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A B S T R A C T

The lifting mechanism of an aircraft cargo door is a critical component that ensures both cargo 
handling safety and flight reliability. Multi-source reliability evaluation method of aircraft cargo 
door lifting mechanism performance is proposed considering the synergistic effect of wear and 
plasticity accumulation. Firstly, the kinematic relationships of mechanism are derived based on 
the coupled mechanism of spatial drive and planar motion. Synergistic damage evolution model is 
then established by integrating contact wear theory with cyclic plasticity criteria, mapping 
equivalent geometric variations into key motion accuracy errors. Subsequently, the influence of 
multi-source uncertainties on mechanism reliability, which involve geometric parameters, ma
terial properties, operational loads and performance margins, was investigated. Finally, numer
ical simulation and reliability sensitivity analysis are conducted. From this study, it is 
demonstrated that after 100 000 cycles, the synergistic effect of wear and plasticity leads to 
greater performance degradation than single-factor effects, thereby validating the effectiveness of 
the proposed method. The efforts of this work provide a promising reliability assessment for 
aircraft cargo door lifting mechanism performance degradation, which is helpful for the theo
retical support and guidance of the reliability design, manufacturing and maintenance of complex 
mechanism system.

1. Introduction

The cargo door lifting mechanism of an aircraft is a multi-component motion system connected by revolute pairs. It is necessary to 
maintain reliable operation during whole life cycle, and thus ensure both the normal operation of cargo and the structural integrity of 
aircraft. The failure of mechanisms directly impairs the standard opening and closing of cargo door, which will seriously threat flight 
safety. As illustrated from the statistic of aviation accidents, lifting mechanism failures have shown a rising trend recently [1]. In some 
historical cases, severe accidents, including catastrophic crashes, have been attributed to design flaws in cargo doors [2]. Due to the 
influence of multi-source information such as manufacturing errors, assembly deviations, service environments, operational loads, and 
so forth, the lifting mechanism is subject to significant uncertainties. With service time, cumulative wear and material plastic 
deformation progressively degrade the mechanism’s motion accuracy and reliability, potentially leading to functional failure. 
Therefore, it is imperative to perform the comprehensive reliability analysis of aircraft cargo door lifting mechanism performance 
degradation induced by wear–plasticity accumulation in combination with multi-source uncertainties, to prevent failures and safe
guard flight operations.
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In recent years, numerous researchers have systematically investigated various factors influencing the performance of mechanical 
systems. Li et al. [3] proposed a degradation-based reliability framework incorporating performance margins to quantify the failure 
risk of landing gear door locks under combined multi-source uncertainties and wear. Jiang et al. [4] developed a coupled wear-impact- 
creep model to reveal the effects of progressive damage and multi-factor interactions on performance degradation. Shu et al. [5] 
investigated friction–corrosion-induced sticking failure in marine environments, integrating simulation and experimental methods to 
enhance response surface modeling for improved reliability assessment efficiency. Wang et al. [6], Zhang et al. [7], and Gao et al. [8] 
further improved the accuracy and efficiency of reliability evaluation by optimizing response surface methods or extreme error models. 
Sun et al. [9] performed a failure mechanism analysis of door lock systems and established a functional reliability model for door 
unlocking, along with sensitivity analysis.

In multibody motion mechanisms, contact wear leads to a continuous increase in clearance at revolute joints over time, resulting in 
a decline in motion accuracy. Regarding the degradation mechanism, Jiang et al. [10] investigated the nonlinear response differences 
before and after wear in a six-link multibody model. Zhao et al. [11] derived an angular error expression for a multi-loop deployable 
mechanism and validated the error evolution through both numerical simulation and experimental testing. Bai et al. [12] developed 
dynamic equations incorporating multiple clearances, revealing the influence of inter-clearance coupling on system dynamic re
sponses. Liang et al. [13] employed a Monte Carlo simulation to quantify the effects of irregular wear on reliability degradation and 
nonlinear dynamic characteristics. Xue et al. [14] and Ren et al. [15] used finite element modeling and experimental validation to 
demonstrate the competitive and co-dominant roles of fretting wear and fretting fatigue in failure mechanisms. Varedi et al. [16] 
applied a particle swarm optimization approach to reduce impact forces caused by clearances in slider-crank mechanisms.

Irreversible cyclic plastic deformation is another key mechanism contributing to the degradation of mechanism performance. 
Focusing on material-level constitutive modeling and parameter calibration, Basan et al. [17] characterized the rate-dependent 
isotropic hardening saturation range of Chaboche model for 42CrMo4 steel through loading experiments. Agius et al. [18] 
employed multi-objective genetic algorithm to optimize the Chaboche model parameters for 7075-T6 aluminum alloy and validated 
the sensitivity to fatigue life prediction. Subasic et al. [19] experimentally constructed multiple constitutive models for 316L stainless 
steel. Agius et al. [20] and Kourousis et al. [21] captured the mean stress relaxation behavior and cyclic hysteresis evolution of 7075-T6 
and 7050-T7451 aerospace-grade aluminum alloys. Das et al. [22] proposed multi-objective cyclic plasticity model to capture the 
cyclic hardening/softening behavior of tubular materials under different strain amplitudes.

Mechanical systems are inevitably affected by various sources of uncertainty during manufacturing and service stages. Wei et al. 
[23] established an index system to evaluate the impact of input perturbations and their interactions on time-dependent reliability. Fei 
et al. [24] proposed a CNN-DNN-based approach for probabilistic modeling and prediction of low-cycle fatigue life in integrally bladed 
turbines under parameter uncertainty, demonstrating superior accuracy and efficiency. Su et al. [25] identified uncertain parameters 
within dynamic equations incorporating a Stribeck friction model and developed a multi-objective reliability optimization method. 
Zeng et al. [26] and Wang et al. [27] employed quasi-Monte Carlo simulation and a unified framework, respectively, to handle mixed 
uncertainties and improve motion reliability analysis methods. Fei et al. [28] integrated multiple algorithms to construct an Enhanced 
Network Learning Method (ENLM), significantly improving the precision and efficiency of motion reliability evaluation for flexible 
two-link manipulators under highly nonlinear and time-varying conditions. Jiang et al. [29] introduced Copula, Wiener process, and 
Vine-Copula techniques to realize degradation path fitting, residual life prediction, and key damage identification. Several in
vestigations [30–32] have systematically addressed the interrelation between uncertainty and reliability, and many other studies have 
focused on reliability assessment methods [33–35].

In summary, current works still focus on single degradation mechanisms or idealized conditions, although substantial theoretical 
progress has been gained in the performance degradation and reliability of mechanical system. In this case, it is insufficient in unified 
modeling approaches for the synergistic degradation effects of multiple factors and system-level uncertainties. The challenges are 
illustrated as follows. (1) Kinematic modeling is only conducted by either purely planar or purely spatial mechanisms, and is not 
simulated and validated by spatially driven and planar-following mechanisms in engineering applications. (2) The reliability analysis 
of mechanism systems did not fully consider the stochastic characteristics of multi-source parameters at different degradation stages, 
thus it is difficult for the reliability results to accurately describe the performance degradation of mechanism systems under multi- 
factor coupling. (3) Most of existed reliability works only focus on theoretical evaluation, so that it is difficult to provide the strong 
support for the reliability design and maintenance planning of products.

To accurately evaluate the performance reliability of aircraft cargo door lifting mechanism, the multi-source reliability analysis 
method is discussed in respect of the synergistic degradation resulting of wear-plasticity accumulation. The coupling kinematic theory 
of space driven and planar followed movement is adopted to develop the precise kinematic model of driving mechanism by combining 
numerical and analytical approaches. And the established model is validated by multibody dynamic simulations and bench testing, to 
ensure the consistency between theoretical derivation and engineering application, and provide the theorical foundation for modeling 
complex mechanisms. The uncertainty of parameters in manufacturing defects, material properties, operational loads and performance 
margins is introduced into the established synergistic kinematic model, to improve the adaptability and predictive capability of the 
model under variable real-world conditions. The unified framework of system reliability analysis is proposed with regard to the 
combined effects of wear and plasticity on mechanism performance, which is promising to precisely reflect the performance evolution 
law in service and provide the theoretical support for the performance degradation modeling and reliability assessment of complex 
mechanical systems.

The remainder of this paper is organized as follows. Section 2 introduces reliability theory and methods besides the multi-source 
reliability analysis framework of lifting mechanism regarding synergistic degradation. Section 3 presents and validate the kinematic 
model of coupled mechanism spatial driven and planar followed motion, by multibody dynamic simulation. Section 4 develops a 
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performance margin model in line with the combined effects of wear and plasticity accumulation. Section 5 analyzes multi-source 
uncertainty and quantifies the associated parameter distributions. Section 6 applies the proposed method to the reliability sensi
tivity analysis of one numerical case, i.e., aircraft cargo door lifting mechanism. Section 7 summarizes the main conclusions of this 
study.

2. Theory and methods

Reliability refers to the ability of a product to perform its intended function within a specified period and under given conditions 
[36]. The fundamental scientific principles of reliability involve performance margin equation M, degradation equation P and reli
ability metric equation R, which are expressed as: 

⎧
⎪⎨

⎪⎩

M = G(P,Pth) > 0
P = F(X,Y,T)
R = μ

(
M̃ > 0

) (1) 

where M is the performance margin vector; P is the performance parameter vector; Pth is the corresponding threshold vector of the 
system; X denotes internal factors (e.g., geometric dimensions, material properties); Y represents external factors (e.g., operational 
stress); T is the time vector; and R denotes reliability. The performance margin M̃ is a random vector with uncertainty, and μ is a 
mathematical measure. When M > 0, the system operates normally and can perform the required functions. This reliability theory has 
been applied to the reliability assessment of aviation organizations [3,4].

Based on reliability theory, novel reliability analysis framework is developed based on performance margin, which incorporates the 
synergistic degradation effects of wear and plasticity accumulation, as well as multi-source uncertainties, as illustrated in Fig. 1.

As shown in Fig. 1, the process of the multi-source reliability analysis framework of lifting mechanism regarding synergistic 
degradation involves three steps. Firstly, the functional analysis of cargo door lifting mechanism is conducted to establish performance 
margin equation. Subsequently, a kinematic modeling approach is proposed for the lifting mechanism, based on the coupling between 
spatial driving and planar followed motion. The cumulative wear volume and cyclic plastic strain are then modeled separately, and the 
“equivalent linkage length” method is adopted to map degradation effects into performance margin domain, and thereby form a 
degradation–margin coupled model. Next, the four categories of multi-source uncertainty parameters are systematically analyzed and 
quantified, including manufacturing defects, material property variations, operational load fluctuations and threshold deviations. 
Finally, by integrating the degradation model with the stochastic parameters, a reliability analysis model is constructed by simulta
neously considering the synergistic effects of wear-plasticity accumulation and multi-source uncertainties.

Fig. 1. Multi-source reliability analysis framework of lifting mechanism regarding synergistic degradation.
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3. Kinematic analyses of cargo door lifting mechanism

3.1. Cargo door lifting mechanism

An aircraft cargo door lifting mechanism is selected as the subject of kinematic analysis. The mechanism mainly comprises four 
hinge points, one crank, one cargo door, one rocker arm and one drive shaft that rigidly connected to the rocker and oriented 
perpendicular to the plane of motion. The opening and closing motions define the two main operational stages of the mechanism, as 
shown in Fig. 2. During the opening phase, the motor activates and drives the shaft to rotate about its axis via a reduction gear. Because 
the shaft is rigidly connected to the rocker, its rotational angle is directly transferred to the rocker, which attempts to rotate by the 
same angle. However, the hinges are constrained by the crank and cargo door to follow circular arcs centered at their respective pivot 
points. As a result, the spatial rotation of the rocker is converted into planar rotation of the cargo door through closed-loop geometric 
constraints. When the drive shaft reaches a specified angle, the cargo door becomes fully open. In the closing phase, the motor reverses 
direction, causing the reduction gear to rotate the drive shaft accordingly. The rocker then rotates in the opposite direction, by 
transmitting motion through the same kinematic chain. The cargo door rotates back along its original path and fully closes when the 
drive shaft returns to its initial position.

The spatial–planar coupled mechanism effectively addresses the limitations of traditional planar linkages. By positioning the drive 
shaft perpendicular to the motion plane, the spatial interference between driving unit and cargo door structure is eliminated. In 
addition, the three-dimensional (3D) input from the drive shaft is accurately transformed into the planar motion of four-bar linkage 
through rigid connections at the hinge points. As a result, compact and efficient power transmission is achieved, to enable the ki
nematic coupling between 3D input and two-dimensional output.

3.2. Kinematic modeling and constraints

3.2.1. Coordinate system and position definition
The lifting mechanism is simplified as shown in Fig. 3, where the solid lines represent the fully closed position of the cargo door, and 

the dashed lines correspond to the fully opened position. Since the motion of the cargo door lifting mechanism ACDB is constrained 
within a single plane, a fixed Cartesian coordinate system {O,X,Y} is established, with the fixed hinge point A defined as the origin O. 
The X-axis is aligned along the direction of link AB, and the Y-axis is defined to be perpendicular to the X-axis and pointing upward, 
following the right-hand rule. A local coordinate system {D,X,Y} is defined at point D, where the origin is located at point D, the x-axis 
remains parallel to the global X-axis, and the y-axis remains parallel to the global Y-axis. This coordinate system translates with point D 
but does not rotate.

The minimal coordinate set q = [α, β,φD] is selected to describe the mechanism configuration, where counterclockwise rotation is 
defined as positive. The variable α denotes the rotation angle of crank AC relative to the X-axis, β represents the rotation angle of the 
cargo door BD relative to the X-axis, and φD is the angle of rocker CD measured in the local coordinate system {D,X,Y}. Since the local 
coordinate system does not rotate relative to the global coordinate system, φD also represents the angle of rocker CD in the global 
coordinate system.

In the global coordinate system, the position vectors of all hinge points are defined as 

Fig. 2. Conceptual diagram of aircraft cargo door in closed and open positions.
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r→=

[

r→A, r→B, r→C, r→D

]

=

[
0 LAB LACcosα LAB + LBDcosβ
0 0 LACsinα LBDsinβ

]

(2) 

In the local coordinate system, the relative position of point C is given by 

r→C→D = [LCDcosφD, LCDsinφD]
T (3) 

Its transformation into the global coordinate system is expressed as 

r→C = r→D + r→C→D = r→D + [LCDcosφD, LCDsinφD]
T (4) 

3.2.2. Formulation of constraint equations
The kinematic constraint equations consist of physical angle constraints and drive coupling constraints. For the physical angle 

constraint, point C must simultaneously lie on both crank AC and rocker CD. Subject to the two constraint conditions shown in Eqs. (2)
and (4), therefore, the expressions of point C derived from the crank AC and rocker CD is 

[
LACcosα
LACsinα

]

=

[
LAB + LBDcosβ

LBDsinβ

]

+

[
LCDcosφD
LCDsinφD

]

(5) 

For the drive coupling constraint, the initial state of the lifting mechanism corresponds to the fully closed position of the cargo door. 
In this state, by the initial geometric relationship, the local coordinates of rocker CD are determined as 

φ(0)
D = arctan

(
y(0)

C − y(0)
D , x(0)

C − x(0)
D

)
(6) 

Once the drive shaft begins to rotate, the angle of rocker CD in the global coordinate system is given by 

φD = β+φ(0)
D +ΔφD (7) 

here φD represents the rotational input angle of the drive shaft DE.
By substituting Eq. (7) into Eq. (5), and projecting the resulting vector equation onto the X-axes and Y-axes, the scalar form of the 

constraint equations is 

f1(α, β) = LACcosα − LAB − LBDcosβ − LCDcos
(

β + φ(0)
D + ΔφD

)
= 0 (8) 

f2(α, β) = LACsinα − LBDsinβ − LCDsin
(

β + φ(0)
D + ΔφD

)
= 0 (9) 

Eqs. (8) and (9) together form a nonlinear equation system with two unknowns. Let θ ∈ [α, β]T, then: 

F(θ) =
[

f1(α, β)
f2(α, β)

]

=

[
0
0

]

(10) 

3.2.3. Numerical solution
Given the nonlinear nature of the constraint Eq. (10), the Newton–Raphson iteration method [37] is employed to numerically solve 

the generalized coordinates q = [α, β]T under a specified driving angle.

Let the solution at the k-th iteration be θk =
[
αk, βk

]T
. At this point, the constraint equations are expanded using a Taylor series, 

retaining only the first-order terms: 

F
(
θ(k+1) ) ≈ F

(
θk)+ J

(
θk)( θ(k+1) − θk ) (11) 

Fig. 3. Simplified diagram of aircraft cargo door lifting mechanism.

Y.-J. Han et al.                                                                                                                                                                                                         Engineering Failure Analysis 185 (2026) 110365 

5 



here J denotes Jacobian matrix which is defined as 

J =

⎡

⎢
⎢
⎢
⎣

∂f1

∂θα

∂f1

∂θβ

∂f2

∂θα

∂f2

∂θβ

⎤

⎥
⎥
⎥
⎦

(12) 

The partial derivatives are computed as follows 

J =

⎡

⎢
⎣

− LACsinα LBDsinβ + LCDsin
(

β + φ(0)
D + ΔφD

)

LACcosα − LBDcosβ − LCDcos
(

β + φ(0)
D + ΔφD

)

⎤

⎥
⎦ (13) 

The Newton–Raphson iteration formula is given by 

θ(k+1) = θk − J− 1( θk)F
(
θk) (14) 

The iteration process continues until the convergence criterion is satisfied 
⃦
⃦θ(k+1) − θk ⃦⃦ < δ (15) 

in which δ denotes the predefined error tolerance, set asδ = 1 × 10− 8 in this study.
The numerical method provides the robust solution of kinematic equations while maintaining high accuracy. The solution strategy 

fully leverages the kinematic characteristics of mechanism, to enable the precise analysis of its motion behavior under specified driving 
inputs, which provides the theoretical foundation of the design and analysis of lifting mechanism.

3.3. Experimental and simulation validation

To validate the accuracy of the previously developed kinematic model and numerical solution, a kinematic experiment of the cargo 
door lifting mechanism was conducted. In addition, a dynamic model of the lifting mechanism was constructed on a multibody dy
namic simulation platform for comparative analysis.

Test rig was constructed based on the geometric and structural parameters of the aircraft fuselage section. The initial closed and 
fully open positions of the cargo door are shown in Fig. 4. The drive shaft was actuated by a rotary motor to provide angular 
displacement input, while the rotational angle of the cargo door served as the output motion. These two key parameters were measured 
using absolute angular encoders with a resolution of 0.01◦ and a measurement accuracy of ± 0.02◦. The installation locations and 
fixation methods of the angle sensors are illustrated in Fig. 5. The sensor for measuring the door rotation was mounted near the upper 
hinge, ensuring precise alignment of the measurement axis with the theoretical axis of rotation. To minimize random errors, each 
angular input was measured three times to calculate their mean value. The final test curves are obtained by removing the high- 
frequency noise.

Fig. 4. Experimental setup of the cargo door.
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Fig. 6 compares the output angle curves obtained from the NR-based numerical analysis, multibody dynamic simulation and test 
bench experiment within the input range of 0 ≤ θ ≤ 119◦ .

To quantitatively evaluate the consistency, the three methods are adopted to present the representative cargo door angle values as 
listed in Table 1.

In light of Fig. 6 and Table 1, obviously, the overall trends of output angle curves from the three methods are consistent, which 
validate the rationality and accuracy of multibody simulation, numerical analysis and experimental measurements. The root-mean- 
square (RMS) error between analytical and ADAMS results is 2.87◦, and between analytical and experimental results is 3.42◦, con
firming the good quantitative agreement among the three methods. The theoretical solution, derived from ideal geometric assumptions 
and frictionless conditions, yields slightly higher output values. In contrast, the experimental data are lower due to frictional losses, 
manufacturing tolerances and measurement errors, which prevent the cargo door to achieve the ideal opening angle under real 
conditions. The multibody dynamic simulation, which incorporates friction at selected joints, produces intermediate results. The 
experimental curve exhibits response delay in the initial phase, mainly caused by nonlinear effects such as clearance elimination, static 
friction breakaway and inertia-induced lag. Once the system enters the steady-state driving phase, the agreement among the three 
methods improves significantly. Therefore, the proposed kinematic model not only ensures the sufficient engineering accuracy but also 
greatly enhances the computational efficiency. The validity of kinematic constraint equations, numerical solution algorithm and 
underlying physical assumptions are demonstrated, which provide a solid theoretical foundation for engineering applications of cargo 
door lifting mechanism.

Fig. 5. Installation of the rotational angle sensor on the cargo door.

Fig. 6. Comparison of results obtained by three methods.
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4. Performance margin degradation modeling

4.1. Time-Dependent wear modeling

The lifting mechanism of the cargo door is composed of revolute joints at the hinge positions. Relative rotation between the sleeves 
and shafts at the four hinge points (A, C, D, and B) during motion causes wear on the contact surfaces. As a result, the clearance 
between the sleeves and shafts increases with the number of operational cycles, which in turn affects the rotation angle of the cargo 
door (BD) and degrades the motion accuracy and reliability of the mechanism.

The wear between sleeve and shaft is commonly modeled using Archard model [3,4], which is widely employed to relate wear 
depth to applied load, as well as to the material and geometric properties of sliding components. Assuming uniform wear at the hinge 
joints, the Archard model is adopted to describe the time-dependent evolution of wear depth at each hinge point, i.e., 

hi(t) = t
(

Ki1

Hi1
+

Ki2

Hi2

)

σmax,iSi (16) 

where H1i and H2i are the Brinell hardness values; v1i and v2i are the Poisson’s ratios; K1i and K2i wear coefficients.
According to Hertzian contact theory, the contact between the sleeve and the shaft can be modeled as the interaction between two 

coaxial cylindrical surfaces. The maximum contact stress σman,i is expressed by 

σmax,i = 0.5642

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Fi

τi

Di − di

Didi

(
1− υ2

1i
E1i

+
1− υ2

2i
E2i

)

√
√
√
√
√

(17) 

The relative sliding distance Si between sleeve and shaft during one operating cycle is expressed as 

Si = di|θi(ΔφD) − θi(0) |, i = A,C,D,B (18) 

where θi(0) and θi(ΔφD) denote the hinge angles at the start and end positions of the drive shaft.
The clearance ci(t) between sleeve and shaft at one hinge point increases with the accumulated wear hi(t), i.e., 

ci(t) = c0i + hi(t) (19) 

To account for the influence of time-accumulated wear damage on the rotation of cargo door, an equivalent link model is employed, 
which can analyze the influence of joint clearance in motion mechanisms on motion performance.

The effective length Le of the component can be described as: 

Le =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(La + x)2
+ y2

√

(20) 

where x and y are the coordinates of the random shaft center position in the local coordinate system. Due to the contact force between 
the sleeve and the shaft, x and y satisfy the following condition: 

x2 + y2 = ci(t)2 (21) 

where ci(t) is the joint clearance, which can be determined from Eq. (19).

4.2. Analysis of cyclic plasticity accumulation

During the cargo door opening process, the crank AC and rocker CD, which function as the primary load-bearing components of the 
lifting mechanism, are subjected to predominantly compressive cyclic loading caused by the gravitational force of the door. This 
loading induces gradually accumulated plastic deformation, with each cycle producing a slight but irreversible plastic compression. 
Although the residual strain per cycle is minimal, the cumulative effect over hundreds of thousands of cycles can become significant. As 
a result, the linkages undergo effective axial shortening, ultimately reducing the motion accuracy of the mechanism.

The evolution of the material yield surface under classical hardening models includes isotropic hardening, kinematic hardening, 
and their combination. To quantitatively evaluate the influence of cyclic plasticity accumulation on the effective shortening of the 
linkage and to estimate the residual plastic compression generated during each loading cycle, this section adopts the Chaboche mixed 

Table 1 
Comparison of angle values obtained by the three methods.

θ (◦) ADAMS (◦) NR (◦) Experimental (◦)

30 23.43 23.81 18.83
60 49.76 50.79 47.92
90 76.13 78.36 74.51
119 100.03 104.12 97.10
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hardening model [17,18], which integrates both isotropic and kinematic hardening behaviors. This model enables a more compre
hensive representation of material plasticity under cyclic loading.

This model is one of the commonly used material models for describing cyclic plasticity behavior at the microscale. It is formulated 
under the assumption of isothermal conditions and is developed within the framework of small-strain theory for material behavior. 
Considering that the yield function incorporates both kinematic and isotropic hardening, the von Mises yield surface can be appro
priately expressed in the deviatoric stress space when the plastic yielding criterion is satisfied: 

f =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3
2
(S − X) : (S − X)

√

− σ0 − R = 0 (22) 

where S is the deviatoric stress tensor; X is the back stress tensor defining the center of the yield surface; R is the isotropic hardening 
variable; σ0 is the initial yield strength.

The plastic flow follows the associated flow rule: 

dεp = dλ
∂f
∂σ (23) 

where dλ is the plastic multiplier determined from the consistency condition df = 0. The standard Karush–Kuhn–Tucker (KKT) 
conditions are satisfied, i.e. 

dλ ≥ 0, f ≤ 0, dλf = 0 (24) 

The kinematic hardening behavior of materials is described by decomposing X into three components {Xi}(i = 1,2,3). The back 
stress tensor is expressed as the superposition of three individual components, i.e., 

X =
∑3

i=1
Xi (25) 

The stress evolution law is 

dXi =

⎧
⎨

⎩

2
3
aiγidεp − γiXidp i = 1,2

a3dεp i = 3
(26) 

where ai and γi are the back stress modulus and the back stress evolution parameter.
The isotropic hardening behavior of materials is described by the following evolution law: 

dR = b(R∞ − R)dp (27) 

where R∞ is the saturation value of isotropic hardening; b is the hardening rate parameter. This formulation accounts for both the 
asymptotic limit and the evolution rate of isotropic hardening, effectively capturing the non-uniformity of isotropic hardening 
behavior during cyclic loading.

The equivalent plastic strain increment is given by: 

dp =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3

dεp : dεp

√

= dλ (28) 

This definition allows the evolution equations in Eqs. (27) and (28) to depend solely on the scalar dp, which facilitates numerical 
integration.

For N loading cycles, the accumulated plastic strain is given by: 

εr(N) =
∑N

i=1

∫

i
dεp (29) 

The deformation of the crank AC and the rocker CD caused by plastic strain accumulation is given by: 

△Lp(N) = εr(N)L0 (30) 

By numerically integrating the above expression over loading cycles, the plastic accumulation-induced deformation of the crank AC 
and rocker CD can be obtained. This results in irreversible axial deformation of the linkages, with the accumulation rate depending on 
the stress level, cyclic loading characteristics, and material parameters. Unlike linearly accumulating wear, the ratcheting strain 
predicted by the Chaboche three-component back stress model exhibits saturation behavior. The corresponding uniaxial material 
responses have been experimentally validated [17,18], providing a theoretical foundation for evaluating the long-term performance 
degradation of the mechanism.
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4.3. Performance margin modeling considering degradation

During the cyclic operation of the cargo door lifting mechanism, sliding friction at hinge locations causes surface wear on the 
components. At the same time, plastic deformation under high loads introduces irreversible geometric deviations in the primary load- 
bearing members. Together, these effects result in cumulative errors in the mechanism’s output motion. The degradation at each part 
of the mechanism over repeated cycles can be quantified using the wear model and cyclic plasticity accumulation model. By applying 
the kinematic relationships of the mechanism, variations in linkage lengths and angular deviations can be propagated to the output 
motion. Considering the coupled effects of wear degradation and plasticity accumulation, the effective lengths of all linkages in the 
lifting mechanism can be determined. By replacing the nominal link lengths with these effective lengths and substituting them into Eqs. 
(8) and (9), a modified kinematic model of the lifting mechanism can be derived as: 

f1(α, β) = Le
ACcosα − Le

AB − Le
BDcosβ − Le

CDcos
(

β + φ(0)
D + ΔφD

)
= 0 (31) 

f2(α, β) = Le
ACsinα − Le

BDsinβ − Le
CDsin

(
β + φ(0)

D + ΔφD

)
= 0 (32) 

In practical applications, the cargo door reaches its fully open position when the drive shaft rotates to its maximum angle. At this 
point, the door opening angle error δ is of particular concern. Taking into account the time-dependent variations caused by wear loss 
and cyclic plastic deformation, the error can be expressed as: 

δ(t) = |β(ΔφD) − βe(ΔφD, t) | (33) 

Assuming that the allowable limit error for δ(t) is ε, the performance margin model considering degradation can be expressed in 
terms of the relative angle as: 

M(t) =
ε − δ(t)

ε (34) 

Eq. (34) ensures that the cargo door lifting mechanism operates normally and reliably when M(t) > 0.

5. Analysis and quantification of multi-Source uncertainties

Mechanical systems are generally subjected to various uncertainties during entire life cycle, which may compromise the fulfillment 
of their intended design functions. For the aircraft cargo door lifting mechanism, the significant sources of randomness can be cate
gorized into four types: manufacturing and machining errors, variations in material properties, fluctuations in operational loads, and 
uncertainties in performance thresholds. Manufacturing and machining errors affect the initial configuration of the mechanism, while 
variations in material properties and operating loads influence the degradation behavior of damage-related factors. In this section, 
each source of uncertainty is analyzed in terms of its characteristics, and corresponding probabilistic distributions are assigned to 
quantify the uncertainties.

For the quantification of parameter uncertainties, different types of probabilistic distributions are selected based on the availability 
of prior information and data. For well-studied parameters, such as manufacturing errors, assembly deviations, and material prop
erties, established statistical models from published literature can be directly adopted. For parameters with available experimental or 
simulation-based measurements, appropriate probabilistic distributions can be fitted to the data. For parameters that are not well- 
studied and lack sufficient data, the probability distribution types can be assumed based on prior knowledge and expert judgment.

5.1. Manufacturing and machining errors

In the manufacturing, machining, and assembly processes of the aircraft cargo door lifting mechanism, dimensional variations are 
introduced due to inherent limitations, including machining accuracy, assembly precision, and geometric deviations. These variations 
originate from factors such as machine tool geometric errors, tool wear, thermal deformation, and measurement resolution. Generally, 
the dimensional parameters of components can be modeled as random variables following a normal probability distribution [38,39]. 
For the cargo door lifting mechanism, the dimensional parameters including sleeve diameter Di, shaft diameter di, link length Li and 
angular offset θ are all assumed to follow normal distributions.

To control such dimensional errors, a standardized tolerance system known as the International Tolerance (IT) grade is typically 
implemented. This system provides a unified method for evaluating and controlling dimensional deviations. In each hinge joint, an 
appropriate clearance fit between the shaft and the sleeve must be ensured to allow free rotational motion. In the basic hole system, the 
tolerances of sleeve diameter Di and shaft diameter di is defined as 

{
TDi = ESi − EIi
Tdi = esi − eii

(35) 

Since manufacturing tolerances represent the allowable limits of dimensional deviations, the means of sleeve diameter Di and shaft 
diameter di can be derived as 
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⎧
⎪⎪⎨

⎪⎪⎩

μDi
=

TDi

2

μdi
= esi −

Tdi

2

(36) 

According to the 6σ limit in mechanical design standards, the standard deviations σD and σd of sleeve diameter Di and shaft diameter 
di can be calculated as 

⎧
⎪⎪⎨

⎪⎪⎩

σDi =
1
6
TDi

σdi =
1
6
Tdi

(37) 

Similarly, the length error of link is controlled according to the IT grade. The length tolerance of link is 

TLj = ESj − EIj (38) 

Generally, it is assumed that the tolerance zone of link length is symmetrically distributed around the zero line with μi = 0.
According to the 6σ criterion, the standard deviations σL and σθ for link length and angular dimension are calculated by 

⎧
⎪⎪⎨

⎪⎪⎩

σLj =
1
6
TLj

σθi =
1
6
Tθi

(39) 

5.2. Variations in material properties

In the entire material processing chain, inherent variations in material properties arise from multiple sources. Differences in 
microstructure introduced by processes such as smelting, heat treatment, and machining lead to fluctuations in elastic modulus, 
hardness, and hardening parameters. Material property parameters can be treated as random variables that follow normal distributions 
[1,2]. Various materials are used in different components of the cargo door lifting mechanism. For the wear analysis of hinges, two 
materials are considered: 40CrA steel and QA19-2 leaded bronze. The material parameters include the elastic moduli E1i and E2i, 
Brinell hardness values H1i and H2i, Poisson’s ratios ν1i and ν2i, and wear coefficients K1i and K2i of the sleeve and shaft in the hinge 
joints. For the cumulative cyclic plasticity analysis of the linkages, material parameters directly affect the accumulation rate of plastic 
deformation and wear. Two materials are used: 7075-T6 aluminum alloy and 42CrMo4 steel (546 HV). Relevant material parameters 
include the elastic modulus E, initial yield stress σ0, saturation values of the back stress components a1,a2,a3, hardening rates of the 
back stress γ1, γ2, isotropic hardening saturation value R∞, and isotropic hardening rate parameter b. All of these parameters are 
assumed to follow normal distributions.

5.3. Variations in operational loads

In practical applications, the operation of an aircraft cargo door lifting mechanism represents a typical dynamic process, in which 
parameters such as operational loads and working conditions vary randomly over time. During the door-opening phase, the rotation of 
the drive shaft influences the internal force transmission within the lifting mechanism and causes variations in the contact forces at the 
hinge joints. These variations, in turn, affect the wear behavior between the sleeves and shafts, resulting in fluctuations in the cargo 
door’s output rotation angle. Based on dynamic simulation data, the contact forces Fi at each hinge point are found to follow normal 
distributions.

5.4. Uncertainty in performance thresholds

The uncertainty of performance thresholds typically arises from the imprecise identification of functional boundaries within the 
system. In practice, the allowable angular deviation for the cargo door in the fully open position is often not a fixed deterministic value. 
Therefore, uncertainty is embedded in ε, which is treated as a random variable assumed to follow a normal distribution.

Table 2 
Nominal parameters of each component in the mechanism.

Parameters Nominal values Parameters Nominal values Parameters Nominal values

L0,AC 310(mm) L0,CD 170(mm) L0,BD 300(mm)
L0,AB 180(mm) θAC,0 1.05(rad) θBD,0 2.53(rad)
d0,A 30(mm) d0,B 12(mm) d0,C 38(mm)
d0,D 40(mm) τA 18(mm) τB 120(mm)
τC 48(mm) τD 25(mm) AAC 706.8(mm2)
ACD 1661.9(mm2) ____ ____ ____ ____
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6. Numerical simulations

6.1. Parameter configuration

All nominal dimensional parameters of the aircraft cargo door lifting mechanism were obtained from actual digital model mea
surements. The accuracy of these parameters has been validated by comparing the kinematic simulation results with experimental 
measurements, ensuring engineering fidelity of the numerical case study. The nominal values of all dimensions are listed in Table 2. 
The manufacturing tolerance for the linkages is classified as IT8, and the engineering fit between shafts and holes at all hinge joints 
follows the H8/f8 specification. The parameters of the standard distributions were calculated based on the tolerances and engineering 
fits using the corresponding formulations.

The material property parameters were determined based on the actual material specifications used in the mechanism. The crank 
AC, located at the linkage section, is made of aluminum alloy (7075-T6), while the rocker CD is fabricated from high-strength steel 
(42CrMo4–546HV). All sleeves are made of leaded bronze (QA19-2), and all shafts are composed of alloy steel (40CrA). The mean 
values of the normally distributed material properties listed in Tables 3 and 4 were directly obtained from material data, with a co
efficient of variation set at 0.1.

The contact forces at the hinge joints are assumed to independently follow normal distributions. The mean values are derived from 
multibody dynamic simulation results, reflecting the load distribution characteristics of mechanism during actual operation. A co
efficient of variation of 0.1 is applied. The detailed settings of hinge joint contact forces are summarized in Table 5.

The allowable angular deviation of the cargo door in the fully open position is assumed to follow a normal distribution, denoted as 
ε ~ N(0.035,0.00262) rad.

6.2. Reliability analysis based on performance margin

The reliability of the cargo door lifting mechanism is evaluated using the Monte Carlo method, with the core metric based on 
performance margin. Random samples of system parameters are generated according to their probability distributions. For each 
sample, the ideal output angle of the mechanism is calculated using the established kinematic model. Subsequently, the degraded 
output angle is determined by applying the wear and plasticity accumulation models. The angular error and performance margin are 
then computed. Finally, the system reliability is obtained by calculating the proportion of samples with a positive performance margin, 
as illustrated in Fig. 7, where NMC denotes the total number of Monte Carlo samples used for reliability estimation.

Fig. 8 presents the reliability degradation curves under three different degradation mechanisms: coupled progressive damage (wear 
and plasticity accumulation), wear-only degradation, and plasticity-only degradation. The Monte Carlo simulation was performed with 
a sample size of NMC = 1 × 105 to ensure stable reliability estimation.

As shown in Fig. 8, during the early stage of operation (when the number of operating cycles is less than 50,000), the reliability 
under all three degradation scenarios remains at a high level (greater than 0.95). However, as the number of cycles continues to 
increase, the impact of different degradation mechanisms on reliability becomes increasingly pronounced. When only plasticity 
accumulation is considered, reliability exhibits a relatively slow linear decline and eventually approaches a saturation plateau. This is 
attributed to the strain-hardening effect of the material during plastic deformation. In the case of wear-only degradation, a moderate 
rate of reliability decay is observed. When the coupled effects of wear and plasticity accumulation are considered, the reliability 
degrades most rapidly, falling significantly below both single-mechanism curves after 100,000 operating cycles. This observation 
confirms the existence of a strong synergistic acceleration effect between wear and plastic deformation, which results in a compounded 
adverse impact on system reliability. These findings provide a theoretical basis for the reliability-oriented design and maintenance 
strategies of cargo door lifting mechanisms, underscoring the necessity of accounting for synergistic degradation mechanisms in 
practical engineering applications.

In this section, the evolution characteristics of the cargo door opening angle error under different numbers of operating cycles are 
analyzed using a probability density function (PDF) fitting method. The Monte Carlo sampling technique is employed to estimate the 
probability density distributions of the opening angle error at various operational stages. The results are illustrated in Fig. 9.

As shown in Fig. 9, the distribution of cargo door opening angle error exhibits several notable trends as the number of operation 
cycles increases. First, the mean of the error distribution rises steadily from an initial value of approximately 10 mrad. Once the 
operation cycle count exceeds 80,000, the rate of increase accelerates, and by 150,000 cycles, the mean surpasses the performance 
threshold of 35 mrad. Second, the variance of the error distribution expands with the number of cycles, indicating increased response 
uncertainty and a broader range of variation. Third, the peak value of the probability density function decreases progressively, 
reflecting reduced data concentration. Fourth, the probability of the error falling into the failure domain increases gradually. When the 

Table 3 
Distribution of material properties related to wear.

Parameters Distributions Parameters Distributions

E1i N(120,122)(GPa) υ1i N(0.37,0.0372)
E2i N(210,212)(GPa) υ2i N(0.29,0.0292)
H1i N(85,8.52)(HB) Kli N(4.07 × 10-3,(4.07 × 10-4)2)(mm3/(N⋅m))
H2i N(174,17.42)(GPa) K2i N(2.1 × 10-2,(4.07 × 10-3)2)(mm3/(N⋅m))
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operation cycles are below 80,000, virtually no samples fall into the failure region, implying high system reliability. In contrast, at 
300,000 cycles, a substantial portion of the distribution enters the failure domain, resulting in a clear decline in reliability. These 
observations suggest that under the combined influence of multiple stochastic factors and progressive damage mechanisms, the sta
bility of the cargo door lifting mechanism degrades over time. Compared with decoupled analysis methods, the system demonstrates a 
continuously deteriorating reliability trend when subjected to coupled effects.

Fig. 10 illustrates the influence of different progressive damage mechanisms on system performance evolution, and the compu
tational results quantify the impact of each damage type on the functional integrity of the mechanism.

Fig. 10 shows apparent differences in the wear progression of the hinge joints. Wear at hinge A is the most severe, increasing rapidly 
and nearly linearly. Hinge B shows a moderate level of wear, followed by hinge D, while hinge C exhibits the least wear accumulation. 
The overall order of wear severity is A > B > D > C. The observed differences can be attributed to multiple interacting factors, 
including load distribution, material characteristics, structural configuration, and assembly accuracy. Despite varying degrees of wear, 
all hinge joints exhibit a similar pattern of progression. Under steady operational conditions, this behavior indicates that the rate of 
wear across joints tends to follow a stable and foreseeable path.

The accumulation of cyclic plastic strain typically follows a saturation pattern. At the onset of loading, the strain increases rapidly, 
but with continued cyclic application, the accumulation rate diminishes progressively until it stabilizes into a steady-state response. 
This characteristic behavior arises from the nonlinear development of both the back stress tensor and the isotropic hardening variable, 
which together govern the material’s gradual adaptation to repeated plastic deformation. The process reflects an intrinsic material 
tendency toward saturation under sustained cyclic loading. This phenomenon indicates that under long-term service conditions, 
irreversible plastic deformation induced by sustained loading may become a critical driving factor for system reliability degradation.

The interplay among multiple progressive damage mechanisms governs the staged evolution of key reliability indicators over time. 
In the early phase of operation, when load cycles are still low, the system exhibits stable performance. Once the number of cycles 
exceeds a critical threshold, performance metrics begin to change nonlinearly and gradually approach saturation, marking the onset of 
the degradation phase. This evolution suggests that although the impact of individual damage modes may be limited initially, their 
combined effects intensify with time and accelerate performance deterioration. This process reveals the inherent lag and abrupt 
transition features that characterize reliability degradation in complex systems.

6.3. Reliability sensitivity analysis

In this section, the reliability R(30,000) of the aircraft cargo door lifting mechanism was evaluated, and a one-at-a-time (OAT) 
sensitivity analysis was conducted, treating the distribution parameters as independent variables to compare and rank parameter 
importance.

6.3.1. Reliability sensitivity analysis of manufacturing-related parameters
To understand how dimensional accuracy impacts system-level reliability, a sensitivity study is conducted that centers on the 

tolerances and fit specifications of several structurally important components. This evaluation focuses on the main load-transmitting 
elements within the drive assembly, namely the rods, bushings, shafts, and hinge connections, where small deviations in geometry can 
propagate and influence the mechanism’s long-term functional behavior. Standard tolerance grades (IT7, IT8, and IT9) are considered 
for links, sleeves, and shafts, while typical engineering fits (H7/g7, H8/g8, and H9/g9) are applied to hinge joints. The impact of 
various manufacturing parameters on the reliability index R(30,000) after 30,000 operation cycles is illustrated in Fig. 11.

Fig. 11 demonstrates that system reliability is strongly influenced by manufacturing precision, with evident variability across 
structural components. Among the rods, CD shows the most incredible sensitivity to changes in tolerance levels, where a drop in 
dimensional accuracy leads to an apparent reduction in reliability. For the sleeves, Sleeve B maintains relatively stable reliability 
across tolerance grades, while Sleeves A and D display greater susceptibility to manufacturing variations. In the shaft group, Shaft D 

Table 4 
Distribution of material properties related to plasticity.

Parameters Distributions Parameters Distributions Parameters Distributions

EAC N(69,6.92)(GPa) σ0,AC N(465,46.52)(MPa) a1,AC N(41,4.12)(MPa)
a2,AC N(71,7.12)(MPa) a3,AC N(2100,2102)(MPa) γ1,AC N(35.304,3.532)
γ2,AC N(242,24.22) R∞,AC N(15,1.52)(MPa) bAC N(6.8,0.682)
ECD N(197,19.72)(GPa) σ0,CD N(1070,1072)(MPa) a1,CD N(105,10.52)(MPa)
a2,CD N(225,22.52)(MPa) a3,CD N(464,46.42)(MPa) γ1,CD N(122,12.22)
γ2,CD N(574,57.42) R∞,CD N(− 420,422)(MPa) bCD N(7,0.72)

Table 5 
Distribution of operational load parameters.

Parameters Distributions Parameters Distributions

FA N(16780,16782)(N) FB N(30620,30622)(N)
FC N(16750,16752)(N) FD N(20100,20102)(N)
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exhibits a pronounced sensitivity to precision changes, implying its location along a primary load-bearing path. Regarding hinge joints, 
the analysis indicates that Hinges B and C are particularly affected by fit deviations.

Differences in reliability sensitivity primarily reflect the distinct structural roles and force-transmitting responsibilities of each 
component within the mechanism. Components that participate directly in motion or bear major loads tend to exhibit stronger 
sensitivity because even small geometric deviations in these parts are more likely to propagate through the system, leading to a 
measurable decline in reliability. Given these findings, it is technically sound to apply stricter dimensional control to critical parts such 
as Rod CD, Shaft D, and Hinges B and C during the design and manufacturing stages, for components whose sensitivity is relatively low, 
moderately wider tolerances may be allowed, enabling a more efficient trade-off between production cost and overall system 
performance.

6.3.2. Reliability sensitivity analysis of material-related parameters
This section investigates how uncertainty in material properties affects the reliability of the system. The focus is placed on the role 

of material characteristics at each hinge joint, especially regarding wear behavior. Four parameters are considered for both the sleeve 
and the shaft: elastic modulus, Brinell hardness, Poisson’s ratio, and wear coefficient. Sensitivity analysis is conducted from two 

Fig. 12. Reliability evaluation flowchart based on the Monte Carlo method.
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perspectives: the mean values and the coefficients of variation.
The influence of variations in the mean values of different material properties on system reliability is first evaluated. Each material 

parameter is individually set to 0.8 times and 1.2 times from its nominal value, while all other parameters are held constant. The 
resulting trends in key performance metrics are analyzed, as illustrated in Fig. 12.

As shown in Fig. 12, the reliability of the sleeve material exhibits a clearly differentiated response to various parameters. The elastic 
modulus has the most significant impact on reliability, followed by Brinell hardness, indicating that both the deformation resistance 
and surface strength of the sleeve collectively determine the rate of wear progression. Accordingly, the sensitivity of reliability to the 
mean values of sleeve material properties can be ranked as follows: elastic modulus, Brinell hardness, Poisson’s ratio, and wear co
efficient. In comparison, the reliability of the shaft material shows relatively higher sensitivity to Brinell hardness and elastic modulus, 
while the effects of Poisson’s ratio and wear coefficient are less pronounced. This indicates that the dominant wear mechanisms for the 
shaft material differ from those of the sleeve during the contact wear process.

To further evaluate the impact of material property variability on system reliability, the coefficients of variation for each material 
parameter were increased to 1.5 and 2 times their original values while keeping the mean values constant. The analysis results are 
presented in Fig. 13.

The results in Fig. 13 indicate that the variability of material parameters has a significant impact on system reliability. The sleeve 
material exhibits a moderate sensitivity to the variability of all parameters, with the fluctuations in wear coefficient and Poisson’s ratio 
showing relatively more pronounced effects on reliability. This highlights the importance of material consistency in ensuring stable 
contact performance. In contrast, the shaft material shows a more pronounced response to parameter variability, especially in terms of 
Brinell hardness and elastic modulus, which substantially influence system reliability. The sensitivity ranking of the shaft material’s 
coefficient of variation is as follows: Brinell hardness, elastic modulus, Poisson’s ratio, and wear coefficient. This indicates that 
fluctuations in the mechanical properties of the shaft material tend to induce nonlinear propagation of wear, posing a greater threat to 
system reliability.

In the analysis of plastic strain accumulation, primary attention is given to the main load-bearing rods AC and CD. During oper
ation, the linkages are subjected to cyclic loading, and the plastic properties of the material determine their cumulative deformation 
behavior under such loading. Nine key plasticity-related parameters are selected for sensitivity analysis, including yield strength, fast 
saturation strength, medium saturation strength, and various hardening parameters. The analysis is conducted with respect to the 
mean values, examining the influence of three representative levels—0.8, 1.0, and 1.2 times the nominal mean—on system reliability. 
The results are shown in Fig. 14.

Fig. 13. Reliability of the aircraft cargo door lifting mechanism.
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As shown in Fig. 14, yield strength exhibits the highest sensitivity to system reliability, with both rods AC and CD demonstrating 
pronounced dependence on this parameter. As the critical stress marking the onset of plasticity, higher yield strength helps delay the 
occurrence of plastic deformation, significantly mitigating the degree of strain accumulation and enhancing service reliability. The 
medium saturation strength parameter also shows a high level of sensitivity, indicating the significant influence of plastic hardening 
behavior on structural reliability. In contrast, the elastic modulus exhibits the lowest sensitivity, consistent with elastoplastic theory, 
which suggests that in failure modes dominated by plastic deformation, variations in elastic properties have a limited impact on system 
reliability. Furthermore, the effects of hardening variables—such as the fast and medium saturation rates and the isotropic hardening 
parameter—exhibit non-monotonic response patterns, reflecting the coupled and competing mechanisms of different hardening be
haviors during plastic accumulation. It is also noteworthy that the overall sensitivity of the CD rod (42CrMo4 steel) under all parameter 
perturbations is significantly lower than that of the AC rod (7075-T6 aluminum alloy), suggesting that high-strength steels offer better 
stability and reliability in controlling plastic deformation and resisting cumulative damage.

Reinforcing material property uniformity proves essential to maintaining system reliability, as revealed by the combined sensitivity 
analyses. Increased variability in material behavior tends to amplify performance degradation risks, with individual components 
responding differently to specific property changes. Tight control over material consistency during manufacturing is essential to 
limiting intra-batch variability. When necessary, processes such as heat treatment or surface strengthening may be employed to 
enhance long-term system reliability further.

6.3.3. Reliability sensitivity analysis of operational load parameters
To evaluate the influence of the statistical characteristics of contact forces on system reliability, sensitivity analysis was conducted 

for each hinge joint. While keeping all other parameters constant, the mean of contact forces {Fi} change to 0.8 times and 1.2 times 
from their original values, and the coefficients of variation change to 1.5 times and 2 times from their original levels. The analysis 
results are shown in Fig. 15.

As displayed in Fig. 15, the statistical characteristics of contact forces significantly influence system reliability. Reliability decreases 
with the increasing contact force, with the sensitivity ranking as follows: A > D > B > C. Point A reveals the highest sensitivity to mean 
variations, while point D, serving as the motion input end and bearing larger loads, also shows high sensitivity. Similarly, reliability 

Fig. 14. Probability density distributions of different opening angle errors.
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decreases with the increasing variability of contact forces, with the sensitivity ranking as follows: A > C > B > D. It is noted that the 
markedly different sensitivity rankings of points C and D from the above analyses indicate that the mean and variability of loads 
influence the reliability of systems through distinct mechanisms.

In summary, the reliability of the lifting mechanism is closely tied to how contact forces are distributed and vary during operation. 
Among the hinge joints, the points A and D display the most sensitivity to force fluctuations, indicating their priority in condition 
monitoring and preventive maintenance efforts. To maintain long-term performance, it is essential to identify the dominant load 
contributors and refine operating conditions to stabilize both the magnitude and variability of contact interactions.

6.3.4. Reliability sensitivity analysis of performance threshold parameters
The reliability sensitivity analysis of performance threshold parameters is performed to gain the effects of performance threshold ε 

on reliability index R(30,000). In the distribution of performance threshold, the mean με varies from its original value to its 80 % and to 
120 %, and the standard deviation δε from its original value to 1.5 times and 2.0 times respectively, while keeping the other parameters 
unchanged. The results of the sensitivity analysis are illustrated in Fig. 16.

As shown in Fig. 16, the reliability of system consistently increases with the expansion of performance threshold tolerance. 
Conversely, the increase of standard deviation results in a continuous decline in reliability degree. These conclusions agree with 
physical trend. The sensitivity analysis of performance threshold parameters provides the critical guidance for the rational specifi
cation of performance requirements, which is promising to weight functional requirements and reliability constraints and support the 
study of threshold uncertainty and time dependence.

Fig. 15. Effect of progressive damage on mechanism functionality.
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7. Conclusions

The aim of this paper is to develop the multi-source reliability evaluation method of aircraft cargo door lifting mechanism with the 
consideration of the synergistic effect between wear and plastic accumulation and multi-source uncertain information, to precisely 
reflect the performance degradation of cargo door lifting mechanism. From this study, the main conclusions are summarized as 
follows:

Fig. 16. Reliability sensitivity analysis results for manufacturing tolerances.

Fig. 17. Reliability sensitivity analysis for the mean values of wear-related material properties: (a) 40CrA; (b) QA19-2.
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(1) The developed kinematic model with the coupling characteristics of spatial driving and followed planar is higher precision with 
the fast solving based on Newton–Raphson method, which effectively support performance degradation modeling and reliability 
analysis.

(2) The wear-plastic cumulative synergistic evolution equation based on Archard wear model and Chaboche mixed hardening 
model, accurately map physical damage into performance margin domain.

(3) The proposed unified modeling framework reveals the nonlinear degradation feature of mechanism system reliability under the 
coupling effect of wear and plastic accumulation.

(4) From the reliability analysis, it is demonstrated that wear has the most significant impact on the variability of system reliability, 
while cyclic plasticity leads to a gradual reduction in the overall reliability level. Their synergistic interaction obviously accelerates the 
degradation process of mechanism performance, and results in the reliability curve to sharply decline during the later stages of service.

(5) As shown from the one-at-a-time (OAT) sensitivity analysis of the parameters on aircraft cargo door mechanism performance, 
the parameters such as Rod CD and Hinges B/C are highly sensitive, which have the largest influence on the degradation of cargo door 
mechanism performance.

Fig. 18. Reliability sensitivity analysis for the coefficients of variation of wear-related material properties: (a) 40CrA; (b) QA19-2.

Fig. 19. Reliability sensitivity analysis for the mean values of plasticity-related material properties.
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Although the theoretical modeling and quantitative analysis of aircraft cargo door mechanism performance was deeply investi
gated in this study, the difference between the theory and practical requirement still exists in reliability assurance. In this case, future 
research should further promote reliability optimization design based on performance margin involving the collaborative modeling of 
multiple failure mechanisms, the quantification of multi-source uncertainties and the integration of engineering constraints. Besides, 
multi-location and multi-factor functional failure analysis will further be performed with regard to the various progressive damage 
mechanisms like corrosion under service conditions, to structure more comprehensive degradation modeling framework and enhance 
the accuracy and applicability of reliability predictions. Although the current analysis provides theoretical and numerical insights, 
experimental validation and parameter calibration are still required to confirm the degradation models and improve the engineering 
reliability prediction of the cargo door lifting mechanism.

CRediT authorship contribution statement

Yao-Jia Han: Writing – original draft, Software, Methodology, Investigation, Conceptualization. Bai-Yang Zheng: Writing – re
view & editing, Visualization, Validation, Data curation. Cheng-Wei Fei: Writing – review & editing, Supervision, Resources, Project 
administration, Funding acquisition, Formal analysis.

Fig. 20. Reliability sensitivity analysis of contact forces at hinge joints: (a) mean value; (b) coefficient of variation.

Fig. 21. Sensitivity analysis results of threshold parameters.
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