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Design, analysis and experiment of
a novel repeatable buffer landing
mechanism

Daoguang Han', Dongsheng Zhang?, Jinhua Zhou'*?, He Jia%3, Jishou Fang?> &
Yongbin Wang?3

The traditional lunar landing buffering structure uses multi-stage aluminum honeycomb materials

to absorb impact energy. However, due to irreversible deformation and abrupt acceleration changes
during the buffering process, it fails to meet reusability and compliant buffering requirements.
Additionally, star table detectors have short landing times, typically completing buffering and energy
absorption within 1 s. Therefore, this study employs a PZT-driven reusable buffering mechanism for
rapid response. The mechanical structure converts linear impact motion into rotational motion via a
large lead screw nut, enabling bidirectional movement with a compact, lightweight design. Dynamic
responses under varying impact forces were analyzed using finite element impact dynamics, revealing
relationships among structural deformation, stress, strain, and impact force. The reasoning system
based on Takagi-Sugeno fuzzy neural networks compensates for control lag. Buffering experiments
at landing velocities of 2, 3, and 4 m/s showed maximum reverse accelerations of 1.94, 2.04, and

2.13 m/s?, and experimental accelerations of 2.59, 2.73, and 2.97 m/s?, respectively. Compared to

the Chang'e-3 lander, the mechanism exhibits smaller and more stable acceleration changes. Main
contributions include: (1) design of a new PZT-based reusable buffering mechanism; (2) development
of an adaptive fuzzy neural network lag compensation strategy; (3) comprehensive simulation and
experimental validation.
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With the rapid development of human spaceflight, higher requirements are put forward for deep space star
surface exploration technology and equipment. Ye et al. have repeatedly mentioned the importance of flexible
buffer technology and walkable landing technology in future missions such as manned lunar landings and star-
surface base construction!. Currently, the main mechanisms used for smooth cushion landing on the star
surface are hydraulic, mechanical spring, magnetorheological fluid, airbag cushioning and collapsing energy
absorption*®. Among them, the aluminum honeycomb in the collapsed energy-absorbing type has become the
mainstream buffer material at this stage with its good mechanical properties and high reliability. Yang et al.!®
used metal aluminum honeycomb as the buffer material to carry out the lander single-leg drop shock buffer
experiment and collect the foot-end force and the center-of-mass acceleration curves of the lifting bar, but the
collapsed force is basically a constant value, and the sudden change of the acceleration exists in the node at the
beginning of the buffer, which is impossible to be used repeatedly. Moreover, it is impossible to realize the soft
buffer landing control, which greatly affects the landing stability and safety. Zhou et al.!' proposed a composite
gradient honeycomb structure optimization method for a walkable lunar lander and verified that the maximum
overload has been reduced to

20.06 m/s* through numerical simulations and impact tests. However, due to the size constraints and mass
limitations and the lack of flexibility in the cushioning acceleration profile during high-speed impacts, the
performance is somewhat limited.

Yue et al.!? studied the energy absorption characteristics of a hydraulic buffer damper of a reusable launch
vehicle in view of the optimization design and modeling method of a repeatable buffer mechanism. However,
due to the influence of high and low temperatures in space, this method is likely to cause buffer leakage. Zhou et
al.!? proposed an adaptive backstepping controller and an improved barycentric trajectory planning algorithm
for the walkable lunar lander. Li et al.'* established a set of magnetorheological liquid damper system model
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for gun recoil control based on optimal control and fuzzy compensation technology. Because this technology
is still in the research stage, it cannot be used in landing buffer mechanism temporarily. Zhou et al.!® proposed
a bidirectional buffer and drive mechanism based on aluminum honeycomb material and motor drive, but the
aluminum honeycomb material cannot be recovered after compression and can only be used for a single buffer
landing. Therefore, it is important to develop a stable and reliable bidirectional buffer mechanism that can adapt
to the complex lunar surface environment.

Traditional motors such as servo motors and stepper motors cannot meet the current technical requirements
such as fast response and large thrust!®. To solve this problem, many scholars have made use of strain-based forces
in materials, such as piezoelectricity!’, magnetostriction'®, shape memory alloys'® and inchworm?. Among
them, piezoelectric components have been widely used in the field of intelligent drive and precise operation due
to their advantages such as small size, large output power, high precision, fast response and no magnetic field*"-?2.

Due to the lack of matching between inertia and friction force of PZT drive, hysteretic nonlinear control
problem exists in the system motion process?»*!. Wang et al.2> proposed a compact linear stick-slip PZT driver
that can achieve high precision motion control. Yang et al.*® used the method of forward friction to balance
reverse friction to suppress the reverse motion of PZT driven precision positioning platform. Zhao et al.?’
realized the alternating motion of the drive wheel by using two stators powered by PZT, but it was difficult to
adjust the friction between PZT and the drive wheel. Zhang et al.?® proposed a novel PZT friction damper to
achieve precise control of friction by adjusting the voltage of piezoelectric stack actuators, and significantly
improve the vibration response of large spatial structures. Sun et al.? designed a PZT inertial impact driver based
on the asymmetric friction principle to improve the stepping accuracy and motion stability. Li et al.>° proposed
an auxiliary friction method to achieve a balance between miniaturization and efficient output performance by
applying auxiliary friction to inertial impact piezoelectric actuators. Li et al.’! proposed an improved impact
inertial drive to improve motion performance by optimizing friction structure.

Due to the complex operating environment of the buffer, it needs to operate stably under extreme conditions
such as low gravity, high and low temperatures, and strong radiation. PZT, with its strong high and low
temperature adaptability, radiation-resistant ceramic structure, and no mechanical wear, can effectively cope
with sudden changes in overload acceleration during the buffering process. However, the inherent hysteresis
nonlinearity of PZT can affect control accuracy. To address this, an adaptive compensation method based on T-S
fuzzy neural network theory is employed to dynamically adjust the voltage input to PZT, thereby compensating
for its nonlinearity and hysteresis effects during the driving process. Therefore, a novel repeatable buffer
mechanism driven by PZT is proposed, with the following three main innovative features:

1. A reusable buffer mechanism driven by PZT has been proposed to address the issues of non-reusability and
sudden changes in overload acceleration in traditional buffer mechanisms.

2. An adaptive fuzzy neural network control strategy was designed to effectively compensate for hysteresis
nonlinearity in the system, enabling precise adjustment of the buffering force.

3. Through finite element dynamic simulation and experimental verification under various landing speeds, the
performance of the designed PZT-based reusable buffering mechanism in terms of reusability and handling
sudden changes in overload acceleration was validated.

Structure design and working principle of the repeatable buffer mechanism
(Microsoft” PowerPoint 2021MSO (Version 2505 Build 16.0.18827.20102) 64 bit. Figure 1. Schematic diagram
of repeatable buffer mechanism.pptx)

A novel repeatable buffer mechanism driven by PZT is designed and fabricated based on interactive
parametric modeling method. Figure 1 shows the structure principal diagram of the piezoelectric repeatable
buffer mechanism. When the end of the mechanism is affected by the impact force, the screw nut produces spiral
motion, converts the linear motion into rotating motion by rotating the screw, drives the rotating motion of the
friction wheel, and generates normal positive pressure perpendicular to the rotating surface by the piezoelectric
driver, so that the buffer mechanism obtains a large friction resistance, and in order to ensure that the reverse
acceleration of the buffer is small, it is necessary to adjust the rotating range by piezoelectric.

Compared with other buffer mechanisms, the mechanism converts the instantaneous linear motion into
rotating motion, and can complete the two-way buffer driving motion when combined with the driving structure.
The developed repeatable buffer mechanism has fewer actuators, compact structure, meets the requirements of
lightweight design, and the overall production is simple. The analytical models for calculating the transmission
ratio, friction torque and input impact force are established. The main parameters were determined by sensitivity
analysis, and the dynamic modeling of the mechanism buffering characteristics was carried out. By controlling
the output force of PZT, adjusting the torque and amplifying the friction force of the mechanism can realize
the motion control of the impact buffering process. The working principle is shown in Fig. 2. The gripper in
the mechanism is a symmetrical flexure hinge structure, which is composed of two symmetrical semi-circular
flexure hinges and right-Angle flexure hinges. Due to machining and assembly errors, large and irregular gaps
may occur between the clamping unit and the rotor. To ensure that the rotor is stably clamped by the clamping
unit, a lever-type amplifying mechanism is used to enhance the clamping displacement generated by PZT, and
a similar structure is adopted for the clamping block. The right circular flexible hinge in the mechanism is the
pivot around which the mechanism rotates. /4 is the length from the input end to the main point, Ip is the
length from the output end to the main point, x4 is the input displacement of the input end, and xp is the
output displacement of the output end. The amplification factor of the lever mechanism can be calculated as.

(Microsoft” PowerPoint 2021MSO (Version 2505 Build 16.0.18827.20102) 64 bit. Figure 2. Working principal
diagram of rotary friction mechanism.pptx)
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Fig. 1. Schematic diagram of repeatable buffer mechanism.

Fig. 2. Working principal diagram of rotary friction mechanism.

A = B — lp _ sin(® —A & )—sin® (1)

T A la sinA & é}cos@

To save space, reduce weight, and improve the response time of the mechanism, the dimensions of Ly is the
length from the lever fulcrum to the output end, which is 51.6 mm, and L is the length from the lever fulcrum
to the input end, which is 20.6 mm, and the theoretical amplification coefficient of the lever-type amplification
mechanism is approximately 2.5. The magnification factor is calculated by the following Eq. (2). Fiv denotes
the high-frequency thrust generated by PZT at both ends of the grippe. Fz denotes the normal pressure that is
transmitted and amplified by Fx through the gripper. The values of x4, x5 and yp are all increased with the
increase of the applied voltage. The specific parameters of the repeatable buffer mechanism, in Table 1.

Magni fication factor = i—‘ﬁ‘ (2)
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Symbol | Value(mm)
L 870.00

L, 0-600

L 100.00

L, 51.60

L, 50.00

L, 20.6

D, 70.00

R, 5.00

Table 1. Repeatable buffer mechanism specific parameters.

Name Parameter values
Number of piezoelectric elements 1

Design mass (kg) 5.5kg

Maximum compressible distance (mm) | 600 mm

Lead of the screw (mm) 40 mm

Number of threads on the screw 1

Table 2. Initial structural parameters.

The clamping force of the actuator is variable, and the torque and radius are non-variable. The variation of
the clamping force can be used as an effective parameter for controlling the actuator’s rotational angle, speed,
and acceleration at each step. When designing the repeatable buffer mechanism, the selection of key structural
parameters is particularly important in order to realize high-precision friction adjustment and stable buffer
performance.

Table 2 shows the key initial structural parameters of the repeatable buffer mechanism, including the number
of piezoelectric elements, the design mass, and the maximum compressible distance, which provide the basis for
the subsequent dynamic modeling and simulation analysis.

Dynamic modeling and simulation analysis of the repeatable buffer mechanism
Construction of the buffering dynamics model

The dynamics model of the repeatable buffer mechanism is established by the finite element simulation method
of landing impact transient dynamics, analyzed, and parameters such as its center of mass acceleration, foot
end force, and friction force are obtained. Among them, assuming that both the connecting rod and the motion
mechanism are rigid bodies, considering the mutual coupling of the impact force at the foot end, the connecting
rod motion, and the piezoelectric friction, the real-time interaction is expanded using the equivalent contact
force method to realize the mapping of the impact force to the piezoelectric friction in order to obtain the
parameters of the various sensors in the buffering process.

In Fig. 3, when the ball hinge at the end of the sliding rod is subjected to the impact force F, thelinear motion
of the sliding rod prompts the nut to move and, at the same time, generates a large helical torque in the screw,
which drives the friction wheel and the screw to rotate simultaneously through the ball screw sub-subsidiary.
Thus, it can be obtained that the equivalent integrated impact force of the buffer mechanism is transformed into
the torque of the screw 77, and the equivalent integrated inertia of the screw Jr.

T, — FalPn
{ ERY 3)
Jp=Js+m(52)

Where P, denotes the lead of the ball-screw sub-assembly, 7 denotes the positive efficiency of the feed ball-
screw sub-assembly, F, denotes the impact force acting on the ball hinge at the end of the sliding rod, Js
denotes the rotational inertia of the ball-screw shaft, and m denotes the combined mass of the moving assembly
and the driving load. The relationship between the rotational angular displacement 6 ,,, of the motor-driven
ball-screw shaft and the linear displacement Z of the nut and actuator is presented as follows.

Om =2y 4)

The moment of inertia and damping coefficient are defined as:

Je:Jm""JL
{ B. = Bn + By (5)
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Fig. 3. Schematic Diagram of the Friction Buffer.

Young’s modulus | Density
Name Material (Gpa) (g/cm®) | Poisson’s ratio
Friction wheel | Q235 206 7.85 0.28
Clamp 7075 aluminum alloy | 72 2.81 0.3
Lead screw 7075 aluminum alloy | 72 2.81 0.3
Sliding bearing | 7075 aluminum alloy | 72 2.81 0.3
Linear shaft 7075 aluminum alloy | 72 2.81 0.3

Table 3. Material parameters of the buffer’s moving structure.

Category Value | Value | Value
Impact force (N) 10,000 | 8000 | 6000

Coefficient of static friction (12 ;1) | 0.3 0.3 0.3

Coefficient of kinetic friction (1t 41) | 0.32 032 |0.32

Clamping force (N) 100 80 40
Coefficient of static friction (1 j5) | 0.1 0.1 0.1
Coefficient of kinetic friction (& 45) | 0.1 0.1 0.1

Table 4. Parameters of impact force for different cases.

Where J. denotes the equivalent moment of inertia of the output shaft of the friction rotor, B. denotes the
equivalent viscous damping coefficient of the output shaft of the friction rotor, J,, denotes the moment of
inertia of the friction rotor, B;, denotes the viscous damping coefficient of the friction rotor, and Bz denotes
the equivalent composite viscous damping coeflicient of the load of the repeatable buffer mechanism.

A mathematical model of the mechanical system of the repeatable buffer mechanism can be derived from
Newton’s second law of motion.

Tom — Tt — Bel o = Jo0
6
{ y=270m ©

Where T, denotes the friction torque generated by the friction rotor, 6 ,,, denotes the mechanical angular
velocity of the friction rotor and its connected ball-screw shaft. Let 6 ,,, = w r then wp = wr, w p denotes
the angular velocity of the friction rotor.

Simulation of impact dynamics

To investigate the deformation, strain, and stress of the repeatable cushioning mechanism under diverse impact
conditions, the finite-element simulation method for landing-impact transient dynamics was employed to analyze
the cushioning mechanism. Tables 3 and 4 respectively list the material properties of its main components and
the relevant parameters under three different impact conditions.
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The deformation and strain of the gripper and nut under the impact force are analyzed by the finite element
simulation method of transient impact dynamics. Figures 4 (A-C) shows the structural response under 10KN,
8KN and 6KN impact forces respectively, and analyzes the influence of different impact forces on the structural
behavior.

By comparing Fig. 4, it can be found that with the increase of impact force, the deformation, strain, and
stress concentration phenomena of the gripper and the nut become more and more obvious, which leads to
the deterioration of the stability of the structure. When the impact force is gradually reduced, the deformation,
strain, and stress distribution of the gripper and nut become more uniform, and the impact resistance and

1A [Thc structure deformation, strain and stress distribution under 10KN impact force ]

[Maximun\ dc(brmaliou:l,84nun] { Maximum strain:2.78pum/pm ] [ Maximum stress:387Mpa J

| [ The structure deformation, strain and stress distribution under 8KN impact force ]

Maximumdclbnnmion:LSEmm] [ Maximum strain:2.77pm/pm Maximum stress:382Mpa ]

(©)

[ Maximum stress:37 10Mpa

@ T w

( Maximum deformation:28.49mm ‘ [ Maximum strain: 142um/um

[ The structure deformation, strain and stress distribution under 6KN impact forcc]

[ Maximum deformation:1.79mm ] [ Maximum strain:2.75um/} um Maximum stress:380Mpa

HH.

(b)

Fig. 4. Structure deformation, strain, and stress distribution under different impact forces in subfigures A, B,
and C.
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stability are significantly improved, and the structure shows the best cushioning performance and stability under
the condition of a low impact force of 6 KN.

To analyze the dynamic response of the repeatable buffer mechanism under different impact force conditions,
Figs. 5, 6 and 7 respectively show the deformation curve, strain curve and stress curve of the gripper and nut
under different impact force. It is found that with the increase of impact force, the response of deformation,
strain and stress becomes more significant, resulting in the worsening of structural instability. According to the
maximum deformation, maximum strain and maximum stress between the gripper and the nut under different
impact forces in Table 5, there is a significant positive correlation between the impact force and the deformation,
strain and stress response of the structure.

Validation of simulation experiments

Construction of the piezoelectric friction buffering control system

To successfully carry out the research on the control method of the repeatable flexible buffer mechanism for
the hysteresis nonlinearity of the piezoelectric driving process, based on the Takagi-Sugeno (T-S) fuzzy neural
network, the framework of the fuzzy inference system with the training function of the adaptive learning function
is established to obtain the fuzzy rules and fuzzy neural network controller. The linear quadratic regulator (LQR)
control algorithm of optimal control theory is adopted to realize the information fusion of multi-sensors, and
the fused information is used as the input of the fuzzy inference system, which is combined with Eq. (7), and the
active control parameters are converted into the voltage input data, and the type and number of the affiliation
functions of the input variables are set to obtain the affiliation function parameter of the globally optimal solution
by calculating it based on the back-propagation algorithm and using it as the fuzzy neural network’ affiliation
function and fuzzy control rule.

Kkgzzdzzninap (7)
else

V(1) :{ RelfWI=Nominap | ¢ (4)| > Noandf (x) X (t) < 0

Where V (t) denotes the real-time control voltage of the PZT, f (¢) denotes the sample data of the active control
force, No denotes the preload force of the piezoelectric acting on the friction surface, K5 denotes the anti-slip
coefficient, X (t) denotes the friction velocity, ds3 denotes the piezoelectric strain constant in the polarization
direction, k33 dentes the electromechanical coupling coefficient, n; denotes the number of piezoelectric, n2
denotes the number of friction surfaces and p denotes the actual control amount. The block diagram of the
control system is illustrated in Fig. 8.

Before the experiment, the core objective of the control algorithm was to precisely control the PZT to regulate
the friction force of the repeatable buffer mechanism, ensuring a smooth landing. The system is triggered by
an impact stimulus to activate the reusable buffer mechanism. The reference trajectory generator generates
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Fig. 5. Deformation curves of the gripper and nut under different impact force conditions.
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Fig. 6. Equivalent strain curves of the gripper and nut under different impact force conditions.
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Fig. 7. Equivalent stress curves of the gripper and nut under different impact force conditions.
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Impact force | Component | Maximum deformation(mm) | Maximum strain (um/pm) | Maximum stress (MPa)
Gripper
10KN pp! 1.84 2.78 387
Nut 29.85 179 3728
Gripper
SKN pp 1.82 2.77 382
Nut 28.49 142 3710
Gripper
6KN pp 1.79 2.75 380
Nut 18.51 122 3610

Table 5. Data analysis of grippers and nuts under different impact forces.
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Fig. 8. Block diagram of the control system.

optimized acceleration and displacement curves based on the set objectives and impact conditions. The system
dynamically adjusts the control strategy in real-time based on acceleration and displacement data. The adaptive
neural network performs optimal control on sample data using the LQR algorithm, while the T-S fuzzy neural
network further optimizes the control strategy to ensure system stability. The fuzzy neural network controller
executes the final control based on the optimized strategy, generating control signals to regulate the voltage V' (¢)
and drive the PZT to produce high-frequency thrust Fiv at both ends of the gripper. The gripper transmits and
amplifies the positive pressure Fz, adjusting the friction force of the buffer mechanism to form a feedback loop,
ensuring a smooth and reliable landing process.

Experimental parameters are set
Table 6 shows different landing conditions.

The experimental study of the drop - shock cushioning of repeatable buffer mechanism was carried out on a
low - gravity simulation bench, the PZT model chosen was PI GmbH & Co.KG P —844.60, and the servo - drive
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Landing speed | load Acceleration of gravity
2m/s 200kg | 1.63 m/s?
3m/s 200kg | 1.63 m/s?
4m/s 200kg | 1.63 m/s?

Table 6. Different landing conditions.

Name Value
Resonant frequency 5.5 kHz
Length 137 mm
Thrust 3kN

Tip moment 1 N-m
Stroke (0 to 100 V) 90 um
Maximum diameter 19.8 mm
Resolution 1.8 nm
Resolution (control) 0.9 nm
Tensile force 700 N
Operating temperature | —40 to 80 °C
Operating voltage 0-100 V

Table 7. Performance and technical parameters of the PZT (P-844.60).

Name Value
Maximum phase current 40 A
Maximum speed 30 rad/s
Reduction ratio 1:6.33
Maximum torque 23.7NM
Communication mode High speed 485

Communication control frequency | 6000 Hz

Motor end encoder resolution 15bit
Operating voltage 12V~30VDC
Use environment -5C ~40C

Table 8. Performance and technical parameters of the unitree GO-M8010-6.

motor model was Unitree GO - M8010-6 which has a built - in encoder, with the specific parameters as shown in
Tables 7 and 8. Precise control and fast response of PZT through the output signal of the power amplifier Aigtek
ATA-P1005. The PZT and the signal amplifier cooperate with each other to control the friction force effectively
by adjusting the voltage to precisely control the normal pressure between the friction surface and the friction
surface, realizing the impact cushioning during the landing process of the repeatable buffer mechanism and
providing a stable and smooth cushioning effect.

A new principal prototype of repeatable buffer mechanism based on piezoelectric drive was developed, and
a supporting control system platform was built. According to the three landing conditions shown in Table 6 and
the ground drop test platform shown in Fig. 9, the soft-landing experiment of the lander on one leg was carried
out, so that the lander could complete the soft-landing experiment with variable friction damping force under
precise control.

To verify the dynamic response characteristics of the repeatable buffer mechanism and the effectiveness of
the buffer performance at different landing speeds, three velocity parameters of 2 m/s, 3 m/s and 4 m/s were set.
Based on the experimental process shown in Fig. 10, the acceleration and velocity curves of the simulation and
real experiments were compared to evaluate the performance differences of the repeatable buffer mechanism
under different working conditions. As shown in Figs. 11 and 12, and 13. The consistency between simulation
results and actual experimental data was analyzed.

In Table 9, the error of simulation and experiment results is relatively small, in which the maximum
acceleration error and maximum velocity error are 0.84 m/s2 and 0.34 m/s respectively. The buffer mechanism
can effectively slow down the impact force at different landing speeds, showing good buffer performance. The
error of experiment and simulation is due to insufficient simulation of the actual mechanical structure error,
environmental factors and experimental environment in the simulation process. Although there are some
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Drop Shock Test Stand
Prototype Host Computer Top SAgEK fest Stan

Signal Amplifier Sliding Guide Rail

Motor Encoder

Sliding Mount Frame

Lunar Regolith Simulation Tank

Fig. 9. Schematic diagram of the single-leg impact testing device. The system includes a control unit (host
computer and signal amplifier), an impact test stand with sliding guide rails and a mounting frame, a
piezoelectric ceramic actuator for adjusting friction damping, and a simulated lunar regolith tank for impact
testing.

Stage 1: Initial Foot Contact  Stage 2: Foot Contact at 0.2 Seconds  Stage 3: Foot Contact at 0.4 Seconds Stage 4: Foot Contact at 0.6 Seconds

Fig. 10. Schematic diagram of each stage of the experimental bench device.

differences in conditions, the trend of experiment and simulation results is similar, which also verifies the
rationality of system design and the effectiveness of buffer control strategy.

The overload acceleration at the center of mass of Chang ‘e-3 lander at the landing speed of 3 m/s is compared
with the overload acceleration in this paper. The black curve and the blue curve represent the acceleration of the
center of mass and foot end of the suspension frame of Chang ‘e-3 respectively, and the red curve corresponds to
the acceleration measured when the landing speed is 3 m/s in this study. To verify the performance advantages of
the repeatable buffer mechanism, this study compares the measured data with the Change-3 lander acceleration
profile. Under different landing speed conditions, the measured maximum acceleration of the new cushioning
mechanism is smaller than the acceleration of Change-3 in Fig. 14, and the acceleration curves show better
flexibility, and the sudden change of acceleration is reduced, which further verifies the stability and safety of the
designed new repeatable buffer mechanism.
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Fig. 11. Comparison curve of acceleration and velocity between simulation and experiment of 2 m/s landing
speed.
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Fig. 12. Comparison curve of acceleration and velocity between simulation and experiment of 3 m/s landing

speed.
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Fig. 13. Comparison curve of acceleration and velocity between simulation and experiment of 4 m/s landing
speed.

Scientific Reports|  (2025) 15:29175 | https://doi.org/10.1038/s41598-025-14598-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Experimental Acceleration error | Simulation
Experimental result | Simulated maximum | maximum value maximum speed | Maximum experimental speed | Velocity error value
Speed acceleration (m/s?) acceleration (m/s?) | (m/s?) (m/s) (m/s) (m/s)
2m/s 1.94 2.59 0.65 0.73 0.95 0.22
3m/s 2.04 273 0.69 0.75 0.99 0.24
4m/s 2.13 2.97 0.84 0.78 1.12 0.34

Table 9. Analysis of simulation and experimental results.
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Fig. 14. Comparison of experimental results'’.

In addition to improvements in landing smoothness, this study has made significant contributions across
multiple dimensions. First, compared to the landing cushioning mechanism of the Change 3 mission, this
mechanism converts instantaneous linear impact motion into rotational motion and, in conjunction with a
PZT-driven structure, achieves bidirectional cushioning drive motion. PZT can operate stably under extreme
conditions such as high/low temperatures and radiation, enhancing the mechanism’s adaptability to complex
terrain. Second, the PZT-driven reusable cushioning mechanism is reusable. Unlike aluminum honeycomb
materials, which undergo irreversible deformation due to compression, this design ensures the cushioning
mechanism can be reused after each landing, significantly improving the systems economic viability and
sustainability. Additionally, we utilized T-S fuzzy neural networks and LQR optimization control to achieve real-
time voltage regulation of the PZT, enabling dynamic adjustment of friction force and improving the smoothness
and precision of the buffering process. Therefore, our PZT reusable buffering mechanism achieves innovations
in smoothness, buffering performance, control precision, reusability, and environmental adaptability, thereby
enhancing the system’s overall performance and application potential.

Conclusions and future work

To solve the deficiencies of traditional buffer technology in soft landing control, this paper proposes a new
piezoelectric-driven repeatable buffer mechanism. When the end of the mechanism is subjected to an impact
force, the screw nut generates a helical motion, and the rotating screw converts the linear motion into a rotational
motion, and the piezoelectric actuator generates a normal positive pressure perpendicular to the rotating surface
to realize the friction buffer. The mechanism significantly optimizes the flexibility of the acceleration curve,
reduces the sudden acceleration change, and improves the flexibility of the landing process.

In terms of theoretical analysis, a finite element model based on impact dynamics is established to reveal
the dynamic response characteristics of the buffer mechanism under different impact forces, including the
quantitative relationship between structural deformation, strain, and stress distribution. It is shown that the
buffer mechanism exhibits better stability and impact resistance under lower impact force conditions. In
addition, for the hysteresis nonlinearity problem in the piezoelectric drive process, an adaptive hysteresis
compensation method is proposed by using Takagi-Sugeno fuzzy neural network theory, which enhances the
adaptive capability of the system control.
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In the experimental validation part, the single-leg drop impact test was carried out on the constructed
drop shock impact test platform, and the buffer performance was tested under three landing speed conditions,
namely, 2 m/s, 3 m/s and 4 m/s. The simulated and experimental maximum accelerations were 1.94 m/ s and
2.59 m/s?, and the maximum velocities were 0.95 m/s? and 0.95 m/s? respectively. When the landing speed is
2 m/s, the simulated and experimental maximum accelerations are 1.94 m/s* and 2.59 m/s?, and the maximum
velocities are 0.73 m/s and 0.95 m/s. When the landing speed is 3 m/s, the simulated and experimental maximum
accelerations are 2.04 m/s? and 2.73 m/s% and the maximum velocities are 0.75 m/s and 0.99 m/s, respectively.
When the landing velocity is 4 m/s, the simulated and experimental maximum accelerations are 2.13 m/s* and
2.97 m/s?, and the maximum velocities are 0.78 m/s and 1.12 m/s, respectively.

In this study, the measured data are compared with the acceleration curve of the Change-3 lander. Under
different landing velocities, the measured maximum acceleration of the new cushioning mechanism is smaller
than the acceleration of Change-3 in Fig. 13, and the acceleration curves show better flexibility and reduced
sudden changes in acceleration, which further verifies the stability and safety of the designed new repeatable
cushioning mechanism. In the future, the performance of the mechanism under extreme environmental
conditions will be optimized in depth to improve its adaptability, especially when facing higher impact and
complex terrain conditions.

Data availability

The datasets generated during this study are not publicly available due to institutional restrictions on experimen-
tal prototype data, but are available from the corresponding author (Jinhua Zhou, 240008@sdjtu.edu.cn) upon
reasonable request.
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