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In this paper, based on the kinematic accuracy theory and matrix-based system reliability analysis
method, a practical method for system reliability analysis of the kinematic performance of planar
linkages with correlated failure modes is proposed. The Taylor series expansion is utilized to derive
a general expression of the kinematic performance errors caused by random variables. A proper
limit state function (performance function) for reliability analysis of the kinematic performance of
planar linkages is established. Through the reliability theory and the linear programming method
the upper and lower bounds of the system reliability of planar linkages are provided. In the course
of system reliability analysis, the correlation of different failure modes is considered. Finally, the
practicality, efficiency, and accuracy of the proposed method are shown by a numerical example.

1. Introduction

Mechanisms are the skeletons of modern mechanical products and devices. The kinematic
accuracy of mechanisms greatly influences the performance and reliability of the mechanical
products and devices. Traditionally, in mechanism synthesis, a designer often tries to choose
proper mechanism configurations and component dimensions to make the designed mecha-
nism meet prespecified requirements. However, in the physical realization of any constituent
member, primary errors always occur due to technological features of production. Once a
theoretical solution is translated into physical reality, a theoretically feasible mechanism
might be unable to meet practical requirements because of the effects of uncertain factors (e.g.
manufacturing tolerances, elastic deformations and joint clearances). Since these uncertain
factors are inevitable, it is necessary to build a proper mode to quantify the effects of the
uncertain factors on the accuracy of mechanisms and optimally allocate the working ranges
of the mechanisms [1-3].

In recent years, with the continual increase of the demands of consumers on the kine-
matic and dynamic performance of mechanical products, the theory of mechanical reliability
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is more and more widely applied in mechanism analysis and synthesis. Mechanism reliability
can simply be defined as the capability that a mechanism performs its prespecified movement
accurately, timely, and coordinately throughout its lifetime. Based on the analysis of the
sources of original errors, Sergeyev [4] clarified the main failure modes of mechanisms and
presented an analytical method for reliability analysis of mechanisms preliminarily. Sub-
sequently, there have been various attempts to derive the reliability of the kinematic and
dynamic accuracy of mechanisms, such as the linear regression method [5], the mean value
first-order second-moment method [6], the advanced first-order second-moment method [7],
the hybrid dimension reduction method [8], and the Monte-Carlo simulation method [9].

As shown in practical engineering, most performance deficiencies of mechanical pro-
ducts are found in the stage of systematic analysis, therefore it’s important to build a proper
system reliability analysis model to evaluate the performance quality of mechanical equip-
ments and products. Recently, Zhang et al. [9] studied the method for system reliability anal-
ysis of mechanisms without considering the interactions of failure modes. However, to the
best of the authors” knowledge, system reliability analysis of mechanisms with correlated
failure modes has not been reported yet. Combining the mechanism theory and system reli-
ability analysis method, this paper proposes a general method for system reliability analysis
of planar mechanisms with correlated failure modes.

2. Reliability Analysis for Kinematic Performance of Planar Linkages

The kinematic performance function of planar linkages can be expressed as [10]
Q=Q(V,L U, (2.1)

where Qg1 is the performance parameter vector. For example, for a function generator, Qg
may be referred to the positions of the output link, and for a path generator, it may be the
coordinates of a point on the output link. V,,, is the input (independent) variable vector,
L,x1 is the effective dimension variable vector, and U, is the output (dependent) variable
vector which can be obtained by solving the loop closure equations of planar linkages

F(L,U,V) = 0. (2.2)

The performance errors of the mechanism under consideration can be obtained as

_0Q 0Q 0Q
AQ= 25 AL+ =S AU+ S AV, (2.3)

where 0Q/0LT, 0Q/0UT and 0Q/0V' are Jacobian matrices, whose values are got at the
mean values of the random variables. AL,x1, AUy, and AV, are the tolerance vectors
of random design variables. AV,,,; and AL, are determined by several objective factors
such as the machining accuracy, the assembly accuracy and the operation precision. From
(2.3), AU,;x1 can be obtained:
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A limit state is defined as a condition in which a mechanism becomes unsuitable for
its intended motion (i.e., a violation of the serviceability limit state). The corresponding limit
state functions (performance functions) when the mechanism meets the requirements of the
upper and lower limits are

gu(X) = €~ AQ = £ - JAX,

(2.5)
gr(X) = AQ+e=JAX +¢,
where
j-[2Q 20 arytor 09 0o (ofy'or 26)
“loavT auT\ouUT,/ ovVT’ OLT oUT \oUT/ oLT | ’

gu and gy are called the upper and lower limit state functions, X = [V3,...,V,,, Ly, .. .,LP]T
is the basic variables, € is the allowable errors, and AX = [AVy,...,AV,,, AL,,..., ALP]T are
used to represent the random error vector of basic variables.

The kinematic reliability of a mechanism is the probability that the mechanism realizes
its required motion within a specified tolerance limit. The lower limit reliability of the kth
dependent variable, Qy, is defined as:

A L 27)
8 (X)>0

where f(X) is the joint probability density function of multidimensional basic random
variables, X and gék) (X) = AQk +ek = Jk AX+¢ is the limit state function of the kth dependent
variable, Q. Note that Ji is the kth row of matrix J.

2
The mean value, y(Lk), and variance, (oik)) , of the limit state function, gik) (X), can be
expressed as

= E[s1900] = JkE@X) + &,
0\ (2.8)
<0£ )> = Var [gjsk) (X)] - JlEzlcs(CoV(AX)),

where E(AX) and Cov(AX) are the mean value vector and covariance matrix of primary
errors, respectively, J is the kth row of matrix J, (-) I = (.)®(-) is the second-order Kronecker
power of (-), and ® represents Kronecker product [11]

a11B a12B oo aqu
a21B azzB . anB

Apg®Bsa=| , (2.9)
anB apB ... a,B

psxqt
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cs(-) is the column string of (-), the column sequence

qa ., . 4
cs(Apxg) = Z(e]qxl ® IPXP>APqu]qx1’ (210)
j=1

where I, is identity matrix with p x p dimensions, and e]q . is the jth elementary vector
with g x 1 dimensions, all zeros except 1 in the jth position.

In the mechanism literature, the distribution of the random variables is always
assumed independent normal [4-8]. The distance from the “minimum” tangent plane to the
failure surface may be used to approximate the actual failure surface, and the reliability index
of the ith output variable is defined as:

© ‘u(k)
L
L= (2.11)
o

which can be used to reflect the position (the distance from the original point) and dispersion
degree of the safety margin. When the primary errors are normally and independently
distributed, the unary estimator of the kinematic performance reliability of planar linkages is
represented as follows:

R = o(p), 2.12)

where @(-) is the standard normal distribution function.
The correlation coefficient between performance functions g£ and g(t)

m+l m+l a (k) (t)

(k) ® (k) _ 5 (O] —(l‘)
Cov(g,8”) = E[ (s -31") (" -3") ZZ aX ax is (2.13)
The correlation coefficient between performance functions gék) and gg) is
Cov(g®, g
k) (a7 80) (2.14)

i \/ Var < gIEk) ) Var < gg) )

Then the joint reliability of gik) and gg) can be estimated by the joint normal distribution
function:

0 ﬂL
RED = 1- J’J’ Fu (gék),gét)>dg(k)dg;) -1 _I ¢(" D (u,v)du dv

-0 —

(2.15)

t

(k1)

- —Jﬁcb Pioew $(v)do,

o 1 <p(Lk,t)>2
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where
(s sl") = —
Zamék)of) [1 - <p(Lk’t)> ]
B I (0 W o )
ey L) el

(s -u
Var < gé”)

(2.16)

is the joint PDF of gék) and gg).

In the same way, the reliability corresponding to each failure modes and the joint reli-
ability between each two failure modes while the mechanism satisfies the upper limits could
be obtained. Then the reliability corresponding to each failure model and the joint reliability
between two failure models while the mechanism meets the upper and lower limits can be
derived as

k k k
Rf=RY + RV -1,
(2.17)
RO = RS 4 R 1

3. System Reliability of Linkage Performance

For convenience system reliability analysis of structures with multi-failure modes is often
performed by consuming that the failure modes are independent between each other. In
most cases, however, the failure modes of a mechanism (e.g., the position and pose of
a rigid-body guidance mechanism) are correlated. Consequently, it is of great meaning
to propose an accurate and efficient system reliability analysis method to evaluate the
working state of the mechanism. Ditlevsen [12] presented the well-known “narrow bounds
theory” for computing system reliability. The correlation between each of the two failure
modes is considered in Ditlevsen’s method, making it more physically reasonable. And then
the bounds method in which the system reliability is estimated by computing the bound
values developed continuously and received wide acceptance [13-15]. In this section, a
practical method for system reliability analysis of mechanisms is proposed by using the linear
programming.

Linear programming solves the problem of minimizing or maximizing a linear func-
tion, whose variables are subject to linear equality and inequality constraints. And the linear
programming for solving the possible bounds on the system reliability of linkages can be pre-
sented as follows:
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min(max) c’p
s.t. ajp=b; (3.1)
ap > by,

where p is the design variable vector of the linear programming, ¢ is a vector of coefficients,
ch is the linear objective function, and aj, ap, by, and b, are the coefficient matrices and
vectors that represent the equality and inequality constraints, respectively.

In the proposed system reliability analysis method, the kinematic failure space of a
mechanism can be divided into 2" mutually exclusive and collectively exhaustive (MECE)
events according to the number of failure modes, n. Typically, for a system with three
failure modes, the performance sample space can be depicted as Figure 1 by defining
kinematic safety of the mechanism as event S and defining the performance Q; meets the
requirement of performance quality as event E;. The space S is divided into 8 MECE events,
{81_ = E1E2E3, e _:_ELEzEg, e = E1E2E3, ey = E1E2E3, es = E1E2E3, € = E1E2E3,€7 =
E\EyE3, and eg = E1EyE3}. Letp; = P(e;),i =1,2,...,8 denotes the probability of the ith basic
MECE event. These probabilities serve as the design variables in the linear programming
problem to be formulated. According to the basic definition of probability,

2pi=1, (32)

pi>0, i=(1,2,...,8). (3.3)

The constraint (3.2) is analogous to the equality constraints in linear programming (3.1) with
a; being a row vector of 1's and by = 1, whereas (3.3) is analogous to the inequality constraints
with a, being an 8 x 8 identity matrix and by a 8 x 1 vector of 0's.

As can be seen from Figure 1,

P(E)=Pi= 3 pr (3.4)
r:e,CE;
P(EEj)=Pj= 3 pr (35)
rie,CEE;

scilicet,

P(E1) =Pi=p1+p3+ps+p7,

P(Ey) = P, = p1 +p2 + pa + pe,

P(E3) =Ps=p1+p2+p3+ps,
P(E1Ey) = Pip = p1 + pa,
P(E1E3) = Pi3 =p1+p3,
P(EyE3) = Pz = p1 + po.

(3.6)
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Figure 1: Sample space for the linkage.

Equations (3.4) and (3.5) provide linear equality constraints on the design variable p with a; a
matrix having elements of 0 or 1 and b a vector listing the known reliability. With the increase
of the known or computed reliability, such as the uni-, bi-, and sometimes trimode reliability,
the upper and lower bounds of the system reliability obtained by the linear programming
become increasingly accuracy. However, there is always a tradeoff between complexity and
accuracy, and with the increase of the constraints, the convergence of the linear programming
becomes more and more difficult.

By now, the coefficient matrices and vectors of the constraint functions of linear
programming (3.1) to obtain the upper and lower bounds of the system reliability of the
mechanism are completely established, which are

1111111 1]
10110010
11010100
a=[11101000]|,
10010000
10100000 (3.7)
1100000 0]

T
bi=[1 P P, Ps P Pz Py,
a =Ig s,

b,=[00000000],

where Ig g is identity matrix with 8 x 8 dimensions.
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Table 1: Coefficients of the object functions c!p.

C1 C2 C3 C4 Cs Ce Cy Cg
E; UE, UE;s 1 1 1 1 1 1 1 0
E;NE,NE;s 1 0 0 0 0 0 0 0
Ei NE, UEs 1 1 1 1 1 0 0 0
(E1UE))N(EUE;) 1 1 1 0 0 0 1 0

Figure 2: Double-rocker four-bar linkage with driving crank.

According to the relationship between failure modes (series or parallel), there are
four different kinds of systems. As shown in Table 1, the coefficient ¢; (i = 1,2,...,8) of
the object functions of linear programming (3.1) for each kind of system can be determined,
respectively. So far, the linear programming to derive the lower and upper bounds of the
system reliability of a mechanism with random parameters is completely established.

4. Numerical Examples

Consider the vector loop as shown in Figure 2, the nominal geometry characteristics of the
double-rocker four-bar linkage with driving crank are shown as: r; = 2.36cm, 1, = 1.33cm,
r3 =5.08cm, ry =3.94cm, r5 = 1.00cm, 4 = 0.45cm, 7 = 1.50cm, rg = 1.00cm, r9 = 6.00 cm,
and ag = 30°. Among them, r1, r,, 13, and r4 are random variables, which are normally and
independently distributed, and the variation coefficient of the random variables are supposed
to be ¢ = 0.001. All other variables are deterministic parameters. According to the working
condition, the maximum allowable values of the kinematic performance errors vector are
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¢ = [0.015 rad, 0.8mm,0.6mm]". The double-rocker four-bar linkage can work normally,
only if all the kinematic performance quality requirements are satisfied (i.e., the linkage
system is series). It is required to solve the system reliability of the double-rocker four-bar
linkage in its working range (as = 150°~270°).

As shown in Figure 1, in the double-rocker four-bar linkage with driving crank,
the effective dimension variable vector is L = [ry, 12, 73, 14, 15, Ts, 77, s, 19, [X9]T, the
input (independent) and output (dependent) variable vectors are V = [as] and U =
[an, as, ay, cx7]T, respectively, the performance parameter vector is Q = [a3, M,, My]T,
then the closure equations of the planar linkage are

T6COS g +T7COSA7 — g COSAp — 15
TeSinag + 17 sinay — rgsin a,
F= . (4.1)
T2 COSay +13COSA3 —14COSAy — 1

rysinay + r3sinas — rysinay

The kinematic performance functions of the linkage are

asz + g
Q= |rycosay +rycos(as + ag) |, (4.2)

ra sinay + 1o sin(as + ag)

Suppose that X = [r, 1, 13, r4]T is the random variable vector, then the Jacobian matrices are
derived as:

0 0 0 0
OF 0 0 0 0
oxT I ] CosSap COSa3 —COS g ’

0 sinap, sinaz —sinay

g sin ap 0 0 —r7sin ay
OF —7§ COS ap 0 0 77 COS a7
ouT —rpsina, -rzsinasz risinay 0 ’
(4.3)
T2 COSaxp 13COSax3 —T4COSy 0
0O 0 00O
0
—QT =10 cosa, 0 0},
oX
0 sina, 0 0
0 1 00
0Q . .
— = |-msinay -rgsin(az +ag) 0 0].
ou’

rpcosa, —rg9cos(asz+ag) 0 0



10 Mathematical Problems in Engineering

0.9999

0.9998

o 09997 |

0.9996

0.9995

994 -— e
140 150 160 170 180 190 200 210 220 230 240 250 260 270 280
ae (deg)
-B- Upper bounds

/\- Lower bounds
—@— Monte-carlo

Figure 3: System reliability of the double-rocker four-bar linkage with driving crank.

By substituting (4.3) into (2.3), the kinematic performance error vector, AQ, of the linkage
can be obtained. Then (2.12) can be used to obtain the reliability corresponding to each failure
mode. The covariance matrix of the limit sate functions of the planar linkage can be derived
from (3.5), and then the joint reliability between each two failure modes can also be derived
from (2.15).

The upper and lower bounds of the system reliability of the double-rocker four-bar
linkage can be obtained by solving the linear program (3.1), and the results are, respectively,
shown as the pan dash line and triangle dash dot line in Figure 3. Besides the system
reliability of the manipulator using Monte-Carlo simulation with 10° samples is shown as
the point solid line. What needs to be specially notified is that, in order to demonstrate the
proposed mechanism system reliability analysis method, the truncation errors caused by the
first-order Taylor expansion are omitted in the Monte-Carlo simulation. Comparing with the
results of numerical simulation, the kinematic performance system reliability of the double-
rocker four-bar linkage obtained by the proposed method is of high accuracy.

5. Conclusions

Using the mechanism accuracy theory and (system) reliability analysis method, this paper
proposes a general method for system reliability analysis of planar linkages with correlated
failure modes. The proposed method is applicable to any system defined as a logical
expression of kinematic failure modes of planar linkages. This includes series and parallel
systems, as well as general systems. Utilization of the first-order Taylor expansion technique
in error estimation of kinematic performance of mechanisms must result in a certain degree
of truncation errors. And these errors will increase with the increase of sensitivity of
performance functions to design parameters. The accuracy of system reliability analysis can
be improved by increasing of the order of Taylor expansion. However, in this process, the
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complexity of calculation will greatly increase. Further studies are needed to provide a more
precise and robust method for reliability analysis of kinematic accuracy of mechanisms.
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