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Abstract. The dynamic response characteristics of shock absorber have a crucial influence on the
stability and safety performance of vehicles. Based on the finite element method, the modal
simulation of the mechanical structure of shock absorber was conducted, and the natural
frequencies and modal shapes were obtained. According to the dynamic stiffness test scheme, the
first four natural frequencies were set as the excitation frequencies, and the response
characteristics of displacement, damping force and dynamic stiffness were tested and analyzed. In
the experimental loading scheme, shear force was applied to the damper, and the shear amplitude
gradually increased from 0.5 mm. Three cycle tests were conducted to obtain the average
evaluation value. The results show that although the natural frequencies of the mechanical
structure of the shock absorber do not avoid the excitation frequency of the road surface, it still
shows good dynamic response effects at low-order excitation frequencies. The elastic stiffness
and damping stiffness of the shock absorber decrease with the increase of the shear amplitude,
while the damping stiffness increases with the increase of the excitation frequency.
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1. Introduction

The shock absorber in vehicles can improve the smoothness and comfort of driving, while
ensuring the steering and braking functions of the vehicle to ensure driving safety [1, 2]. Shock
absorber consume mechanical energy in the system by reducing vibration and shock, thereby
protecting the mechanical system. Therefore, the modal characteristics have a significant impact
on the damping effect [3-5]. Shock absorber usually adopt forms such as friction, liquid or gas
resistance. Friction shock absorber prevent the movement of objects through the friction force
between two contact surfaces. On the other hand, hydraulic shock absorber consume mechanical
energy through the viscosity and resistance of the liquid to reduce vibration and shock [6].
Pneumatic shock absorber consume mechanical energy through gas resistance. According to their
structure and function, shock absorber can be divided into various types, including friction shock
absorber, hydraulic shock absorber, pneumatic shock absorber, hydraulic shock absorber,
pneumatic shock absorbers and rotary shock absorbers. Currently, research mainly focuses on
finite element analysis, dynamics research and modeling analysis, and relatively less attention is
paid to the study of dynamic response, representative instances encompass: Li [7] put forward and
fabricated a series of variable stiffness magnetic fluid shock absorbers, and carried out simulations
and experimental tests on vibration attenuation under the circumstance of small amplitudes.
Valerio [8] executed experimental and numerical evaluations of the impact behavior of a
composite shock absorber to attain high mechanical efficiency of the shock absorber. In order to
ensure the good performance of the shock absorber, it is proposed to use finite element analysis
for modal calculation, and the influence of shear amplitude and excitation frequency on the elastic
stiffness, damping stiffness and loss factor of the hydraulic shock absorber is studied using special
test equipment. A deep understanding of these complexities can improve the design and
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performance in a wide range of applications from mechanical engineering to civil infrastructure.
By exploring these complexities precisely and rigorously, engineers and researchers can open up
new possibilities for optimizing damping systems in various fields.

2. Modal analysis of mechanical structure of shock absorber
2.1. The structure and working principle

The main structure of the shock absorber for small carrier vehicles is shown in Fig. 1. The key
mechanical components include the housing, damping elements and damping medium. This
structure is relatively simple, but the rationality of the design will directly affect the usage effect.
The external protective cover of the shock absorber is used to protect the internal components
from the influence of the external environment. The internal damping elements include springs,
rubber, air cushions, etc., which are responsible for absorbing the shock and vibration generated
by the movement. The medium is usually made of oil, gas and friction pads, and is used to generate
damping force to convert kinetic energy into heat energy. During the movement, the shock
absorber, through the synergy of the damping elements and damping medium, converts the high-
speed shock and vibration generated by the movement into heat energy to achieve the purpose of
energy consumption. The working principles of different types of shock absorbers are also
different. Firstly, the liquid is forced to pass through narrow channels to cause energy loss, and
then flows to the piston inside the shock absorber column to form damping force and absorb the
shock and vibration of the rod. The medium continuously presses the piston to generate greater
damping force, and finally converts the kinetic energy of the rod into heat energy for consumption.
The structure of the shock absorber is prone to large deformation or fatigue damage under long-
term vibration, as shown in Fig. 2. Through modal analysis, verifying whether the mechanical
structure of the shock absorber is reasonably designed has a crucial impact on the working stability
of the suspension.

cylinder body compressible silicone oil

pressure-storage housing

piston rod

sealing device

piston head

A control valve
Fig. 1. The main structure of the shock absorber

sl \
Fig. 2. Large deformation caused by vibration
2.2. Simulation and calculation of modal characteristics

Modal analysis can be divided into free modal and constrained modal according to boundary
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conditions. Free modal analysis is mainly used to study the vibration characteristics of the
structure in the unconstrained free state. The analysis of constrained modal is mainly used to study
the vibration characteristics of the structure under the added external constraint conditions. The
interaction attribute settings for the establishment of the finite element model are carried out in
the finite element software for the contact problems among various structures. The types of
settings are based on the mating relationship of each part of the shock absorber structure in reality.
The connection methods between the cylinder and the base, and between the base and the
installation support are welding. In finite element analysis, binding constraints are usually
selected, such as the face-to-face contact between the piston rod and the guide seat, and between
the piston valve system and the inner side of the hydraulic cylinder. Based on the relevant theory
of modal analysis, the frequency analysis step under linear perturbation in ABAQUS is selected.
Therefore, the first six effective modal shapes of the shock absorber can be obtained as shown in
Fig. 3. The suspension system and shock absorbers will be subjected to many external excitations
during the operation of the vehicle. The main ones include excitations from the road surface,
excitations generated by wheel imbalance, and excitations produced by the engine, etc. Among
them, the excitation frequency from the road surface is related to the roughness of the road surface,
and the vibration frequency range is about 5 to 20 Hz. The excitation generated by wheel
imbalance is generally less than 11 Hz. The first six natural frequencies are shown in Table 1.
According to the natural frequency of the mechanical structure of this type of shock absorber, it
can be known that the suspension system and the road surface complete the transmission of
vibration through the wheels, which is prone to induce the occurrence of resonance phenomena.
Therefore, it is necessary to further verify the responses of parameters such as load and
displacement at the resonant frequency through testing methods to ensure the safety and reliability
of the shock absorber structure.
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+4.877e-01 +7.603e-03

¢) The third order d) The fourth order
Fig. 3. The first four effective modal vibration shapes

Table 1. The first six natural frequencies
Order 1 2 3 4 5 6
Natural frequency /Hz | 7.76 | 14.89 | 29.38 | 56.67 | 73.35 | 88.06

3. Test and analysis of excitation vibration response
3.1. Test scheme of excitation vibration

During the entire testing process, variations in the initial amplification angle, loading
amplitude and loading frequency were adopted to apply loads to the supporting specimens, as
shown in Fig. 4. A linkage device installed between the upper and lower fixtures of the testing

machine can accommodate the placement of shock absorber, and a sinusoidal excitation waveform
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was selected. The actuator driven by the controller applies the test load to the shock absorber, and
at the same time, the data of load, displacement, elastic stiffness, damping stiffness and loss factor
of each specimen were collected during the test. Each test condition was repeated 10 times, and
only the data of the last 3 cycles were recorded. Subsequently, the arithmetic average of these
recorded values constitutes the final result. To ensure the dynamic test response in the vertical
direction, the shock absorber is installed on the base plate of the support structure, connected to
the working slider on the slide rail assembly by screws, and linked to a series of damping pads.
The damping pads can prevent the errors caused by the rigid connection between the support
structure and the slider. The criteria for data collection in the experiment is chosen as DIN 27201-
2014, which includes the collection of displacement and force data, the calculation of equivalent
stiffness, and the determination of the failure factor.

installation
location

control of excited
vibration

Fig. 4. Test scheme of excitation vibration
3.2. The response of load and displacement

The excitation frequency is set to be the same as the natural frequency in the modal analysis
results. The displacement characteristics under different excitation frequencies can be obtained as
shown in Fig. 5. It can be seen that in the low-frequency state, the reset ability of the displacement
is stronger, indicating a more effective energy absorption system at lower frequencies. In the lower
frequency range, the stiffness curve of the energy absorption system forms an almost linear
relationship with the load amplitude, demonstrating its stable and predictable behavior. With the
increase of the load amplitude, the support stiffness continues to rise, resulting in the hysteresis
curve gradually filling up. This phenomenon implies a significant increase in energy absorption
capacity and enhanced structural elasticity. In addition, it should be noted that the stiffness of the
shock absorber increases proportionally with the loading displacement without yielding. This
indicates its robustness and the ability to withstand increasing forces while maintaining structural
integrity. The displacement characteristics also show a certain compression at the origin position,
resulting in a partial loss of the damping force transfer from the energy absorption system to the
loading end. Understanding these complex dynamics is crucial for optimizing the performance of
engineering applications involving such systems and ensuring safety.

The damping force response under different frequencies is shown in Fig. 6. It can be seen that
the area enclosed by the damping force curve before lubrication is very small. When the shear
amplitude is 0.5 mm and the excitation frequency is 7.76 Hz, the area enclosed by the curve is
0.275 N-m. When the excitation frequency is increased to 29.38 Hz, the area enclosed by the curve
is also only 0.305 N'm, indicating that the excitation frequency has little effect on the energy
dissipation capacity of low-loss damping material. As the excitation frequency increases, the
energy dissipated by the hydraulic damper in each vibration cycle gradually increases,
significantly improving its energy dissipation capacity. Meanwhile, the slope of the
load-displacement curve also gradually increases. As the excitation frequency increases, the
pressure difference between the two oil chambers inside the damper increases, causing the
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pressure in the high-pressure oil chamber to rise. As the damping fluid experiences
compressibility, the reduction in free volume within the fluid results in a notable increase in its
viscosity. This heightened viscosity necessitates more energy for the dissipation of molecular
chain segment migration and molecular chain sliding, contributing to enhanced damping
performance. Moreover, with an escalation in shear frequency, there is a substantial rise in
pressure loss due to contraction and expansion. Consequently, this amplifies the energy dissipation
of the damper, further optimizing its effectiveness in managing vibrations and oscillations within
mechanical systems.
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Fig. 5. The response of displacement Fig. 6. The response of damping force

3.3. The change of dynamic stiffness and damage factor

Dynamic stiffness refers to the ratio of the change in pressure to the change in displacement
under a certain range of displacement and a certain frequency. Therefore, loading and unloading
tests need to be conducted, and the dynamic response needs to be recorded and analyzed. The
damage factor is a parameter that describes the phase difference between the deformation and
stress of the shock absorber. Through the test, it can be concluded that the variation laws of
dynamic stiffness and damage factor at the first-order natural frequency are shown in Fig. 7. When
the amplitude increases to 1.5 mm, the elastic stiffness and damping stiffness of the shock absorber
decrease by 23.6 % and 42.7 % respectively, which indicates that the elastic stiffness and damping
stiffness of the shock absorber decrease with the increase of the shear amplitude. The internal
structure of the vibration damper is a dual network of rubber and filler networks. At a small strain,
the rubber material exhibits a high modulus due to the presence of a rigid filler network. With the
increase of the strain, the reconstruction rate of the filler network cannot keep up with the damage
rate, and the density of the filler network structure decreases. The modulus decreases, resulting in
a decrease in the elastic stiffness of the shock absorber.
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Fig. 7. The variation laws of dynamic stiffness and damage factor

The stiffness of the shock absorber is one of the most critical factors in controlling the vibration
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and movement of mechanical systems. It plays a vital role in ensuring stability, safety, and
performance. The damping effect of the damping fluid within the shock absorber is crucial for
dissipating energy and reducing oscillations. When the damping fluid flows through the shock
absorber, it encounters different flow velocities in different fluid layers. This leads to complex
interactions among molecules when they move at different speeds in these layers. When the
amplitude or shear stress on the damping fluid increases, its viscosity has a significant impact.
Due to this increased stress, the long-chain molecules in the damping fluid start to migrate from
different flow layers with different flow velocities to a common flow layer. Therefore, this
phenomenon leads to shear thinning behavior, that is, at higher shear amplitudes, molecular chain
segments continuously migrate out of their original positions. Due to this shear thinning behavior,
the overall damping stiffness exhibited by the shock absorber significantly reduces when subjected
to higher shear amplitudes. These complex dynamics provide valuable insights for optimizing the
design and performance of shock absorbers in various engineering applications.

4. Conclusions

1) Under long-term and complex dynamic loading, shock absorbers are prone to failure,
therefore, it is very necessary to analyze the causes of induced mechanical damage. By modal
analysis, the natural frequencies and modes of the mechanical system can be identified, which can
provide a basis for subsequent vibration characteristic analysis and structural dynamic property
optimization design. In addition, by analyzing the test results of dynamic characteristics, the
reasons for easy damage under different excitation frequencies and pressure loads can be inferred,
which can provide a basis for improving reliability. It can be known that the low-order natural
frequency of the mechanical structure of the shock absorber is within the excitation frequency
range of the road surface, and the elastic deformation has a greater influence on the stiffness,
which requires considering the influence of the damping fluid performance in the subsequent
analysis and design.

2) The research on vibration response by combining the finite element simulation and dynamic
performance test is an effective technical means. It is found that although the low-order natural
frequencies of the mechanical structure do not completely avoid the external excitation range, the
energy dissipation of the damping fluid provides important support for vibration reduction. With
the increase of shear amplitude and frequency, the energy dissipation capacity of the damping
device improves significantly.
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