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Highlights  Abstract  

Á Dynamic model of the folding wing 

mechanism with joint clearances is developed 

and solved. 

Á The system reliability models with failure 

correlation are established. 

Á The new evaluation methods for the system 

reliability models are proposed. 

Á Variation rules of system reliability with 

different distribution parameters are analyzed. 

 The reliability of folding wing deployment performance greatly impacts 

flight vehicle reliability. Based on the dynamic analysis theory, the 

deployment dynamic model of folding wing mechanism with joint 

clearances is established and solved. Considering the failure correlation, 

the system reliability models are developed for both cases, without 

considering synchronization and considering synchronization. For the 

former, a solution method combining saddle point approximation and 

numerical integration is proposed. For the latter, an estimation method 

based on a combination of the fourth order moment Pearson distribution 

family and the numerical integration is proposed. The efficiency and 

accuracy of the proposed methods are verified through examples. In 

addition, the trend of the system reliability change when the distribution 

parameters of random variables are different is also analyzed. From the 

perspective of improving reliability, the above study can provide 

theoretical guidance and data support for the design, manufacturing and 

service process of the folding wing mechanism system. 
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1. Introduction  

As a vital flight control unit, the folding wing mechanism 

ensures flight safety, stability, and trajectory adjustments. Its 

deployment performance reliability directly impacts the flight 

vehicleôs mission success. Therefore, it is necessary to evaluate 

the reliability of the deployment performance of the folding 

wing system. 

Generally, successful deployment is achieved when the 

mechanismôs deployment time remains under a threshold. In 

harsh environments, this also involves synchronization 

reliability, where the time span between maximum and 

minimum deployment must stay below a threshold. These 

reliability indicators are related to the deployment time, so the 

dynamic of the folding wing mechanism with clearances needs 

to be modeled and solved. Many scholars have studied the 

dynamics of planar multibody systems containing joint 

clearances. Flores et al. 10,11 examined contact forces in 

revolute joints with clearances, and solved a crank-slider 

mechanism dynamic model using numerical integration. 

Mukras et al. 28 deduced hinge wear depth variation after long-

term operation. Zheng et al. 43 built a dynamic model for a 
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flexible multilink high-speed press with joint clearance. Li et al. 

23,24 focused on deployment mechanisms. They developed a 

model for rigid-flexible solar sail system dynamics with joint 

clearances. Li et al. 21 simulated spatial deployment 

mechanisms, studying the impacts of clearance, damping, 

friction, gravity, and flexibility on dynamic performance. These 

studies offer valuable insights for establishing and solving 

dynamic models for folding wing mechanisms with clearances. 

Traditional series system reliability calculation involves the 

assumption of independent component failures. However, in 

complex engineering scenarios, component failures often 

exhibit statistical correlation, which makes the independence 

assumption of traditional models invalid. Failure correlation 

was first proposed by Epler and has been studied in depth by 

many scholars. Marshall et al. 26 first proposed  

a multidimensional exponential distribution model, which is the 

basis for many subsequent failure correlation analysis models. 

Fleming 9 proposed the ‍  factor model, which has the 

advantages of few parameters, simplicity and flexibility. 

However, this model is only applicable to second-order 

redundant systems. Vaurio et al. 31 proposed the basic 

parameter (BP) model, which can be applied to calculate the 

failure probability of each order directly from the known failure 

data. Fleming et al. 8 proposed the Multiple Greek Letter (MGL) 

model on the basis of the ‍ factor model, which is widely used 

in failure correlation analysis. Mosleh et al. 27 proposed the ‌ 

factor model, which is more accurate than the ‍ factor model. 

Currently, polynomial multilevel binomial failure rate 15 and 

parametric mixture 18 models are also proposed for failure 

correlation analysis. Zhang et al. 38 proposed a unit conditional 

probability based on safety, failure, and hybrid information to 

approximate the reliability calculation problem for series, 

parallel, and voting systems when considering failure 

correlation. Although the above methods are able to deal with 

the failure correlation problem, they fail to deeply analyze the 

causes of system failure correlation and the interaction law. Xie 

et al. 35 proposed a system-level load-strength interference 

model, which not only avoids the assumption of "failure 

independence", but also does not rely on the correlation 

coefficient. This research can provide a theoretical basis for the 

establishment of reliability models for similar engineering 

systems. 

At present, many reliability evaluation methods have been 

derived for various reliability problems. Monte Carlo 

simulation (MCS) is the most classical and widely used 

numerical simulation method 13,22. Zhuang et al. 48 applied 

MCS to obtain the dynamic wear reliability of aircraft locking 

mechanism. However, the efficiency of MCS is difficult to be 

accepted when dealing with time-consuming engineering 

simulations (multibody system dynamics). The first-order 

reliability method (FORM) 5,14 is very efficient. But FORM 

will have large errors when dealing with high nonlinear 

problems. In order to balance the efficiency and accuracy of 

reliability evaluation, the response surface method 3,36 has 

been proposed. Support vector machine 17,39 has also been 

widely used in reliability assessment. The nonlinear fitting 

capability of artificial neural networks is also strong, so they can 

also be used in surrogate models 7,44. The Kriging model 33,34 

also has a good fitting effect on the problems of high 

nonlinearity and local response mutation. The maximum 

entropy method 19,20,47 is a method to approximate the output 

response probability density function. The saddle point 

approximation (SPA) method 4,45 can solve the probability 

density function (PDF) of the output response quickly and 

accurately. In addition, the hybrid dimension reduction method 

37 can still analyze the mechanism reliability. The Pearson 

frequency curve method based on the first four moment is to 

approximate the PDF by the Pearson distribution family 

25,40,41,42. All these types of methods mentioned above have 

achieved good results in different reliability problems. 

Currently, the majority of research centers on the dynamic 

attributes of deployment mechanisms, with limited attention to 

their reliability evaluation. Fewer still delve into the reliability 

assessment of folding wing deployment mechanisms. Gao et al. 

12 analyzed the reliability of deployment synchronization. 

However, this study does not consider not only the mechanism 

joint clearance but also the failure correlation under external 

random aerodynamic loads. Pang et al. 29 calculated the 

deployment performance and impact resistance reliability of the 

folding tail system by the response surface method and MCS. 

However, the influence of joint clearance and the number of 

deployments are not considered. Pang et al. 30 also conducted 

an in-depth study on the synchronization reliability. But this 

method does not consider the correlation caused by load-sharing 
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characteristics. Wang et al. 32 considered the failure correlation 

of the folding wing system and solved the deployment reliability 

through a system-level load-strength interference model. 

Nonetheless, this study did not analyze the synchronization, and 

the conditional deployment time distribution assumed normal, 

limiting applicability.  

To comprehensively address the shortcomings of the above 

studies and to improve the computational efficiency as much as 

possible in the reliability assessment process, we took the 

folding wing deployment mechanism as the object of this study, 

and conducted an in-depth study on the reliability assessment 

process including failure correlation by taking into full 

consideration the problems that have not been considered in the 

above studies. In addition, to the best of our knowledge, there is 

no systematic report on the reliability assessment of deployment 

time and deployment synchronization of the folding wing 

system with clearance considering failure correlation, which is 

also the purpose of this study. In this study, we considered 

failure correlation due to external random loads and joint 

clearances in the folding wing system. The deployment time 

reliability and the deployment synchronization reliability with 

multiple deployments are also analyzed. Furthermore, 

reliability assessment methods are proposed to efficiently solve 

the reliability.  

In this paper, the contributions are summarized as follows: 

(1) The deployment dynamic model of the folding wing 

mechanism with joint clearances is established and solved. (2) 

The reliability models considering failure correlation are 

established which categorized as with or without 

synchronization. (3) Proposing estimation methods for each 

reliability model, the efficiency and accuracy of the proposed 

methods are verified by examples. In addition, this paper also 

studies the reliability variation trend when the random variable 

distribution parameters are different. It can provide theoretical 

guidance and data support for the design, manufacture, and 

work of similar folding wing deployment mechanisms from the 

perspective of reliability. 

The organization of this paper is as follows. Section 2 

presents the establishment and solution process of the dynamic 

model of the folding wing mechanism with joint clearances. 

Section 3 shows the system reliability model of the folding wing 

mechanism considering failure correlation, and proposes the 

corresponding reliability evaluation method to evaluate the 

system reliability. In Section 4, the correctness of the proposed 

method is illustrated by the numerical examples, and the system 

reliability with different random variable parameters is 

calculated. The conclusion is given in Section 5. 

2. Dynamic analysis of folding wing mechanism with joint 

clearance 

2.1. Mechanism composition and transmission principle 

In this study, there are four groups of folding wing mechanisms, 

which are symmetrically arranged in the upper and lower planes 

of the flight vehicle. There are two groups of folding 

mechanisms in the upper plane and two groups in the lower 

plane. As shown in Figure 1, each group of mechanisms 

contains electric cylinder, main wing, auxiliary wing and slider. 

 

Fig. 1. Structure of folding wing system. 
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Fig. 2. Folding wing mechanism composition.

The deployment actions of the four groups of folding wing 

mechanisms are all completed parallel to the XOY plane, the 

main wing can be simplified as a crank, while the auxiliary wing 

can be simplified as a connecting rod. As shown in Figure 2, 

taking the first group of folding wing mechanisms as an 

example, in the unfolding process, the cylinder will start, the 

driving force will push the slider to move along the slot, so that 

the crank will rotate and unfold around the rotation axis A. 

Finally, the slider reaches the specified locking position, at this 

time the whole deployment process is finished. 

2.2 Contact force analysis of joint with clearance 

Generally, the rotating pairs of the mechanism are not ideal. As 

shown in Figure 3, the eccentricity vector ▄  is introduced to 

describe the relative position between the journal and the 

bearing, which is expressed as 11: 

Ἥ Ἲ ἋἻ Ἲ ἋἻ   ρ 

where, ► and ► are the generalized coordinates of the center of 

mass for the journal and the bearing components, respectively. 

═  and ═  are the transformation matrices of the local 

coordinate system for the journal and the bearing components 

with respect to the generalized coordinate system, respectively. 

▼ǋ and ▼ǋ are the position vectors of the journal center and the 

bearing center in the local coordinate system, respectively.

 

Fig. 3. Relative position of bearing and journal.

When the journal and the bearing collide with each other, as 

shown in Figure 4, define the unit vector ▪ as the normal vector 

at the time of the contact collision. 
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Fig. 4. Collision of bearing and journal.

During the collision phase, there will be a certain penetration 

depth ῳ between the journal and the bearing, which is calculated 

as: 

Ў Å4Å Ⱦ Ὑ Ὑ Å4Å Ⱦ ὅ                            ς 

where, Ὑ and Ὑ represent the radii of the bearing and journal, 

respectively. ὅ is the clearance size. 

Denoting the contact points between the journal and the 

bearing during their collision as ὗ  and ὗ . The velocity 

calculation formulas for contact points ὗ  and ὗ  can be 

expressed as follows: 

Ἲ Ἲ ἋἻ Ὑἶ

Ἲ Ἲ ἋἻ Ὑἶ
  σ 

where, the superscripted black dots of the vector represents its 

first derivative concerning time. 

The normal and tangential projections of the relative contact 

velocity are: 

ὺ Ἲ Ἲ
ἢ
ἶ

ὺ Ἲ Ἲ
ἢ
Ἴ
   τ 

where, ◄ represents the unit tangent vector. 

The expression for the normal contact force Ὂ based on the 

L-N model is given by 10,11,28: 

Ὂ ὑɝȢ ρ   υ 

where, ὅ  represents the restitution coefficient, ‏  denotes the 

penetration velocity, ‏  represents the initial penetration 

velocity. ὑ  represents the stiffness coefficient. It can be 

expressed as: 

ὑ
Ȣ

Ὤ Ὤ      φ 

where, Ὁ and Ὁ are the modulus of elasticity of the bearing and 

journal, respectively. ’  and ’  are the Poisson's ratio of the 

bearing and journal, respectively. Ὑ and Ὑ are the radii of the 

inner circle of the bearing and the outer circle of the journal, 

respectively. 

The calculation equation for the friction force proposed by 

Ambr·sio is given as follows 1: 

Ὂ ὧὧὊίὫὲὺ   χ 

where, ὧ  denotes the friction coefficient, ίὫὲὼ  represents 

the sign function, and ὧ is a dynamic correction parameter that 

depends on the tangential velocity. 

The centroids of the bearing and journal components 

experience resultant forces: 

ἐ Ὂἶ ὊἼἐ ἐ  ψ 

The moments experienced at the centroids of the bearing and 

journal components can be determined as: 

ὓ Ἲ ἐὓ Ἲ ἐ  ω 

2.3 Dynamics of folding wing mechanism with joint 

clearance 

As shown in Figure 5, the origin of the generalized coordinates 

is located at A. The generalized coordinates of the crank, 

connecting rod, and slider are denoted as ὼȟώȟ—  , 

ὼȟώȟ—   and ὼȟώȟ—  , respectively. The crank and 

connecting rod have lengths of ὰ and ὰ. The distance between 

the slider and the X-axis is denoted as ὧ . Considering the 
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inclusion of clearances in the rotational pairs B and C. The 

constraint equations of the folding wing mechanism are as 

follows: 

ừ
Ử
Ừ

Ử
ứὼ ὰὧέί—

ώ ὰίὭὲ—

ώ ὧ
— ữ

Ử
Ữ

Ử
ử

  ρπ 

 

Fig. 5. A set of folding wing mechanism with joint clearances.

According to section 2.2, the contact forces ╕  and ╕  in 

the joint B, can be determined: 

ἐ Ὂ ἶ ὊἼ ὊȟὊ

ἐ ἐ ὊȟὊ
  ρρ 

where, ▪ and ◄ are the unit normal and tangent vectors in joint 

B. 

Based on Eq. (8), the expressions for the moments ὓ  and 

ὓ  at the crank and connecting rod centroids are given by: 

ὓ Ἲ ἐ

ὓ Ἲ ἐ
   ρς 

where, ►  and ►  are the radius vectors of the crank and 

connecting rod. 

Similarly, the contact forces in the joint C, denoted as ╕ 

and ╕ , the corresponding moments exerted at the slider and 

connecting rod are ὓ  and ὓ . 

The folding wing mechanism is also subject to other external 

forces. The electric cylinder, applies a driving force directly to 

the center of mass of the slider. The direction always points 

towards the positive X-axis. The segmental function expression 

for the variation of the driving force Ὂ with time ὸ is: 

Ὂ

ρππὯὸ π ὸ πȢπρ
Ὧ πȢπρ ὸ πȢφρ

ρππὯὸ φςὯ πȢφρ ὸ πȢφς
    ρσ 

where, Ὧ is the peak of the driving force. 

During the unfolding process, both the main wing and the 

auxiliary wing experience aerodynamic loads. The centers of 

mass of the crank and the connecting rod are subjected to 

aerodynamic drag forces, denoted as Ὢ  and Ὢ , which act 

continuously in the positive X-axis direction: 

Ὢ ὅὦȿὰίὭὲ—ȿὠ Ὥ ρȟς  ρτ 

where, ” is the air density. ὅ is the air drag coefficient. ὦ are 

the wing thickness. ȿὰίὭὲ—ȿ  is the projection length of the 

folded wing on the Y-axis. ὠ  is the flight speed of the flight 

vehicle. 

The flight attitude (pitch angle) of the flight vehicle also 

influences the unfolding dynamics. When the folding wing is 

not parallel to the ground, the gravitational force can be 

decomposed into two components along the X-axis and Z-axis 

directions. The gravitational component along the X-axis will 

inevitably impact the unfolding behavior. As shown in Figure 6, 

when the angle between the flight direction and the vertical 

upward direction of the ground is acute, the pitch angle ‏  is 

defined as positive. The magnitude of Ὂ can be calculated as: 

Ὂ ȿάὫίὭὲ‏ȿ Ὥ ρȟςȟσ  ρυ 

where, ά  is the mass of the ith component, Ὣ  is the 

acceleration of gravity. 
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Fig. 6. The flight attitude of flight vehicle.

Figure 7 illustrates the force distribution on the crank, 

connecting rod and the slider. The generalized force vector ╠ 

can be derived: 
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  ρφ 

The dynamic equations of the folding wing mechanism can 

be formulated in the index-3 form: 

ἙἹ Ἱ Ἕ

Ἱȟὸ
   ρχ 

where, ▲  represents the second derivative of the generalized 

coordinates. ♠▲  denotes the transpose of the Jacobian matrix 

for constraint equations. ⱦ  represents the Lagrange multiplier 

vector. ╜  corresponds to the mass matrix, which can be 

expressed as: 

Ἑ ὨὭὥὫάȟάȟὐȟά ȟά ȟὐȟάȟάȟὐ      ρψ 

where, ά Ὥ ρȟςȟσ represents the mass of the ith component. 

ὐὭ ρȟςȟσ  represents the moment of inertia for the ith 

component. These parameters can be further described as: 

ά ”ὠ

ὐ ά ὰ ύ
Ὥ ρȟςȟσ  ρω 

where, ” represents the density of the ith component, while ὠ 

denotes its volume. Additionally, ύ corresponds to the width of 

the ith component. 

The core of the Baumgarte algorithm 2 lies in preventing 

constraint violation during the numerical solution of Eq. (17). 

Based on this, Eq. (17) can be rewritten as: 

Ἑ Ἱ

Ἱ

Ἱ Ἕ

ς‌ ἹἹ ‍
       ςπ 

where, ‌  and ‍  are stabilization coefficients. ♬ ♠▲▲

♠▲▲▲
▲ ς♠▲▲ ♠ . 

 

Fig. 7. Force analysis of mechanism components.
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The dynamic simulation parameters are shown in Table 1. In 

this study, we defined the clearance sizes ὅ and ὅ in joints B 

and C as equal. This is because it is possible to reduce the 

number of random variables in one dimension, which 

accordingly reduces the samples used for the subsequent 

reliability analysis and reduces the computational burden. At the 

same time, such a definition does not materially affect the 

reliability models and assessment methods proposed in this 

study. It is the same with ὦ . Based on Eq. (20), a dynamic 

numerical simulation is conducted, the rotation angle of the 

main wing is illustrated in Figure 8. 

 

 

Table 1. Simulation parameters of folded wing mechanism. 

Parameters Value Parameters Value 

ὰ 1500 mm ” 1.293 kg/m3 

ύ  300 mm ὦ ὦ ὦ 7mm 

” 2700 kg/m3 ὅ ὅ ὅ 2.5mm 

ὰ 1300 mm ὙȟὙ  10 mm 

ύ  200 mm ὧ 100 mm 

” 2700 kg/m3 ὅ 0.9 

ὠ 0.001 m3 Ὁ 70 GPa 

” 7870 kg/m3 ’ 0.33 

Ὧ 550 N Ὁ 200 GPa 

ὠ 140 m/s ’ 0.3 

 ὧ 0.1 0̄ ‏

ὅ 1   

 

Fig. 8. Main wing rotation angle —.

3. Reliability analysis of folding wing mechanism system 

3.1. System reliability analysis without considering 

deployment synchronization 

3.1.1. Reliability model 

Considering the randomness of the operating conditions, 

actuator performance, design and assembly processes of the 

folding wing, ὠ , ‏ , ὦ  and Ὧ  are treated as normal random 

variables. Since the sizes of bearings and journals on the folding 

wing components will have uncertainties in the manufacturing 

process, which usually obey normal distribution, and since the 

assembly mode is a clearance fit, there is uncertainty in the 

clearance size. Through statistical analysis, it can be known that 

the clearance sizes obey the normal distribution. It is important 

to note that Ὧ , ὦ  and ὅ  for each set of folding wing are 

independent and identically distributed. Defining ὸὭ

ρȟςȟσȟτ as the actual deployment time for the ith set of folding 

wing. We can derive the following expression: 

ὸ Ὣὠȟ‏ȟὯ ȟὦȟὅ Ὥ ρȟςȟσȟτ  ςρ 

where, ὫɆ represents the deployment time response implicit 

function. Ὧ , ὦ and ὅ correspond to the peak of driving force, 

wing thickness and joint clearance size, respectively, for the ith 

set of folding wing. 

In this study, it is required that ὸ for each set of folding wing 

is less than the threshold Ὕ . The deployment performance 

reliability Ὑ for any set of folding wing can be expressed as: 

Ὑ ὖὶὫὠȟ‏ȟὯ ȟὦȟὅ Ὕ  ςς 

In practical engineering, the components that make up a 

system often operate under the same random load environment 

35. Therefore, it is necessary to consider the failure correlation 

in the system reliability. Based on Eq. (22), it is evident that 

ὸὭ ρȟςȟσȟτ  are collectively influenced by ὠ  and ‏ . The 

introduction of ὠ and ‏ results in interdependencies among the 

failures of the folding wings. When ὠ and ‏ are constant, ὸ is 
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solely determined by Ὧ , ὦ and ὅ, then the failure events are 

considered to be mutually independent. The system conditional 

reliability Ὑȿ ȟ can be determined as: 

Ὑȿ ȟ Б ὖὶὸȿ ȟ Ὕ   ςσ 

where, ὸȿ ȟ ὫὯ ȟὦȟὅȿὠȟ‏  is the deployment time of 

the ith set of folding wing under the condition that ὠ and ‏ are 

fixed. 

Defining ὖ ȟ
ᶻ ὖὶὸȿ ȟ Ὕ Ὥᶅ ρȟςȟσȟτ , the 

probability of all four folding wing mechanisms in the system 

operating normally under random ὠ and ‏ is the mathematical 

expectation of their conditional reliability function: 

Ὑ Ὢ ὠ Ὢ‏ ὖὶὸȿ ȟ Ὕ

4

1

Ὠ‏Ὠὠ
ȟ

 

               ᷿ Ὢ ὠ Ὢ‏ ὖ ȟ
ᶻ Ὠ‏Ὠὠ

ȟ
                         ςτ 

where, Ὢ ὠ   and Ὢ‏  are the probability density functions 

of ὠ and ‏. 

Furthermore, after each flight mission, every set of folding 

wing mechanism needs to be disassembled and replaced. The 

conditional PDF of ὸȿ ȟ  can be defined as ȿ ȟ ὸȿὠȟ‏ . 

Then Eq. (24) can be rewritten as: 

Ὑ ᷿ Ὢ ὠ Ὢ‏ Б ᷿Ὤȿ ȟ ὸȿὠȟ‏ὨὸὨ‏Ὠὠȟ
    ςυ 

When a flight vehicle operates under a specified airspace, its 

flight velocity ὠ and flight attitude (pitch angle ‏) are constant. 

However, there are many airspaces in which the vehicle 

operates, which are defined here as  ȟὮ ρȟςȟỄȟὲ  . 

Statistical analysis of the obtained data shows that ὠ and ‏ of 

the flight vehicle in these airspaces follow the normal 

distribution. In this study, according to the task description and 

regulations given in the engineering project, the flight vehicle 

will complete multiple missions, not only that, in multiple 

missions, the flight vehicle needs to continue to work in the 

same airspace, which means that in the process of completing 

multiple missions, the folding wing mechanisms on the flight 

vehicle will be deployed in the same airspace. However, during 

the first mission, the airspace in which the flight vehicle is 

operating is random, and therefore ὠ and ‏ of the vehicle are 

random during the first mission. Upon completion of the first 

mission, the airspace in which the vehicle operates can be 

determined, which in turn allows for the determination of ὠ and 

 during the first ‏ under subsequent missions. That is, ὠ and ‏

mission are the observation values under the respective 

distributions, while ὠ and ‏ during the subsequent missions are 

equal to the observation values. Let ὸȿ ȟȟὮ ρȟςȟỄȟά  be 

defined as the deployment time of the ith set of folding wing 

under the fixed ὠ  and ‏  during the jth deployment event. By 

arranging ὸȿ ȟ  in ascending order, we obtain the order 

statistics ὸȿ ȟȟὸȿ ȟȟỄȟὸȿ ȟ . The probability density 

function of ὸȿ ȟ is: 

Ὤȿ ȟ ὸȿὠȟ‏ ά Ὄ ȿ ȟ ὸȿὠȟ‏ Ὤȿ ȟ ὸȿὠȟ‏     ςφ 

where, Ὄ ȿ ȟ ὸȿὠȟ‏  represents the conditional cumulative 

distribution function (CDF) of ὸȿ ȟ. 

When ὠ and ‏ are fixed, the probability that the ith set of 

folding wing successfully unfolds in all ά flight missions can 

be expressed as: 

ὖὶẔ ὸȿ ȟ Ὕ ὖὶὸȿ ȟ Ὕ  ςχ 

The system deployment performance reliability after ά 

flight missions is: 

Ὑ ᷿ Ὢ ὠ
ȟ

Ὢ‏ Ὄ ȿ ȟ Ὕȿὠȟ‏ Ὠ‏Ὠὠ     ςψ 

Considering the uncertainty associated with the actual 

number of completed missions ά  during the designated 

operational period, it is typical to establish a predetermined total 

number of flight missions ὔ  to be accomplished. The 

probability of successfully completing each individual mission 

is denoted by ὴ, and the outcomes of mission completion are 

mutually independent. Consequently, the actual number of 

completed missions ά in ὔ planned flights follows a binomial 

distribution, which can be expressed as follows: 

ὖὶά Ὧ ὅ ὴ ρ ὴ Ὧ πȟρȟςȟỄȟὔ     ςω 

Based on Eq. (28)-(29), the expression for the system 

deployment performance reliability, without considering 

synchronization, can be obtained using the law of total 

probability: 

Ὑ В ὅ ὴ ρ

ὴ ẗ᷿ Ὢ ὠ
ȟ

Ὢ‏ Ὄ ȿ ȟ Ὕȿὠȟ‏ Ὠ‏Ὠὠ   σπ 
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3.1.2. Reliability assessment method 

The efficiency of MCS is hindered by the integration operations 

and unknown conditional cumulative distribution functions. 

The surrogate models demand numerous samples for precise 

global models, they also spend much time in predicting small 

failure probabilities through large training sets. Numerical 

integration methods strike a balance between efficiency and 

accuracy for integration tasks. Additionally, SPA excels in 

estimating distribution function tails. Thus, this study employs 

the numerical integration and SPA to solve the reliability issues. 

The Gauss-Hermite quadrature formula is utilized to handle 

the integration operation in Eq. (30), and the full factorial 

numerical integration (FFNI) method is applied to discretize the 

integration operation in Eq. (30), resulting in: 

Ὑ В ὅ ὴ ρ

ὴ ẗ В В ύ ύ Ὄ ȿ ȟ ὝȿЍς„ ‌

‘ ȟЍς„‌ ‘                      σρ 

where, ά  and ά  represent the number of integration nodes. 

ύ   and ύ   denote the integration weights. ‌   and ‌  

represent the integration nodes. ‘  and ‘ are the means. „  

and „ are the standard deviations. 

For Ὄ ȿ ȟ, it can be solved using SPA. Let ὣ Ὣ╧, an 

approximate method 16,46 can be used to estimate the 

cumulant-generating function (CGF) of ὣ , given by the 

following expression: 

ὑ ὸ ‖ὸ ‖ ‖ ‖   σς 

where, ‖Ὥ ρȟςȟσȟτ is the ith cumulant of ὣ: 

ừ
Ử
Ừ

Ử
ứ
‖ ‘

‖ ‘ ‘

‖ ‘ σ‘‘ ς‘

‖ ‘ τ‘‘ σ‘ ρς‘‘ φ‘

 σσ 

where, ‘ǋὭ ρȟςȟσȟτ are the first four raw moments of ὣ. 

The real number saddle point ί at ὣ ώ can be determined: 

‖ ‖ί ‖ ‖ ώ π  στ 

The expression of the CDF for ὣ is 6: 

Ὂ ώ ɮύ •ύ   συ 

where,  ᶻ and •ᶻ are the CDF and PDF of the standard 

normal variable. The parameters ύ and ὺ are: 

ừ
Ừ

ứύ ίὫὲί ςίώ ὑ ί

ὺ ί ὑ ί

  σφ 

where, ὑ ί is the second derivative of the CGF for ὣ at ί. 

To compute ‘ǋὭ ρȟςȟσȟτ, the use of the FFNI method and 

Gauss quadrature formula is necessary. Once the conditional 

CDFs for all nodes are obtained, the system reliability without 

synchronization can be calculated. The specific process is 

illustrated in Figure 9.

 

Fig. 9. Reliability assessment process without synchronization.

Input random variable distribution parameters

Using the FFNI/SGNI method to discretize the 

integration with common cause variables

Solving for the first four order origin moments of the 

conditional response corresponding to all integration 

nodes

Through Eq. (32)-Eq. (35), the conditional cumulative 

distribution functions corresponding to all integration 

nodes are calculated

Using Eq. (31) to solve the reliability of the folded wing 

system without considering synchronization

Identifying Gaussian integration nodes of other 

random variables by FFNI method and combining 

the input samples

Using Eq. (20) to solve the deployment time 

response of the folding wing mechanism with joint 

clearances

Deterministic multibody dynamic 

analysis

System Reliability Analysis
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3.2. System reliability analysis considering deployment 

synchronization 

3.2.1. Reliability model 

In some extreme conditions, the deployment time of each 

folding wing should not differ too much. Otherwise, it will 

result in a reduction of stability. In this case, the deployment 

synchronization reliability also needs to be considered. In this 

study, the difference between the maximum and minimum 

deployment time within the system is taken as the indicator. The 

system reliability Ὑᶻ considering synchronization for one flight 

mission can be expressed as: 

Ὑᶻ ᷿ Ὢ ὠ Ὢ‏ ὖὶάὥὼὸȿ ȟ Ὕȟάὥὼὸȿ ȟȟ

άὭὲὸȿ ȟ † Ὠ‏Ὠὠ                      σχ 

where, †  is the given difference value threshold. Let ‐ȿ ȟ

άὥὼὸȿ ȟ άὭὲὸȿ ȟ ,‚ȿ ȟ άὥὼὸȿ ȟ . When ὠ  and ‏ 

are fixed, the conditional reliability Ὑȿ ȟ
ᶻ  of the folding wing 

system for ά flight missions can be expressed as follows: 

Ὑȿ ȟ
ᶻ ὖὶẔ ‚ȿ ȟ ὝȟẔ ‐ȿ ȟ †      σψ 

where, the symbol Ὥ in the upper right corner represents the 

ith flight mission. 

By combining Eq. (37) and Eq. (38), the reliability Ὑᶻ  of 

the folding wing system for m flight missions can be obtained 

as follows: 

Ὑᶻ ᷿ Ὢ ὠ
ȟ

Ὢ‏Ὑȿ ȟ
ᶻ Ὠ‏Ὠὠ  σω 

The total reliability of the folding wing system considering 

synchronization is: 

Ὑᶻ В ὅ ὴ ρ ὴ ẗὙᶻ   τπ 

3.2.2. Reliability assessment method 

When calculating ‐ȿ ȟ and ‚ȿ ȟ, ὸȿ ȟ Ὥ ρȟςȟσȟτ need to 

be calculated, so the reliability model that introduces 

synchronization is more complex and difficult to solve. Due to 

the long computational time required for solving the multibody 

dynamic with clearances, MCS is difficult to accept. Using large 

training datasets for surrogate models can significantly extend 

computational time, especially when predicting responses for 

multiple flight missions. Therefore, this section presents an 

efficient approach combining Gaussian integration with the 

Pearson distribution family to solve the reliability model. 

Additionally, numerical simulation techniques are also applied. 

The Pearson distribution family allows the representation of 

the distribution's parameters as functions of the first four 

moments. Let ὤ Ὣ╧ be the performance function, then the 

mean ‘, standard deviation „, skewness ‌  and kurtosis ‌  

of ὤ are: 

ừ
ỬỬ
Ừ

ỬỬ
ứ
‘ ὤ᷿ὪἦὨἦ

„ ᷿ὤ ‘ ὪἦὨἦ

‌ ᷿ ὪἦὨἦ

‌ ᷿ ὪἦὨἦ

   τρ 

The PDF Ὢ  of the standardized variable ὤ  satisfies the 

given differential equation 40,41,42: 

   τς 

where, ὤ . The coefficients ὥ, ὦ, ὧ and Ὠ are related to 

the first four moments. 

It is now illustrated with a folding wing system, ‘ , „ , 

‌ and ‌  of ὸȿ ȟ can be solved by the FFNI method, then ὥ, 

ὦ, ὧ and Ὠ can be calculated. Subsequently, ȿ ȟ ὸȿὠȟ‏ will 

be approximated. It is important to note that we need to solve 

for both the maximum and minimum values of ὸȿ ȟ . 

Fortunately, methods such as inverse transform sampling can be 

employed to generate sufficient samples from 

ȿ ȟ ὸȿὠȟ‏ȟὭ ρȟςȟσȟτ . Assuming that a total of ὔ 

samples are generated, then ὔ τ  observations with 

ὸȿ ȟ Ὥ ρȟςȟσȟτ can be obtained: 

Ἴ

ὸ ὸ ὸ ὸ
ὸ ὸ ὸ ὸ
ể ể ể ể
ὸ ὸ ὸ ὸ

   τσ 

where, the second number in the lower right corner represents 

the number of groups. 

The conditional system reliability with a single flight 

mission: 

Ὑȿ ȟ
ᶻ В ὍἼ   ττ 

where, ◄   represents the lth row in the matrix ◄ , ◄

ὸȟὸȟὸȟὸ  . Ὅ◄   denotes the indicator function, which 

can be expressed as follows: 

Ὅ◄
ρ άὥὼ◄ άὭὲ◄ †Ẕάὥὼ◄ Ὕ

π ÏÔÈÅÒ×ÉÓÅ
 (45) 

When the flight vehicle performs ά missions, it is repeated 
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ά times to generate the sample set of ὸȿ ȟ. The sample set is 

defined as: 

Ἴ

ụ
Ụ
Ụ
Ụ
ợὸ ὸ ὸ ὸ Ễ ὸ ὸ ὸ ὸ

ὸ ὸ ὸ ὸ Ễ ὸ ὸ ὸ ὸ

ể ể ể ể ể ể ể ể ể

ὸ ὸ ὸ ὸ Ễ ὸ ὸ ὸ ὸ Ứ
ủ
ủ
ủ
Ủ

τφ 

where, the upper right corner symbol represents the number 

of times the mission was performed. 

The conditional reliability with synchronization, after 

performing m flight missions, can be calculated: 

Ὑȿ ȟ
ᶻ В Б ὍἼ   τχ 

where, ◄ ὸ ȟὸ ȟὸ ȟὸ . 

By combining Eq. (47) with Eq. (39)-(40), the total 

reliability, denoted as Ὑᶻ , can be efficiently computed. The 

entire calculation process is illustrated in Figure 10.

 

Fig. 10. Reliability assessment process with synchronization.

4. Examples of reliability analysis 

In this section, the first three examples are used to validate the 

accuracy of the proposed method by MCS. It should be noted 

that obtaining high-precision dynamic responses requires  

a significant amount of simulation time. Consequently, using 

MCS to compute the reliability in the fourth and fifth examples 

is not practical. Furthermore, the purpose of the fourth and fifth 

examples is to explore the variation trends of the system 

reliability under different random variable conditions. The sixth 

example is to explore the variation law of the reliability 

considering the randomness of the folding wing lengths. So only 

the proposed method is used in the fourth, fifth and sixth 

examples. 

4.1. Mathematical example 

Consider a series system containing four units as shown in 

Figure 11. The response of each unit is: 

ὣ ὩὼὴπȢρὢ πȢς ὩὼὴπȢςὢ ὢ τὢ ρȢυὢ

ρ ρψ 

ὣ ὩὼὴπȢρὢ πȢς ὩὼὴπȢςὢ ὢ τὢ ρȢυὢ

ρ ρψ 

ὣ ὩὼὴπȢρὢ πȢς ὩὼὴπȢςὢ ὢ τὢ ρȢυὢ

ρ ρψ 

ὣ ὩὼὴπȢρὢ πȢς ὩὼὴπȢςὢ ὢ τὢ

                              ρȢυὢ ρ ρψ                                           τψ

 

Input random variable distribution parameters

Using the FFNI/SGNI method to discretize the 

integration with common cause variables

Solving for the mean, standard deviation, skewness 

and kurtosis of the conditional response 

corresponding to all integration nodes

According to Eq. (42), fitting the distribution and 

generating a large number of samples

Summarizing all the samples and then obtaining the 

set of samples corresponding to each integration 

node 

Identifying Gaussian integration nodes of other 

random variables by FFNI method and combining 

the input samples

Using Eq. (20) to solve the deployment time 

response of the folding wing mechanism with joint 

clearances

Deterministic multibody dynamic analysis

System reliability with synchronization

Using Eq. (39), Eq. (40) and Eq. (47), the reliability 

of the folding wing system with synchronization can 

be solved
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Fig. 11. Illustration of the system in Example 1.

The random variables are mutually independent, and the 

distribution parameters are shown in Table 2. 

Table 2. Random variables and distributed parameters in 

example 1. 

Random variables Distribution Mean value Standard deviation 

ὢ Normal 1 0.05 

ὢ,ὢ,ὢ,ὢ Normal 1.2 0.05 

ὢ,ὢ,ὢ,ὢ Normal 0.5 0.1 

Defining the response threshold as Ὕ. The system reliability 

at one working time is shown in Figure 12(a). When the system 

works ά times, the system works for the kth ( 2k² ) time and 

the observations of ὢ  are the same as for the first time. The 

calculated results of system reliability are shown in Figure 12(b). 

As ά  increases, the dispersion of the system response 

Ẕ άὥὼὣ   decreases. The difference άὥὼὣ άὭὲὣ 

needs to be less than the given threshold † . Figure 12(c) 

presents the reliability curves for ά ς  and ά υ , as † 

increases, the system reliability also increases. For any given 

operating condition, the reliability increase rate gradually 

diminishes until it reaches a nearly constant level.  

The sample sizes for both methods are listed in Table 3. The 

relative errors compared to the MCS are listed in Figure 12(d)-

12(e). In this study, the calculation error of the proposed method 

is determined by the relative error of the failure probability, the 

expression is: 

Ὡὶὶ    τω 

where, Ὑ  is the reliability obtained by the proposed method. 

Ὑ   is the reliability obtained by MCS. In fact, all the 

calculation results based on MCS and the proposed method are 

approximate consistent. At the same time, the number of 

samples required by the proposed method is also small. 

Table 3. The sample sizes for both methods in Example 1. 

Methods 
Sample size(without 

synchronization) 

Sample size(with 

synchronization) 

MCS 2³106 2³106 

The proposed 

method 
75 75 

 

Fig. 12. (a) Reliability curve without synchronization for m=1. 

 

Fig. 12.(b) Reliability curves without synchronization for m>1. 

Ὃ Ὃ Ὃ Ὃ

ὢ ὢ ὢ ὢ ὢ ὢ ὢ ὢ

ὢ ὢ ὢ ὢ

The series system of example 1
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Fig. 12.(c) Reliability curves with synchronization for m>1. 

 

Fig. 12.(d) Failure probability relative error without 

synchronization for Example 1. 

 

Fig. 12.(e) Failure probability relative error with 

synchronization for Example 1. 

4.2. Motion reliability of the four-bar mechanism system 

Consider a four-bar mechanism system as shown in Figure 

13. The system consists of two sets of four-bar mechanisms, 

with the driving link rod 1 being shared by both sets. The length 

of each rod is denoted by Ὑ Ὥ ρȟςȟỄχ . The rod length 

distribution parameters are in Table 4. 

Table 4. Distribution parameters for each rod length. 

Random 

variables 
Distribution 

Mean 

value (mm) 

Standard 

deviation (mm) 

Ὑ Normal 53 1 

Ὑ,Ὑ,Ὑ Normal 122 1 

Ὑ,Ὑ,Ὑ Normal 66.5 1 

Taking the first group of four-bar mechanism as an example, 

output angle • is: 

• ςὥὶὧὸὥὲ   υπ 

where, Ὀ ςὙὙίὭὲ— , Ὁ ςὙ Ὑ Ὑὧέί— , Ὂ

Ὑ Ὑ Ὑ Ὑ ςὙὙὧέί— . The value of q  in this 

example is 100.5.̄

 

Fig. 13. Two sets of four-bar mechanisms.

Ὑ

Ὑ

Ὑ

Ὑ

Ὑ

Ὑ

Ὑ— ••

Group I

Group II
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It is defined that the system is failure when •  and • 

exceed the threshold Ὕ. The reliability is illustrated in Figure 

14(a). Consider this system that operates for a total of ά times, 

and at the kth (Ὧ ς ) operation, each rod, except rod 1, is 

removed and replaced. Then the positioning reliability is shown 

in Figure 14(b). As ά increases, the reliability and the system 

response dispersion become smaller. Introducing άὥὼ
ȟ
•

άὭὲ
ȟ
•  to describe the difference in output angles. The 

synchronization threshold is † . The system reliability curves 

for ά ς and ά υ are given in Figure 14(c). A higher value 

of † leads to higher reliability. With the continuous increase of 

Ὕ, the increment of reliability becomes smaller until it reaches 

a plateau. The MCS results also confirm the accuracy of the 

proposed method in all cases. The sample sizes for both 

methods are listed in Table 5. The relative errors compared to 

the MCS are listed in Figure 14(d)-14(e). 

Table 5. The sample sizes for both methods in Example 2. 

Methods 
Sample size(without 

synchronization) 

Sample size(with 

synchronization) 

MCS 3³106 3³106 

The proposed 

method 
375 375 

 

Fig. 14(a). Reliability curve without synchronization for m=1. 

 

Fig. 14(b). Reliability curves without synchronization for m>1. 

 

Fig. 14(c). Reliability curves with synchronization for m>1. 

 

Fig. 14(d). Failure probability relative error without 

synchronization for Example 2. 

 

Fig. 14(e). Failure probability relative error with 

synchronization for Example 2. 

4.3. Deployment performance reliability of folding wing 

system 

The random variables of the folding wing mechanism system 

are shown in Table 6. 
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Table 6 Distribution parameters of random variables for folding 

wing system 

Parameter Unit Distribution 
Mean 

value 

Standard 

deviation 

ὠ m/s Normal 140 10 

̄  ‏ Normal 0 5 

Ὧ ,Ὧ ,Ὧ ,Ὧ  N Normal 550 10 

ὦ,ὦ,ὦ,ὦ mm Normal 7 0.25 

ὅ ,ὅ ,ὅ ,ὅ  mm Normal 1.5 0.05 

Figure 15(a) depicts the reliability under ά (ά ςȟυȟψȟρπ) 

flight missions. As ά  increases, the reliability and system 

response dispersion decreases. The case where synchronization 

is included is shown in Figure 15(b). When Ὕ  is greater than 

0.57 s, the size of †  becomes the main factor influencing 

reliability. When Ὕ is less than 0.545 s, the size of Ὕ becomes 

the main factor. Figure 15(c) presents the reliability for different 

values of ά, †, and Ὕ. When Ὕ is greater than 0.57 s, the larger 

the value of † is, the denser the reliability curves corresponding 

to different times ά are. Considering the uncertainty of ά, as 

shown in Figure 15(d), ὴ is 0.5 and the expected number of 

planned flights is ὔ  (ὔ ςȟτȟφȟψȟρπ ). For the given †  and Ὕ 

(ὝᶰπȢυτυȟπȢυχ), the reliability increases with decreasing ὔ. 

When Ὕ  exceeds 0.57 s, a higher value of †  results in denser 

reliability curves corresponding to different ὔ . Figure 15(e) 

illustrates the reliability under different ὴ, with ὔ set to 10. 

Under the given † and Ὕ, the system reliability decreases with 

an increase in ὴ. When Ὕ exceeds 0.57 s, higher values of † 

result in denser reliability curves corresponding to different ὴ. 

It is evident that both the deployment time threshold Ὕ and the 

number of deployment times ά  significantly influence the 

system reliability. In the context of considering the deployment 

synchronization, at any given Ὕ  and †  level, an increase in ά 

leads to lower system reliability. At any given Ὕ and ά level, an 

increase in † leads to higher system reliability. As Ὕ increases, 

the system reliability first gradually increases and then reaches 

a stable state. Taking into consideration the uncertainty of ά, 

under the given Ὕ , †  and ὴ , a smaller ὔ  leads to higher 

system reliability. Under the given Ὕ , †  and ὔ , a higher ὴ 

results in lower system reliability. 

The sample sizes for both methods are listed in Table 7. The 

relative errors compared to the MCS are listed in Figure 15(f)-

15(g). According to the MCS results, the proposed methods are 

suitable for solving the reliability of the folding wing system. 

In order to visualize the differences between the failure 

independent case and failure correlation case, the differences 

are shown in Figure 15(h). As can be seen from the figure, in 

the folding wing series system, the results in the assumed 

independent case are more conservative compared to the case 

where failure correlation is considered. Also, the difference 

between the two cases becomes smaller as the threshold 

increases. However, when the threshold is a constant value, the 

difference gradually increases as the number of components n 

in the system increases, and the results obtained based on the 

assumed independent case become less accurate. 

Table 7. The sample sizes for both methods in Example 3. 

Methods 
Sample size(without 

synchronization) 

Sample size(with 

synchronization) 

MCS 2³106 1.2³106 

The proposed method 1125 1125 

 

Fig. 15(a). Reliability curves without synchronization for m>1. 

 

Fig. 15(b). Reliability curves with synchronization for m>1. 
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Fig. 15(c). Reliability curves for different values of ά, † and Ὕ 

 

Fig. 15(d) Reliability curves with synchronization for different ὔ 

 

Fig. 15(e). Reliability curves with synchronization for different ὴ  

 

Fig. 15(f). Failure probability relative error without 

synchronization for Example 3. 

 

Fig. 15(g). Failure probability relative error with 

synchronization for Example 3. 

 

Fig. 15(h). Differences between the failure independent case 

and failure correlation for Example 3. 

4.4. Reliability of deployment performance under mean 

value variations 

This section assesses system reliability changes under varied 

mean values of random variables. The mean values listed in 

Table 8. Figure 16(a), 16(c), 16(e), 16(g) and 16(i) depict the 
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reliability without synchronization for ὠ , ‏ , ὦ , Ὧ   and ὅ . 

Figure 16(b), 16(d), 16(f), 16(h) and 16(j) depict the reliability 

with synchronization and randomness of ά  for ὠ , ‏ , ὦ , Ὧ  

and ὅ. 

Table 8. Mean values of random variables under different 

operating conditions. 

Number 
Random 

variable 
Mean value Number 

Random 

variable 

Mean 

value 

1 ὠ 100 (m/s) 6 ὦ 8 (mm) 

2 ὠ 180 (m/s) 7 Ὧ  600 (N) 

3 ɿ 30 ()̄ 8 Ὧ  500 (N) 

4 ɿ -30 ()̄ 9 ὅ  2 (mm) 

5 ὦ 6 (mm) 10 ὅ  1 (mm) 

The synchronization threshold is denoted as †  (†

πȢπσȟπȢπσυȟπȢπτȟπȢπτυȟπȢπυ), ὴ is set to 0.7, ὔ is equal to 10. 

It can be seen that without considering synchronization and 

randomness of ά, systems with the smaller mean value of ὠ, 

larger mean value of ‏, smaller mean value of ὦ, larger mean 

value of Ὧ   and larger mean value of ὅ  exhibit higher 

reliability. When the means of the random variables change, the 

mean and dispersion of the system response will change. 

However, with the introduction of synchronization and 

randomness for ά, during the ascending phase of the reliability 

curves (at the same †), smaller mean values of ὠ and ὦ, and 

larger mean values of ‏ , Ὧ   and ὅ , lead to higher system 

reliability. In the stable phase of the reliability curve (at the 

same † ), ὠ , Ὧ   and ὅ  continue the change law of the 

reliability curve in the ascending phase, while the smaller mean 

value of ‏ results in the higher system reliability. For any given 

operating condition, as † increases linearly, the reliability also 

increases, and the rate of increase diminishes gradually. 

 

Fig. 16(a). Reliability curves without synchronization for 

conditions 1 and 2. 

 

Fig. 16(b). Reliability curves considering both synchronization 

and randomness of ά for conditions 1 and 2. 

 

Fig. 16(c). Reliability curves without synchronization for 

conditions 3 and 4. 

 

Fig. 16(d). Reliability curves considering both synchronization 

and randomness of ά for conditions 3 and 4. 
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Fig. 16(e). Reliability curves without synchronization for 

conditions 5 and 6. 

 

Fig. 16(f). Reliability curves considering both synchronization 

and randomness of ά for conditions 5 and 6. 

 

Fig. 16(g). Reliability curves without synchronization for 

conditions 7 and 8. 

 

Fig. 16(h). Reliability curves considering both synchronization 

and randomness of ά for conditions 7 and 8. 

 

Fig. 16(i). Reliability curves without synchronization for 

conditions 9 and 10. 

 

Fig. 16(j). Reliability curves considering both synchronization 

and randomness of ά for conditions 9 and 10. 

4.5. Reliability of deployment performance under 

standard deviation variations 

This section primarily focuses on evaluating the system 
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reliability under different standard deviations. The standard 

deviations are presented in Table 9. Figure 17(a), 17(c), 17(e), 

17(g) and 17(i) depict the reliability without synchronization for 

ὠ, ‏, ὦ, Ὧ  and ὅ. Figure 17(b), 17(d), 17(f), 17(h) and 17(j) 

depict the reliability with synchronization and randomness of ά 

for ὠ, ‏, ὦ, Ὧ  and ὅ. 

Table 9. Standard deviations of random variables under 

different operating conditions. 

Number 
Random 

variable 

Standard 

deviation 
Number 

Random 

variable 

Standard 

deviation 

11 ὠ 1 (m/s) 16 ὦ 0.5 (mm) 

12 ὠ 20 (m/s) 17 Ὧ  1 (N) 

13 ɿ 1 (̄) 18 Ὧ  30 (N) 

14 ɿ 20 (̄) 19 ὅ  0.005 (mm) 

15 ὦ 0.01 (mm) 20 ὅ  0.2 (mm) 

When the standard deviations of random variables change, 

both the dispersion and mean value of the system response will 

be affected. Without considering both synchronization and 

randomness of ά , as Ὕ  increases, the system reliability with 

smaller standard deviation for ὠ , ‏ , ὦ  and Ὧ   will gradually 

increase and surpass that with larger standard deviation. For ὅ, 

the reliability curves of both conditions are nearly coincident, 

and at the right boundary of Ὕ, the reliability is higher for the 

smaller standard deviation. As Ὕ  increases, the difference in 

reliability, at any ά level, always exhibits a pattern of ñtrough-

peak-stabilizationò. When considering both synchronization 

and randomness of ά, at any † level, the system reliability with 

the smaller standard deviation is always initially lower than the 

other, and then the former gradually increases and surpasses the 

latter. Moreover, near the right boundary of Ὕ , the system 

reliability with the smaller standard deviation is consistently 

higher than the other. 

 

Fig. 17(a). Reliability curves without synchronization for 

conditions 11 and 12. 

 

Fig. 17(b). Reliability curves considering both synchronization 

and randomness of ά for conditions 11 and 12. 

 

Fig. 17(c). Reliability curves without synchronization for 

conditions 13 and 14. 

 

Fig. 17(d). Reliability curves considering both synchronization 

and randomness of ά for conditions 13 and 14. 
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Fig. 17(e). Reliability curves without synchronization for 

conditions 15 and 16. 

 

Fig. 17(f). Reliability curves considering both synchronization 

and randomness of ά for conditions 15 and 16. 

 

Fig. 17(g). Reliability curves without synchronization for 

conditions 17 and 18. 

 

Fig. 17(h). Reliability curves considering both synchronization 

and randomness of ά for conditions 17 and 18. 

 

Fig. 17(i). Reliability curves without synchronization for 

conditions 19 and 20. 

 

Fig. 17(j). Reliability curves considering both synchronization 

and randomness of ά for conditions 19 and 20. 

4.6 Deployment reliability considering randomness of 

crank and connecting rod lengths 

In this example, the randomness of the crank and connecting rod 

lengths is taking into account. A total of 28,125 sample points 










