—0=-KY PlogP=H,
=1

€))

where H is the average information (uncertainty) of the event
set; I is the amount of information provided by the occurrence
of the event; P, is the probability of the i-th message; N is the
total number of messages; K is a constant.

Information entropy can be combined with different an-
alytical methods to establish different measures of informa-
tion entropy.*! The power spectrum information entropy is
used here. The power spectrum information entropy is used to
quantitatively calculate the uncertainty of a signal power spec-
trum, thus, the power spectrum entropy H of the signal in the
frequency domain can be defined as

N
H=-) ailogq:, (10)
i=1

l

where g; is the proportion of the i-th spectral value within the

entire power spectrum, and can be expressed as

n
ai="Li/ Y Li (1)
i=1

where L; is the i-th power spectrum value.
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3.3. Mathematical model for contact force entropy weight

To calculate the contact force entropy weight, we should
first analyze the different contact forces under various influ-
encing factors. According to the contact force model of the
mechanism with a clearance joint, there are three different
contact force models, which are the normal contact force Fy,
tangential contact force Fy;, and axial contact force Fr. Con-
tact forces in the X, Y, and Z directions are obtained by com-
bining the three contact force models for simulation. The
vector set of contact force entropy weights is recorded as
[F1,F»,F3]. If there are n items of data size in each contact
force entropy weight set, the initial judgment matrix M can be
express as

mpp mj2 M3

my mpy m
M=[F B B]=|77 72 TP a2

Myl My N3

The contact forces in the X, Y, and Z directions are ob-
tained by integrating the three contact force models and simu-
lation outputs. The vector set of entropy weights of the contact
force is denoted as [Fy, F», F3], and n is the number of items of
data. In the above judgment matrix, each row represents dif-
ferent contact forces at the same time, and the same column
represents the contact force data at different times for the same
contact force.

Min-max standardization is used to standardize the data
of each indicator, so that the values in the standard judgment
matrix are within the interval of [0,1]. Min—-max standardiza-
tion is defined as

Yij = (m,-j — min (mij))/(max (ml-j) — min (mij)),

i=1,2,..n; j=1,2,3, (13)

where m;; is the contact force data in row i and column j in
the above formula; Min (m;;) is the minimum value among all
contact force data. Max (m;;) denotes the maximum value of
all contact force data. The standard judgment matrix can be
presented as

Yii Y2 T3
e (14)
Ynl Yn2 Yn3

According to the definition of information entropy, the in-
formation entropy value of each influencing factor in the stan-
dard judgement matrix Y is calculated.

n
Ej=—KY pij-Inp;j, j=1.2,3, (15)
i=1
where p;; is the degree of influence of contact force in the X,
Y, and Z directions at a given time on the contact force entropy
weight of the six-bar linkage with a clearance joint, and K is

the coefficient of proportionality based on the change in data
volume. The K and p;; are given by

K =1/Inn, (16)
PijZYij/iYij~ n
fam
If p;; is equal to O, then
pgf_fgopij'lnpij =0. (18)

According to the information entropy value E;, contact
force entropy weight can be expressed as

Wi=(1-Ej)/ (k=Y E)), (19)
where k is the total number of information entropy weights
and E; is the information entropy. Entropy weight is essen-
tially a measure of the usefulness of information. The larger
the entropy weight, the greater the influence on the contact

force nonlinearity of the six-bar linkage with a clearance joint
is.

4. Case study

In this section, three simulations are designed based on
the RRR-RRP linkage with a clearance joint. The first sim-
ulation verifies the value of the model data volume, the sec-
ond simulation explores the influence degree of different clear-
ances on the contact-force entropy weight, and the third sim-
ulation ascertains the influence degree of different angular ve-
locities on the contact-force entropy weight.

4.1. RRR-RRP six-bar linkage with a clearance joint

Figure 2 shows the RRR-RRP six-bar linkage, which is
composed of five rotating joints and one sliding joint that al-
lows linear motion. Compared with the crank slider mecha-
nism, it has the advantages of good quick-return performance
and good force enhancement effect: it is often used in feeding
mechanisms, pressure mechanisms, efc. The six-bar linkage is
disassembled into part ABCD and part CDE. The front part is
an RRR (three revolute joints) mechanism, the back part is an
RRP (two revolute and one prismatic joints) mechanism; the
original moving part is a bar AB, and the slider E completes
the linear motion. During simulation, the clearance is set at D,
because rod CD is both the follower and the original actuator
of the RRP mechanism. This design considers the nonlinear
behavior at D relatively obvious.

Y

A C

A D D) X

[

Fig. 2. Schematic diagram of an RRR-RRP six-bar linkage.
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demonstrated in Fig. 3, which provides a basis for subsequent
simulation.

In the ADAMS, the linkage dimensions are shown
schematically in Fig. 4. The model parameters for the RRR-
RRP six-bar linkage with a clearance joint are shown in Ta-

ble 1.
) [width
Fig. 3. Simulation model of an RRR-RRP six-bar linkage with a clearance Link length
joint. Total length
I
In the AMADS, the basic RRR-RRP six-bar linkage is .
. . L [ Thickness
first established and corresponding motion joints are added.
Then, by adding the actuators already written, the rotating
joints at D is changed into one with clearance. The results are Fig. 4. Schematic diagram of linkage dimensions.
Table 1. Model parameters of RRR-RRP six-bar linkage with a clearance joint.
Design variable Link length (mm) Total length (mm) Width (mm) Thickness (mm) Material
Link AD 250 280 30 10 steel
Link AB 50 80 30 10 steel
Link BC 291.5 321.5 30 10 steel
Link CD 200 230 30 10 steel
Link CE 360 390 30 10 steel
Slider E - 100 50 25 steel

4.2. Determining data volume of simulation

To ensure the accuracy of the contact force entropy weight calculated from the data from two subsequent simulation experi-
ments, the RRR-RRP six-bar linkage with a clearance joint is simulated under the same conditions, but the number of simulation
data is varied, and the power spectrum information entropy is calculated. The simulation conditions are set as follows: clearance
is 0.2 mm, angular velocity is 27 rad/s, and simulation time is 7 s (seven cycles) to obtain the contact force data in the X, Y, and Z
directions, and one cycle after each set of data is stable, which are taken as the data to calculate the power spectrum information
entropy. The results are listed in Table 2.

Table 2. Contact force information entropy in the X, Y, and Z directions.

. X-direction contact force Y -direction contact force Z-direction contact force
Group Data size . . ) K X .
information entropy information entropy information entropy
1 200 2.0927 1.8643 1.8795
2 300 1.7037 1.7512 1.8466
3 400 1.6212 1.6626 1.7602
4 500 1.6002 1.6575 1.7561
5 1000 1.5746 1.6473 1.7428
6 1500 1.5733 1.6503 1.7465
7 2000 1.5779 1.6489 1.7374
8 2500 1.5707 1.6492 1.7422
9 3000 1.5733 1.6499 1.7471
10 3500 1.5717 1.6491 1.7465

Origin software is used to draw the original data of the simulation. Figures 5(a)-5(j) show 10 groups of contact force data:
there are small fluctuations in the contact forces in different directions, leading to nonlinear behavior. We plot a line diagram
by using the contact force information entropy in the X, Y, and Z directions in the table as shown in Fig. 5(k). The information
entropy line chart shows the changing trend of information entropy. As can be seen from the contact force information entropy in
Fig. 5(k), with the number of data increasing, the power spectrum information entropy in the X, Y, and Z directions gradually tend
to a stable value. As seen from Fig. 5(k), the contact force information entropy in the X direction finally converges to 1.57; the
Y-direction contact force information entropy finally converges to 1.65; the contact force information entropy in the Z direction
finally converges to 1.74. When performing simulations in ADAMS, the settings for the data size affect the final simulation
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results. The larger the data size, the more precise the simulation results is, but the less efficient the simulation. Considering the
precision and efficiency of the simulation, it is necessary to find the optimum data size for the RRR-RRP six-bar linkage with
a clearance joint. There are two criteria for evaluating the best data size: one is to reduce the data size as large as possible to
increase the efficiency of the simulation, and the other is that the data size should be chosen after the simulation results are stable.
Therefore according to Fig. 5(k) it can be seen that from the fifth group onward, subsequent changes in data volume have little
effect on the simulation results and therefore 1000 data volumes per second are taken as a criterion for evaluation.
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Fig. 5. Contact force data and contact force information entropy.

4.3. Simulation and simulation conditions

In the previous subsection, the conclusion has been verified that the information entropy will not change significantly with
the increases of the data size beyond 1000 items per second. In this subsection, through the simulation of an RRR-RRP six-bar
linkage with a clearance joint, the influences of different angular velocities and clearances on the contact forces in the X, Y, and
Z directions will be determined.

There are many factors that affect the contact forces, such as clearance, angular velocity, size of hole shaft, and flexibility.
Here we study the influences of angular velocity and clearance on the size of the contact forces in the X, Y, and Z directions,
therefore, the simulation of two different influencing factors is realized. One only changes the radial clearance size (group 1—

group 5), and the other only changes the angular velocity (group 2, group 6-group 9). The specific parameters are summarized
in Table 3.

Table 3. Simulation parameters of RRR-RRP six-bar linkage.

Group Angular velocity (rad/s) Radial clearance (mm) Shaft radius (mm) Axial clearance (mm) Flexibility
1 2m 0.1 9.9 0.2 No
2 2 0.2 9.8 0.2 No
3 2 0.3 9.7 0.2 No
4 2 0.4 9.6 0.2 No
5 2n 0.5 9.5 0.2 No
6 0.57 0.2 9.8 0.2 No
7 b4 0.2 9.8 0.2 No
8 1.57 0.2 9.8 0.2 No
9 3r 0.2 9.8 0.2 No
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Both simulations change only one parameter at a time.
In the first simulation, only the radial clearance is changed,
and the time required for each cycle remains unchanged, so
the number of data for each cycle is the same: 2000 data are
taken per cycle to ensure accuracy when calculating the en-
tropy weight of contact force information. The second simula-
tion changes the angular velocity, resulting in different cycles
of time and different numbers of data. For this reason, the data
size in one cycle is lower at low speeds, however, it has been

Contact force (N)
Contact force (N)

proved in the last section that when the data size in each cycle
reaches a certain value, the result is unaffected.

4.4. Contact force entropy weight and data analysis

The simulated data and results are shown in Fig. 6 and
represent those collected within one cycle at clearances of
0.1 mm to 0.5 mm, respectively. MATLAB is used to cal-
culate the information entropy weights: the results are listed
in Table 4.
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Fig. 6. Contact force data in different directions: (a) X direction, (b) Y direction, and (c) Z direction.

Table 4. Contact force entropy weights in different clearances.

Clearance (mm) X direction Y direction Z direction

0.1 0.4022 0.2031 0.3947
0.2 0.4027 0.2033 0.3940
0.3 0.4091 0.2019 0.3890
0.4 0.4040 0.2024 0.3936
0.5 0.4152 0.1996 0.3852
Average value 0.4066 0.2021 0.3913

The entropy weights under different clearances are plot-
ted in Fig. 7, and the average entropy weight is plotted on a
radar chart (Fig. 8).
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Fig. 7. Contact force entropy weight in different clearances.

Figure 7 shows the changing trend of contact force en-
tropy weight, demonstrating the average degree of influence
of contact forces in different directions. As can be seen from
Fig. 7, when only the radial clearance is changed, the entropy
weight of the contact force in each of the three directions fluc-
tuates less, indicating that the entropy weight of the contact
force in the X, Y, and Z directions does not change readily
with ¢ clearance. As can be seen from the average entropy

weight diagram in Fig. 8, the entropy weight of the contact
force in the X direction is similar to that in the Z direction,
and far greater than that in the Y direction. This indicates that
the clearance has a greater influence on the contact forces in
the X and Z directions of the RRR-RRP six-bar linkage with a
clearance joint (about twice that in the ¥ direction).

X-direction

i85
—e— Entropy weight

4

Z-direction Y-direction

Fig. 8. Average contact force entropy weight in X, Y, and Z directions vary-
ing with clearance.

The same method is adopted to calculate the contact force
entropy weight for the simulation data at different angular ve-
locities, and the obtained results are listed in Table 5. The
obtained data are also illustrated in Fig. 9.

Table 5. Contact force entropy weight with different angular velocities.

Angular velocity (rad/s) X direction Y direction Z direction

0.57 0.9519 0.0210 0.0272
T 0.8967 0.0403 0.0630
157 0.7220 0.0755 0.2025
2n 0.3940 0.2055 0.4005
3n 0.0586 0.0732 0.8683
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Fig. 9. Contact forces at different angular velocities: (a) 0.57 rad/s; (b) 7 rad/s; (¢) 1.5 rad/s; (d) 2.07 rad/s.

The entropy weights under different clearances in the ta-
ble are plotted, as a line graph (Fig. 10(a)); the entropy weight
is plotted on a radar chart (Fig. 10(b)).
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Fig. 10. (a) Contact force entropy weight and (b) radar chart of contact force
entropy weight.

Figure 10(a) shows the changing trend of contact force
entropy weight. Figure 10(b) shows the change in the degree

As
seen from Fig. 10(a), with the increase in angular velocity, the

of influence on the contact force in different directions.

entropy weight of contact force in each of the three directions
varies: the proportion of entropy weight of the contact force

in the X direction decreases continuously. The entropy weight
of the contact force in the Y direction first increases, then de-
creases when it reaches 27 rad/s. The entropy weight of the
contact force in the Z direction increases continuously. This
shows that with the increase in velocity, the influence of clear-
ance on the contact force in the X direction of RRR-RRP six-
bar linkage with a clearance joint diminishes; the influence of
the contact force in the Y direction remains low, and the in-
fluence on the contact force in the Z direction increases. By
analyzing the results of simulations 1 and 2, it can be found
that the results of the second group in simulation 1 and the
fourth group in simulation 2 are similar, suggesting a correla-
tion between the two simulations.

5. Conclusions

In this paper, we propose a quantitative analysis method
for mechanisms with a clearance based on the contact force
model of joints with a clearance and the entropy weight
method, called the entropy weight of the contact force. The
contact force entropy weight method can be used to assess
the degrees of influence of different influencing factors on the
RRR-RRP six-bar linkage with a clearance joint in a more
objective manner. In order to evaluate the feasibility of the
method, the contact force entropy weight model is used to an-
alyze the degrees of influence of clearance and angular veloc-
ity on the contact forces in the X, Y, and Z directions. Then,
before the simulation of two groups of different variables, the
changing relationship between the number of simulation data
and the information entropy is determined. This makes the
quantity of data and the weight of contact force entropy more
accurate. After that, We verify the validity of the contact force

044501-9



Chin. Phys. B 31, 044501 (2022)

information entropy model with two simulations.

In reality, there is a discrepancy between the degree of
influence of velocity and clearance on the contact force of an
RRR-RRP six-bar linkage with a clearance joint and the cal-
culation model. On the one hand, the error comes from the
simulation of the model, and on the other hand, it arises from
systemic error in the calculation model itself, therefore, in the
calculation of the contact force entropy weight, the proposed
method first determines the value of the data size required,
thus minimizing the aforementioned discrepancy. At the same
time, the purpose of using the contact force entropy weight is
to analyze a trend in the degree of influence of different fac-
tors within the allowable tolerance, to guide the optimization
of the mechanism with clearance, proving the significance of
the contact force entropy weight technique.
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