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Abstract: As an advanced design technology for large wide-body airliners, the three-dimensional
(3D) dual-sidestay (DSS) landing gear retraction mechanism can share the ground loads transferred
by the landing gear, reducing the load on the wings. However, the addition of a strut system may
significantly impact the synchronous locking performance of the landing gear with extremely high
sensitivity. To study this impact pattern, both a rigid—flexible-coupling dynamic model of DSS landing
gear considering joint clearance and node deviation and a synchronous locking test platform are
established in this paper, and the simulation model is validated through the experimental results.
Based on the simulation model, this paper conducts a detailed study on the influence of different
node deviations and joint clearance on the synchronous locking dynamic characteristics of the DSS
landing gear. The results show that, as the node deviation increases, the locking of the lock link
gradually lags until one side cannot be fully locked; the structural clearance has a smaller impact
on the synchronous locking of the landing gear. The feasible region of parameters satisfying the
synchronous locking condition is given, which provides a basis and support for the parameter design
of dual-sidestay retraction mechanisms.

Keywords: dual-sidestay landing gear; synchronous locking; node deviation and joint clearance;

dynamic simulation; retraction test

1. Introduction

The landing gear retraction system is closely related to the take-off and landing
safety and flight performance of the aircraft [1,2]. Most modern aircraft use retraction
mechanisms to reduce aerodynamic drag during flight [3]. Moreover, the retractable
mechanism can transmit the load of the aircraft during take-off, landing, and taxiing
when it is downlocked [4]. While the supercritical airfoil improves the aerodynamic
performance of the aircraft, it reduces the storage space of the landing gear retraction
mechanism [5], and the extensive use of composite materials in the structural components
of wide-body aircraft will reduce its load-bearing capacity [6]. To meet the storage space
and load transfer requirements of large wide-body airliners, the retraction mechanism
has become increasingly complex. It has evolved from having a single-sidestay system
to having double-sidestay systems [7,8], transitioning from a 2D planar retraction form
to a 3D spatial retraction form [9]. Additional sidestay links are generally installed at the
reinforced frame of the aircraft fuselage; these links can effectively share the load borne
by the wings and optimize the load transfer of the main landing gear [10]. Moreover,
this approach can significantly reduce the vertical space, solving the problem that the
planar retraction mechanism has difficulty in retracting the landing gear along a complex
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trajectory into a narrow space [11]. Moreover, this complex retraction leads to some new
problems. The addition of multiple sidestay systems transforms the landing gear from a
simple statically determinate structure to a complex hyperstatic structure with high motion
sensitivity. For the dual-sidestay retraction mechanism, the coordinated movement of the
links on both sides becomes particularly important. If the structural parameters are not
reasonably designed, the fore and aft struts will interfere with each other, resulting in
the landing gear being unable to downlock synchronously. The unlocked landing gear
mechanism cannot effectively withstand the landing load, which can cause the landing gear
to collapse. Therefore, it is necessary to carry out the simulation and test of the dynamic
characteristics of the DSS landing gear and analyze the influence of key parameters on the
locking coordination performance. This makes it easier for designers to comprehend how
parameters relate to the DSS performance and parameter boundaries.

The design of the retraction mechanism is increasingly becoming the core content
of the landing gear system design. With the rapid development of digital prototype
technology, the design means of landing gear mechanisms have also changed from tra-
ditional theoretical calculations and empirical design to multidisciplinary collaborative
simulation optimization design. This approach enables the consideration of more com-
plex factors at the design stage and intuitively verifies the accuracy of the design and the
interference of the mechanism movement, thereby greatly reducing the cost and cycle of
landing gear design and improving the efficiency of development and resource utilization.
Fan et al. [12] established a digital prototype of the complex spatial retraction mechanism
of landing gear based on CATIA, optimized the motion trajectory of the retraction space,
and conducted interference checks. Tian et al. [13] established dynamic simulation models
of a landing gear retraction mechanism and hydraulic system based on LMS Virtual.Lab
Motion and AMESim, respectively, and obtained the dynamic characteristics during the
retraction process of the landing gear. Cui et al. [14] conducted an analysis of the kinematic
and dynamic characteristics of the landing gear. Huang et al. [15] established a retraction
dynamic model and studied the impact of different key parameters on the efficiency of
landing gear retraction. Krakowska [16] established the dynamic model of the nose landing
gear mechanism and discussed the influence of friction on the retraction system. However,
the above scholars have not carried out relevant tests to verify the results. The landing gear
retraction test belongs to the landing gear system test, which plays an important role in the
safety and reliability of the aircraft. Through the retraction test, the possible defects and
problems in the mechanism and system can be found in time, which provides a realistic
basis for later improvement and optimization and reduces unnecessary losses. The existing
practical engineering research on the retraction mechanism rarely involves the 3D DSS
mechanism, and there is almost no synchronous locking test. Therefore, based on the
dynamic analysis model, the test scheme of synchronous locking of dual-sidestay landing
gear was designed. In order to verify the accuracy of the simulation analysis results, the
landing gear synchronous locking performance test considering the influence of the node
deviation and joint clearance was designed, and the results were analyzed in detail.

For the 3D DSS retraction mechanism, the motion coordination of the two sidestay
systems in the process of downlocking puts forward higher requirements for the design
of the landing gear mechanism, and many scholars have conducted research in this field.
Regarding the synchronous locking stability issue of the sidestay landing gear, Xin et al. [17]
took the locking spring as the design object, discussed the locking principle and struc-
tural characteristics of the lock mechanism, and calculated the design load of the locking
spring. Knowles et al. [18] proposed a new method based on bifurcation theory to study
and analyze the locking performance of the landing gear lock link mechanism and re-
ported that the lock links jump to accomplish the locking moment. Yin et al. [19] studied
the single-sidestay (SSS) main landing gear, analyzed the impact of the unlocking force
on the retraction process of the landing gear, and optimized the critical unlocking force.
Sinchai et al. [20] optimized the unlock spring stiffness by conducting a kinematics bi-
furcation analysis and tremendously reduced the actuator force. In the research of DSS
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landing gear, Knowles et al. [21] addressed the issue of the unlocking and locking of 3D
retraction landing gear being very sensitive to related parameters. Based on the mechanical
equilibrium equation, the flexibility deformation of the linkage was reduced. Furthermore,
the complete locking performance of the landing gear is strongly influenced by the posi-
tion of the sidestays. Xu et al. [11] conducted a bifurcation analysis on the configuration,
cooperative locking, and parameter impact of the 3D DSS retraction mechanism, solving
the kinematic problem of the two sidestay links interfering with each other during locking
process. However, the current research is generally based on the full rigidity mechanical
model of ideal articulation. The difference between the existing theoretical analysis and
actual situation mainly lies in the node deviation caused by the structural clearance and
the body deformation, which can weaken the sensitivity of synchronous downlocking of
the landing gear to a certain extent [22], leading to a more conservative research conclusion.
For a motion mechanism, the two components with joint connection are often in the form
of clearance fit to meet the requirements of flexible operation of the mechanism [23]. If the
clearance is too small, there will be a large friction between the structures, which makes the
movement of the mechanism not smooth, and the structural wear will be more serious. On
the contrary, if the clearance is too large, for the linkage mechanism with high precision
positioning requirements, the existence of the clearance will greatly reduce the accuracy
of the mechanism motion. Therefore, it is of great significance to establish a reasonable
and effective dynamic model with joint clearance, analyze the influence of clearance on
the motion performance of the mechanism, and design a reasonable clearance range for
different functional mechanisms [24]. Therefore, a rigid—flexible-coupling dynamic model
was constructed using the clearance modeling method, which is based on the continuous
contact force model and modified Coulomb friction model [25]. And the relevant test was
designed to verify the accuracy of the model. It is anticipated that this method of modeling
can be expanded to analyze other link mechanisms.

This paper conducts a dynamic simulation analysis of the DSS landing gear retraction
mechanism supplemented by relevant test research. This paper is organized as follows. In
Section 2, the configuration and operating principle of the DSS landing gear are elaborated.
In Section 3, a rigid—flexible-coupling dynamic model of DSS landing gear considering joint
clearance and node deviation is established in LMS Virtual.Lab Motion. Furthermore, the
design of the test of the synchronous locking of DSS landing gear is discussed, and the
accuracy of the simulation analysis model is verified through the test results. In Section 4,
the synchronous locking ability of DSS landing gear with node deviation in different
directions and different joint clearance sizes is studied, respectively, combined with the
verification of relevant test results, and the feasible region of structural parameters which
can satisfy the synchronous locking of DSS landing gear is given. Finally, conclusions
derived from the above research and analysis are presented in Section 5.

2. Composition and Principle of DSS Landing Gear

This paper primarily investigates the 3D retraction mechanism of the DSS main landing
gear typical of wide-body aircraft, as illustrated in Figure 1. The entire landing gear can
be divided into three relatively independent link systems: the main strut system, the
fore sidestay system, and the aft sidestay system. The main strut system consists of the
main strut and wheels, while the fore and aft sidestay systems are composed of sidestay
links, lock links, sidestay nodes, lock nodes, locking springs, and unlocking actuators,
among other components. Due to the inconsistency between the rotation plane of the
main strut and the rotation planes of two sidestay links, analyzing the mechanism in the
same coordinate system is challenging. Therefore, the mechanism can be divided into the
above three link systems according to the plane of the retraction motion, and geometric
constraint relationships can be established separately. The fore and aft sidestay links are the
main load-bearing components, and the fore and aft lock links undertake the function of
landing gear downlocking. The ground load received by the aircraft is transmitted mainly
to the wing through the fore sidestay link and to the fuselage through the aft sidestay
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link, meaning that the links on both sides generally cannot be designed in a completely
symmetrical form.

Retraction

Aft sidestay

\ Upper sidestay
system, PP :

node

org’sidestay
_/'system

- /Si(lestay links ocknod ey

Axis §

Main strut ‘Wheel

Lower sidestay
node

Gravity
Figure 1. Schematic of a certain dual-sidestay landing gear.

A Cartesian global coordinate system, O-XYZ; a local link system, of —xf yf zf , for
the fore sidestay system; and a local link system, 0? — x?y”z?, for the aft sidestay system
were established on the landing gear, as shown in the figure. The origin, O, represents the
intersection of the landing gear’s connection axis with the fuselage and the axis of the main
strut. The flight direction serves as the X-axis (axis 1) direction of the global coordinate
system, the downward direction of the main strut axis serves as the Z-axis direction of the
global coordinate system, and the Y-axis is determined by the right-hand rule.

For landing gear with a two-dimensional plane retraction form, its main strut and
sidestay links move in the same plane. However, the fore and aft sidestay systems of the
3D DSS retraction mechanism not only perform a folding motion but also rotate around
specific axes (axis 2 for the fore sidestay system and axis 7 for the aft sidestay system) [11];
thus, the main strut and the two sidestay systems are not in the same plane. To complete
the retraction process, the 3D retraction of the main landing gear must follow the principle
of “four axes intersecting at one point”. That is, for the fore sidestay system, the rotation
axis of the main strut (axis 1), the axis of fore lock node (axis 3), the axis of the upper node
of the fore sidestay link (axis 2), and the axis of the lower node of the fore sidestay link
(axis 4) must intersect at one point, of. Furthermore, for the aft sidestay system, the relevant
axes must intersect at one point, 0%. In this way, the two sidestay systems can move within
their respective planes.

The retraction process of the landing gear is as follows: When the landing gear is
retracted, under the action of the unlocking actuator, the upper and lower lock links on
both sides fold up to a certain angle to complete the unlocking action. Then, under the
load of the retraction actuator, the main strut rotates upward around the rotation joint axis
(axis 1) at the root to retract until the lock column hangs at the upper hook ring lock to
complete the uplocking, and the fore and aft sidestay systems follow the movement to the
retracted position. When the landing gear is extended, the main strut is gradually lowered
around the axis due to the combined effects of gravity and the retraction actuator. When it
is close to the locking position, the lock link quickly jumps from the upper over-center state
(Bov > 0° in Figure 2a) to the lower over-center state (6, < 0° in Figure 2b) under the action
of the locking spring and stabilizes at the position of the limit block, finally completing the
landing gear’s downlocking.
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Figure 2. Locking process of DSS landing gear: (a) description of the upper over-center unlocked

state and (b) description of the lower over-center locked state.

3. Dynamic Simulation and Experimental Verification of the Landing Gear
Extension Process

3.1. Dynamic Simulation Model of the Landing Gear Retraction Mechanism

This paper establishes a rigid—flexible-coupling dynamic simulation analysis model of
the DSS landing gear based on LMS Virtual.Lab Motion 12 software. The main steps are

as follows:

3.1.1. Multi-Rigid-Body Dynamic Simulation Model

On the premise of satisfying the mass and moment of inertia of the landing gear, the

components of the landing gear are appropriately simplified, the motion pair is

established

according to the component motion relationship shown in Figure 3, the installation devia-
tion of the node is simulated by applying displacement drive at the node, and loads such

as the locking spring force and retraction actuator damping force are added.
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Figure 3. Schematic of motion relationship of different components.
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3.1.2. Landing Gear Joint Clearance Model
1.  Hole-shaft Clearance Model

For the DSS landing gear retraction system, the influence of the hole-shaft clearance
cannot be ignored. A reasonable hole-shaft clearance modeling method can ensure the
accuracy of the dynamic analysis. Usually, the kinematic pair models with clearance
include the geometric motion model of the revolute pair, the geometric motion model of
the cylindrical pair, and the geometric motion model of the spherical joint. According to
the actual motion situation, the kinematic pairs in the modeling process of the landing gear
retraction mechanism in this paper mostly adopt the cylindrical pair form of the shaft pin
and the sleeve. Due to the existence of clearance, the position and contact mode of shaft
pins in the sleeve will change with the forces and moments they receive. The contact mode
of the landing gear cylindrical pair is roughly divided into the following four forms:

It is worth noting that the complete separation mode of the hole and the shaft in
Figure 4a and the one-point contact mode in Figure 4b are both instantaneous unstable
modes, while the two-point contact mode and the line contact mode are stable modes.

(0) (d)

Figure 4. Cylindrical pair model with clearance: (a) complete separation mode, (b) one-point contact

mode, (c) two-point contact mode, and (d) line contact mode.

2. Contact Force Model

The continuous contact force model considers that there are contact and separation
modes in the clearance model. The contact surface of the component is flexible, and the
normal contact force and the tangential friction force are applied on the contact surface at
the same time.

e  Normal contact force:

In order to establish a fine contact force model, the influence of the damping force
must not be completely ignored. With the development of the contact force model, more
and more collision contact force models considering the damping force are proposed by
scholars. Its basic form [26] is as follows:

Fy = Ké'° + D6 (1)

where D represents the damping coefficient, 6 represents the puncture speed, K represents
the stiffness coefficient, and ¢ represents the puncture depth.

The collision force model is an important part of the multi-body dynamic model with
clearance and serves as the foundation for research on the dynamic response of joint effects
to the multi-body system. The collision contact force model in this section is established by
Equation (1).
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The L-N model [27] is a popular contact force model that considers the dissipation of
energy by introducing the coefficient of restitution. This model can well reflect the influence
of the material properties, geometric characteristics, and motion state of the contact body
on the collision. The parameters K and D are determined by the following equations, which
are derived from modifications to the L-N model:

1—c2 2.56

K=K/(1- h 2
1( 1+Cez)tan Ve @

VK
K= — 2 — €)

/\1.5( Eil + E]vj )
0.24586

A =0.75- (1 —|cos 0>17%7) 4)

15
Ky = I ®)

|~

1 1
RtRtrRtw

1

2
Ky 1 1)\? 1 1 1 1 1 1
=2 0(=-= — ) 42— =) [ 5= 5 ) cos2
cosf =735 (Ri R;) +<RJ- R}) + (Ri R;><R]- R})COS(” ©)

_ .2\ 4sn
o, 3K( (ff )6 -

46
where c, is the coefficient of restitution, and its value is between 0 (completely inelastic)
and 1 (completely elastic); v, is the transition velocity of the friction force; the Poisson ratio,
Yir Vs is related to the material properties; E;, E j represent the elastic modulus correlated
with the material properties; R;, R’; represent the curvature radius of component i on the
contact surface; R;, R;- represent the curvature radius of component j on the contact surface;

R

¢ is the angle of the contact surface; R;, R;, Rj, R}, ¢ are related to the structural shapes of

(=) L . .
contact planes; and 4 is the initial collision velocity.
e  Tangential friction force:

The actual dynamic system is not in a completely ideal state, and there must be
friction force in the system. The friction force in the motion pair with clearance is generally
calculated by the classical Coulomb friction model. The friction force and the normal
contact force are connected by the friction coefficient. The basic form is as follows:

f=—uEnve/|ve| (8)

where f represents the tangential friction force, y represents the friction coefficient, and v
represents the tangential velocity.

The friction force in the classical Coulomb model is shown in Figure 5a.

Because the Coulomb friction model is not continuous, the model is singular when
the tangential velocity is zero, and it is difficult to converge in a simulation calculation. In
order to solve the shortcomings of the Coulomb friction model, scholars have proposed
many improved Coulomb friction models [28,29]. In the above model, it is considered that
the actual friction coefficient is closely related to parameters such as the tangential velocity.

o = ytanh(2.5%:) )

where y, represents the actual friction coefficient, and v, represents the transition velocity
independent of friction force and tangential velocity.
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Figure 5. Friction model: (a) Coulomb friction model and (b) improved Coulomb friction model.

Then, the improved Coulomb friction model can be described by Equation (10).

v
f = —uaFnve/|ve| = —yFNvT/|vT|tanh(2.50—T) (10)
€

The friction force of the improved Coulomb friction model is shown in Figure 5b.

3.1.3. Rigid-Flexible-Coupling Model of Landing Gear Retraction Mechanism

The instability of the DSS retraction mechanism is more prominent at the moment of

landing gear locking and unlocking, and it is difficult for the pure rigid body to achieve
the normal landing gear unlocking. Therefore, it is necessary to consider the structural
flexibility characteristics of the landing gear and make some components flexible. The
material used for each part of the flexible body is alloy steel, with an elastic modulus of
200 MPa, a Poisson ratio of 0.3, and a density of 7.9 g/ cm?.

1.

In the HyperMesh 2021 finite element analysis software, the finite element mesh
of each component to be flexible is established, and the corresponding material
properties are given. The MPC point is established at the constraint connection, the
boundary conditions are defined, and the flexible file is derived.

The flexible file is imported into the LMS Virtual.Lab software, and the Nastran Craig—
Bampton modal set is established, respectively. The modal information of each flexible
component is calculated by NX.Nastran for LMS 8.5 software, the first six free modes
are cancelled, the last ten modes are selected, and the corresponding modal damping
rate is given.

The flexible and rigid components are assembled into a complete model in LMS
Virtual.Lab, and the rigid—flexible-coupling dynamic simulation model of the DSS
landing gear is obtained, as shown in Figure 6.

Figure 6. Rigid—flexible-coupling dynamic simulation model.
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3.2. Synchronous Locking Test of Dual-Sidestay Landing Gear

According to the retraction principle and design requirements of the DSS landing
gear, a scaled-down prototype model for the synchronous locking test was built by CATIA
V5R21. Each component of the prototype was processed according to the design drawings.
Considering the sensitivity of the DSS landing gear to structural parameters, a reasonable
assembly tolerance and processing technology were designed to meet the stringent design
requirements of the “four axes intersecting at one point” of the 3D retraction mechanism.
After production and processing, the prototype parts that meet the test requirements were
obtained. The assembly of the components resulted in the DSS landing gear test platform
shown in Figure 7.

Figure 7. Physical schematic diagram of DSS landing gear test platform.

During the flight of an aircraft, deformation of the wing or the assembly deviation of
the nodes may cause the installation node position of the upper sidestay nodes to deviate
from the initial position. To simulate the impact of the node deviation of the DSS landing
gear under real conditions on the synchronous locking performance of the landing gear, this
experiment designed a node deviation simulation device, as shown in Figure 8. This device
is composed of components such as trapezoidal screws, screw nuts, and linear guide-rail
guide sliders. Due to the good self-locking property of the trapezoidal screws, they can
conveniently adjust and lock the deviation of the installation node in the flight direction
(X direction) and the vertical direction (Z direction).

Heading
direction
Guide slider Screw nut

Linear Rail support
guide rail component

ot

Rotating

Vertical
direction

Screw support :
f component .
Trapezoidal

screw

Figure 8. Node deviation simulation device.
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The data measured in the test include the extension time, the retraction angle of the
landing gear, the motion angle of the fore and aft lock links, and the retraction torque.
Voltage-positioned angle sensors were selected to measure the over-center angle of the fore
and aft lock links of the landing gear (Figure 9a) and the retraction angle of the main strut
(Figure 9b). The retraction torque can be measured by the load sensor installed on the steel
wire rope to measure the load on the rope. Finally, the DH5902 dynamic signal test system
was used to collect the test data and perform fitting to obtain the relevant test result curves.
The test process is shown in Figure 10.

Figure 9. Angle data collection method: (a) installation of over-center angle sensors and (b) installa-
tion of retraction angle sensors.

Different node

deviations test

Figure 10. Multiparameter influence test process.

3.3. Comparison of Simulation and Test Results
A comparison of the test results and the dynamic simulation data is shown in Figure 11.

Among the results, 6{;, represents the fore lock link over-center angles, 5, represents the
aft lock link over-center angles, and Mact represents the retraction torque. The simulation
curves of the fore and aft lock links over-center angles with respect to the extension time
basically coincide with the experimental curves. The curves of the fore and aft lock link
over-center angles with respect to the retraction torque exhibit a small difference near the
jump lock because, after the lock link crosses the critical position, the locking action is
quickly completed. Under the effect of damping, the retraction torque is greater than that
in the simulation data.
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Figure 11. Comparison of simulation and test results: (a) Mact — Qofv curve; (b) Mact — 0%, curve;
(c) time — 9{0 curve; and (d) time — 65, curve.

4. Multiparameter Impact Analysis
4.1. Analysis of the Impact of Node Deviation

Due to wing deformation or errors during installation and machining, the nodes of
the DSS landing gear may have a certain deviation relative to the design position. It is
necessary to study the influence of hinged point deviation on synchronous locking for the
over-constrained DSS mechanism. The deviation models in the X direction (heading) and
Z direction (vertical) are established at the characteristic points of the axis of the hinge
point. The deviation direction of the hinge point is shown in Figure 12. In the simulation
and test, the deviation distance generated by moving along the X direction and Z direction,
respectively, is used to stagger the position of the original four-line common point.

Figure 12. Definition of node deviation direction.
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4.1.1. Analysis of Simulation Results

Based on the rigid—flexible-coupling dynamic simulation model considering joint
clearance and node deviation, the deviations of the installation nodes of the fore and aft
sidestays in the X direction and Z direction are simulated. The deviation range in each
direction that can satisfy the complete locking of the landing gear is obtained. As shown
in Table 1, the deviation range of the fore sidestay installation node in the X direction is
(=20 mm, 19 mm), the Z direction deviation range is (—17 mm, 18 mm), the deviation
range of the aft sidestay installation node in the X direction is (—20 mm, 19 mm), and the
deviation range in the Z direction is (—16 mm, 16 mm).

Table 1. Range of the node deviations in different directions.

Node Deviation X Direction Z Direction
Fore sidestay (—20 mm, 19 mm) (=17 mm, 18 mm)
Aft sidestay (=20 mm, 19 mm) (=16 mm, 16 mm)

The simulation analysis indicates that the synchronous locking performance of the
landing gear has different sensitivities to node deviations in different directions.
The sensitivity to the Z direction of the aft sidestay node deviation is the largest, and the sen-
sitivity to the X direction of the fore sidestay node deviation is the smallest. However, the
influence rules of node deviation in different directions on the motion trajectory and load
transfer characteristics of the landing gear are very similar. Therefore, the following takes
only the installation deviation of the fore sidestay node in the X direction (using fx to rep-
resent it) as an example to investigate the influence of node deviation on the synchronous
locking performance of the landing gear and sets the node deviation conditions from
—20 mm to 19 mm. The simulation results are shown in Figure 13. The definition of related

variables is the same as above; in addition, Fcf represents the load of the fore sidestay node,

F? represents the load of the aft sidestay node, st represents the load of the fore lock node,
and F{ represents the load of the aft lock node.

As shown in Figure 13a,b, when there is no deviation of the nodes, the lock links on
both sides are locked almost synchronously. With a gradual increase in the deviation of
the fore sidestay node in the positive X direction, the locking behavior of the aft lock link
gradually lags until it cannot be completed (fx = 19 mm); as the deviation in the negative X
direction gradually increases, the locking behavior of the fore lock link gradually lags until
it cannot be fully locked (fx = —20 mm). Notably, near the locking position, there is a jump
mutation process in the lock link. When the positive deviation is larger, the angle of the
fore lock link at the time of the jump will decrease, and the jump angle of the aft lock link
will increase.

As shown in Figure 13c,d, the deviation of the fore sidestay node in the X direction
affects mainly the motion trajectory of the fore sidestay system and has a smaller impact
on the motion trajectory of the aft sidestay system. Positive deviation of the fore sidestay
node in the X direction causes the aft lock links to lock up late, while the fore lock links
lock normally, so the synchronicity of the landing gear lock deteriorates as the node
deviation increases.

As shown in Figure 13e-h, in terms of load transmission characteristics, different node
deviations correspond to roughly the same trend of load changes at the joints of the lock
links and sidestay links. During the extension process, the change in node load is relatively
smooth, until near the locking position, when the sidestay node load rapidly mutates, while
the lock node load rises only slightly.

However, in terms of load transmission characteristics, the deviation of the fore
sidestay node in the X direction has a greater impact on the load of the fore sidestay node
and a smaller impact on the load of the aft sidestay node and the fore and aft lock nodes.
For the fore sidestay node, the node deviation not only affects the angle at which the load
peak appears but also increases the peak value.
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Figure 13. Node deviation simulation curves: (a) Mact — QOfU curve; (b) Mact — 62, curve;
(c) time — GL{U curve; (d) time — 05, curve; (e) time — Fcf curve; (f) time — F? curve; (g) time — st curve;
and (h) time — FZ curve.

4.1.2. Analysis of Test Results

According to the test design, the synchronous locking performance of the landing
gear is verified by changing the deviation values of the fore and aft sidestay nodes in
the X direction and Z direction. Here, the deviation of the fore sidestay node is taken
as an example to introduce the rule of parameter influence. In the test, set the node
deviation conditions to 0 mm, £5 mm, +10 mm, +22 mm (maximum limit value), and
—21 mm (minimum limit value), among which 0 mm is a reference. In the test, only one
unidirectional deviation of one node is adjusted for each working condition. The limit
deviation condition is obtained by changing the node deviation slowly. The collected test
results are shown in Figure 14.

As shown in Figure 14c,d, the deviation of the fore sidestay node in the X direction
affects mainly the fore lock link and has a smaller impact on the aft lock link. When the
node deviation value is small, the lock links on both sides are locked almost synchronously
(as shown in Figure 15). With the increase in the deviation, the locking time of the lock
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links on two sides is obviously asynchronous (as shown in Figure 16, the aft lock link
gradually lags). As the deviation value continues to increase, when fx = —22 mm, the fore
lock link cannot be fully locked, and when fx = 21 mm, the aft lock link cannot be fully
locked (as shown in Figure 17). Compared with the simulation analysis results, the overall
range is expanded by approximately 1 mm, which shows that the actual DSS landing gear
prototype has a higher tolerance for node deviation than the simulation model does and
that the conditions required for synchronous locking are easier to achieve. The change law
of the test results is similar to that of the simulation results, thus effectively verifying the
accuracy of the simulation model for the impact of node deviation.
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F E;
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Figure 14. Node deviation test results: (a) Mact — (-){U curve; (b) Mact — 65, curve; (c) time — va
curve; and (d) time — 64, curve.

Figure 15. Schematic diagram of synchronous locking on both sides of the lock links.
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Figure 17. Schematic diagram of the aft lock links that cannot be locked.

According to the above methods, more simulations and tests were carried out, and the
influence of different node deviations on the locking ability of the fore and aft lock links is
shown in Table 2.

Table 2. Comparison of simulation and test results of node deviation range.

Nodes Fore Sidestay Node Aft Sidestay Node
Deviation direction X direction Z direction X direction Z direction
Simulation results (=20 mm, 19 mm) (=17 mm, 18 mm) (—20 mm, 19 mm) (—16 mm, 16 mm)
Test results (=22 mm, 21 mm) (=19 mm, 20 mm) (—20 mm,20 mm) (—18 mm,18 mm)

4.2. Analysis of the Impact of Joint Clearance
4.2.1. Analysis of Simulation Results

For the fully rigid ideal hinge mechanical model, the DSS landing gear can hardly be
fully locked. However, the interaction of the hole-shaft clearance and the rigid—flexible-
coupling model will greatly improve the synchronous locking performance of the landing
gear. By using dynamic simulation software to analyze the impact of different clearance
conditions on the synchronous locking performance of the fore and aft sidestay systems of
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the DSS landing gear, the clearance adjustment amounts are set to 0 mm, 0.1 mm, 0.2 mm,
and 0.4 mm, with the 0 mm condition serving as the reference. The simulation results in
Figure 18 indicate that the joint clearance has a small impact on the synchronous locking
performance of the landing gear. In terms of the load transfer characteristics, the load of
the fore lock node decreases slightly during the landing gear extension process as the joint
clearance increases.
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Figure 18. Joint clearance simulation curves: (a) Mact — 951, curve; (b) Mact — 6}, curve;
(c) time — 951, curve; (d) time — 03, curve; (e) time — FLf curve; (f) time — F? curve; (g) time — F; curve;

(h) time — F? curve.

4.2.2. Analysis of Test Results

According to the test design, the influence of joint clearance can be obtained by
replacing different diameter pins. The clearance adjustment amounts are set to 0 mm,
0.2 mm, and 0.4 mm, with the 0 mm condition serving as the reference. When the clearance
amount is adjusted, both sides of the sidestay link are adjusted at the same time. The test
results are shown in Figure 19.
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Figure 19. Joint clearance test results: (a) Mact — 6{;1, curve; (b) Mact — 64, curve; (c) time — 9{;, curve;

and (d) time — 05, curve.

The test results show that the increase in joint clearance has little effect on the syn-
chronous locking ability of the landing gear during the slow extension process, which is
consistent with the results of the previous analysis.

Although the joint clearance has a small impact on the synchronous locking perfor-
mance and load transfer characteristics of the landing gear, it affects the limit node deviation
range where the landing gear can completely lock in all directions. Taking the deviation of
the fore sidestay node in the X direction as an example, the node deviation ranges corre-
sponding to different joint clearances are shown in Table 3. The larger the joint clearance is,
the greater the range in which the lock links can be completely locked. This indicates that,
for mechanisms with a poor synchronous locking performance, appropriately increasing
the joint clearance can improve their locking performance. However, excessive clearance
will cause severe wear between the mechanisms, affecting the service life. Therefore, the
size of the joint clearance of the mechanism should be reasonably designed according to
actual engineering needs.

Table 3. Limit range of the fore sidestay node deviation in the X direction corresponding to different
clearances that lock links on both sides can be completely locked.

Clearances 0 mm 0.1 mm 0.2 mm 0.4 mm

Range of the
node deviations (=20 mm, 19 mm) (—22mm, 2]l mm) (—24mm,23mm) (—28 mm, 26 mm)
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5. Conclusions

Aiming at addressing the high motion sensitivity of the DSS landing gear mechanism
during the retraction movement and the lack of related analyses of the joint clearance and
installation deviation of the retraction mechanism in the traditional dynamic modeling
method, this paper focuses on the 3D DSS main landing gear (MLG) retraction mechanism
suitable for wide-body aircraft. By using HyperMesh/Nastran and LMS Virtual.Lab Motion,
a rigid—flexible-coupling dynamic simulation model considering hole—shaft clearance and
node installation deviation is established based on the continuous contact force model and
modified Coulomb friction model. A DSS retraction mechanism cooperative locking test
platform is set up, and the accuracy of the simulation model is verified through relevant
tests. Based on this model, the influence of key parameters, such as installation node
deviation and joint clearance, on the cooperative locking performance of the landing gear
are studied in detail. The main conclusions are as follows:

1.  Inactual engineering, the hole-shaft clearance at the structural joint can eliminate the
adverse effects caused by the deformation of the wing structure to a certain extent.
Therefore, within a reasonable design range, this hyperstatic 3D retraction mechanism
can successfully complete the retraction process without following the principle of
“four axes intersecting at one point” and will not have a great impact on the final
analysis results.

2. Anincrease in node deviation makes the synchronous locking of the lock links on
both sides more difficult. The sensitivity of the aft sidestay node deviation in the
Z direction is the largest, and the sensitivity of the fore sidestay node deviation in the
X direction is the smallest. Node deviation has a greater impact on the joint load of
the sidestay node on the side of the adjusted deviation, mainly affecting its peak load
and the position of the peak, and has a small impact on the remaining joint loads.

3.  Through a simulation analysis, the limit range of the fore and aft sidestay node
deviation in different directions that can satisfy the complete locking of lock links on
both sides is obtained. The deviation range of the fore sidestay node in the X direction
is (—20 mm, 19 mm), and in the Z direction, it is (—17 mm, 18 mm); and the deviation
range of the aft sidestay node in the X direction is (—20 mm, 19 mm), and in the
Z direction, it is (—16 mm, 16 mm).

4. For mechanisms with good a cooperative locking performance, during the slow
extension process of the landing gear, the joint clearance has a very small impact
on the retraction trajectory and joint load of the mechanism, and the general trend
is that the load of the lock node and retraction torque decrease slightly as the joint
clearance increases. Although appropriately increasing the joint clearance can increase
the node deviation range corresponding to the complete locking of the DSS retraction
mechanism, its size should be controlled strictly to avoid frequent collisions and
severe vibrations of structural parts.

5. The simulation results are in good agreement with the test results. The only difference
is that the Mact in the simulation results is smaller than that in the test results when
the lock links jump rapidly. The influence trend of the parameters on the synchronous
locking is basically similar to the simulation conclusion. The difference is that the
limit range of the node deviation measured by the test is larger. It is proved that the
continuous contact force model and modified Coulomb friction model are suitable
for the clearance modeling of the landing gear retraction mechanism. This modeling
method can be applied to the design and analysis of the landing gear mechanism of
wide-body aircraft.

Recommendations for future research: This paper studies only the effect of clearance
and node deviation on the synchronous locking performance of DSS landing gear. In the
future, the hydraulic system and control system can be incorporated to study the retractable
and unlocking performance of DDS landing gear.
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