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This paper presents a low-frequency micro-vibration absorber based on a beam with designable nonlinear 
stiffness. The material and dimension parameters of the nonlinear characteristics of the beam are 
discussed by the finite element method (FEM). Based on the nonlinear stiffness characteristics of 
the beam, the designed micro-vibration absorber has a low-frequency vibration absorption effect and 
multiple working modes in multiple directions. The effects of structural parameters on the stiffness 
characteristics of the designed beam are discussed to explore the low-frequency performance. The results 
of FEM analysis are verified by vibration absorption experiments, and the effectiveness of the low-
frequency vibration absorbers is verified by aerospace micro-vibration experiments.

© 2022 Elsevier Masson SAS. All rights reserved.
1. Introduction

With the increasing precision and stability requirements of 
instruments such as high-resolution cameras, airborne micro-
vibration reduction has gradually become a research focus [1–4]. 
The micro-vibration signals with a small amplitude generated by 
various equipment components exist in the working environment 
of precision instruments [5–10], which can last for a long time 
and constantly deteriorate the operating environment of airborne 
devices due to the very low ambient damping [11–13]. The vibra-
tion signals generated by these devices such as the Stirling chiller 
contain many low-frequency signals [14], which are difficult to 
control by traditional passive vibration isolation methods [15–20]. 
It is still a challenge for airborne low-frequency micro-vibration 
control [21].

The low-frequency micro-vibration signals are difficult to be 
measured and evaluated during the spaceborne equipment design 
process, resulting in the limited installation position of vibration 
reduction equipment after the completion of the whole equip-
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ment. The aviation working environment also puts strict require-
ments on vibration reduction components’ volume, mass, material, 
and reliability [22–24]. The dynamic vibration absorber (DVA) as 
a passive vibration control method is concerned, which can attach 
to the main vibration generating system as a subsystem [25,26]. 
Frahm developed a passive DVA that can provide complete vi-
bration absorption at operating frequencies [27]. Den Hartog et 
al. proposed adding damping into the DVA, which can appropri-
ately broaden the frequency band of vibration suppression [28]. 
XU et al. proposed the concept of Multiple Tuned Mass Dampers 
(MTMD), which can achieve a better vibration absorption effect 
and has better robustness [29,30]. Nayfeh et al. propose the multi-
degree-of-freedom vibration absorber, which can achieve vibra-
tion suppression of multiple modes [31–34]. In recent years, these 
DVA designs are widely used in ships, buildings, vehicles, rail-
ways, etc., and play an important role in practical engineering 
applications [35,36]. While the vibration magnitude in the tradi-
tional field is larger than in precision engineering, the structure 
and mass of these existing DVAs are correspondingly too large for 
low-frequency micro-vibration in aviation. The special engineering 
problem of low-frequency micro-vibration in aviation is eager for a 
kind of vibration absorber with a simple structure, which can meet 
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Fig. 1. The simplified equivalent model of the Stirling cryocooler with vibration ab-
sorbers.

the working requirements of low-frequency under the requirement 
of small effective mass.

The vibration absorber is mainly composed of mass components 
and elastic components. To match the low-frequency vibration ab-
sorption requirements with limited mass, it is necessary to propose 
an elastic element with low stiffness and good structural stability 
[37–39]. Cai et al. propose a quasi-zero-stiffness metamaterial de-
sign and simulated the formation mechanism of ultra-low bandgap 
through the FEM [40]. Lin et al. propose a new metamaterial of dy-
namic vibration absorber composed of negative stiffness element 
to achieve ultra-low bandgap [38]. Lin et al. designed an absorber 
by combining the negative stiffness and positive stiffness element, 
which works at 45 Hz. But the effect is not obvious in the interval 
of negative stiffness and the equipment has a large volume [41]. 
Nonlinear devices present a new possibility for passive control of 
low-frequency vibration [42,43] and have been applied in the fields 
of vibration isolation and shock resistance [44,45]. Optimizing the 
design of nonlinear devices is important for low-frequency vibra-
tion control [46–49].

This paper designs a nonlinear stiffness beam as the elastic 
element of the vibration absorber to meet the installation space 
requirements in the aviation environment. Through the optimiza-
tion of finite element parameters, the stiffness of the beam can 
be freely designed from negative stiffness to arbitrary stiffness. 
Which has the characteristics of high static and low dynamic stiff-
ness, theoretically can achieve ultra-low frequency vibration ab-
sorption effect. The influence of parameters on nonlinear proper-
ties is discussed through FEM, which provides guidance for the 
design of the micro-vibration absorber. The vibration absorber has 
a low-frequency micro-vibration absorption capacity. The multiple 
working modes can absorb multi-frequency vibration energy. The 
correctness of the simulation results and the effectiveness of low-
frequency vibration control are verified by space micro-vibration 
experiments. The second part of this paper introduces the working 
principle of the vibration absorber. In the third and fourth parts, 
the designed curved beam and low-frequency vibration absorber 
are designed by FEM and the parameters are discussed. The fifth 
part introduces the vibration absorption experiment of the simply 
supported beam and the micro-vibration experiment of the avia-
tion Stirling cryocooler.

2. Theoretical analysis

The simplified equivalent model of the Stirling cryocooler with 
vibration absorbers is shown in Fig. 1. The equivalent mass of the 
Stirling cryocooler is M , and the equivalent mass of the vibration 
absorbers is m. X is the vibration displacement of the Stirling cry-
ocooler, x is the equivalent mass displacement of each vibration 
absorber, k is the equivalent stiffness of the vibration absorber, n 
is the number of vibration absorbers, and F is the external force 
acting on the Stirling cryocooler.

Simultaneous equations of motion:
{

2k[X(t) − x(t)] = mẍ(t)
F (t) = M Ẍ(t) + 2nk[X(t) − x(t)] (1)
2

Fig. 2. The model of the system when disturbed by external forces.

Laplace transform:{
2k[X(s) − x(s)] = ms2x(s)

F (s) = Ms2 X(s) + 2nk[X(s) − x(s)] (2)

X(s) =
( m

2k
s2 + 1

)
x(s) (3)

The transfer function is available:

x(s)

X(s)
= m

2k
s2 + 1 (4)

x(s)

X(s)
= 2k

2k − mω2
(5)

The momentum theorem:

nmẋ(t) + M Ẋ(t) = M̄ Ẋ(t) (6)

Equivalent mass of the system:

M̄ = M + 2k ∗ nm

2k − mω2
(7)

When 
√

2k
m < ω <

√
2k
m + 2nk

M , M̄ < 0
When the system is disturbed by external forces, it can be 

equivalent to the model shown in Fig. 2. The disturbance F is 
connected to the whole system through an elastic element with 
stiffness k1. The displacement of the system is x2 and the displace-
ment of the excitation end is x1.

k1 (x1 − x2) = M̄ẍ2 (8)

M̄ = M + 2k ∗ nm

2k − mω2
(9)

The vibration transmissibility is:

x2

x1
= k1

(
2k − mω2

)
mMω4 − (mk1 + 2kM + 2nmk)ω2 + 2kk1

(10)

The transfer curve in Fig. 3 can be obtained from the transfer 
function Eq. (10), and the asymptotes are shown in Eq. (11) and 
Eq. (12), where τ = m ∗ n, ϕ = m ∗ M .

x1 =
√

2

√
ϕ

(
2(τ +M)+m+√

4(τ 2+2Mτ +mτ +M2−ϕ)+m2
)

k

2ϕ

(11)

x2 =
√

2

√
ϕ

(
2(τ +M)+m − √

4(τ 2+2Mτ +mτ +M2−ϕ)+m2
)

k

2ϕ

(12)
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Fig. 3. The transfer curve.
Fig. 4. Buckling modes for the beam.

When the whole system is in the equivalent negative mass 
condition, that is, the frequency of the disturbance signal ω is: √

2k
m < ω <

√
2k
m + 2nk

M , the vibration can be attenuated effectively. 
Similar local resonance structures are also known as vibration ab-
sorbers, which can effectively suppress the vibration of the system 
at a specific frequency. At the same time, increasing the number 
of vibration absorbers (increase the value of n) can increase the 
frequency range of vibration reduction and improve the vibration 
absorption effect.

3. Design of nonlinear stiffness beam

The effect of the vibration absorber depends on the natural fre-
quency of a single vibration absorber. When the natural frequency 
of the vibration absorber is equal to the frequency of the dis-
turbing signal, the resonance structure can absorb the energy to 
the greatest extent and achieve the best damping effect. The key 
problem in designing a vibration absorber is to design the nat-
ural frequency. The natural frequency of the vibration absorber 
is related to the quality and stiffness of the structure. The low-
frequency micro-vibration problem in aerospace often appears in 
the stage after the structural design of the whole machine. At this 
time, the installation position and space are limited. The material, 
size, quality, and other aspects of the vibration absorber are sub-
jected to many restrictions. To control the overall quality of the 
vibration absorber and achieve low-frequency vibration absorption, 
a special curved beam is designed as the elastic support element 
of the vibration absorber. This kind of curved beam has nonlinear 
stiffness, can achieve high static stiffness and low dynamic stiff-
ness, and has a negative stiffness working interval, theoretically 
can meet ultra-low frequency vibration absorber design.

When restricting lateral movement at both ends of the beam. 
The boundary conditions are shown in Eq. (13), where w is the 
lateral beam displacement, l is the length of the curved beam.
3

w(0) = w(l) = 0,

(
dw

dx

)
x=0

=
(

dw

dx

)
x=l

= 0 (13)

The buckling modes for the beam are shown in Fig. 4. When 
one end of the beam is subjected to a vertical force, the stiffness 
of the beam decreases during the transition from mode 1 to mode 
2, which is related to the shape and the material.

To discuss the influence of curvature on stiffness, beams with 
three kinds of curvature in Fig. 5 are designed through five control 
points. The coordinates of vertices A and B at both ends are (0,0) 
and (20,10) respectively. The bending of beam I to beam III grad-
ually increases. When the fixed constraint is applied to point A of 
the beam and the vertical downward force is applied to point B, 
the nonlinear mechanical properties of the beam can be obtained. 
Fig. 6 (a) is the stress of the beam after deformation. Fig. 6 (b) 
is the force curve of different beams when changing displacement 
and Fig. 6 (c) is the stiffness character. By observing the mechan-
ical properties, it can be found that the designed beam has the 
characteristics of high static stiffness and low dynamic stiffness. 
With the curvature decreasing of the beam, the stiffness can grad-
ually achieve quasi-zero stiffness or even negative stiffness.

When the thickness of the beam is changed, the stiffness char-
acteristics are shown in Fig. 6 (d). When the beam thickness is 
doubled, the dynamic stiffness will be increased by about eight 
times and the static stiffness by about six times. The parametri-
cally designed beam has strong nonlinear stiffness editing ability 
within limits.

To analyze the influence of materials on the stiffness of beams, 
the mechanical properties of rubber and iron beams are discussed. 
The Young’s modulus of rubber is 3.6 MPa, Poisson’s ratio is 0.49, 
and density is 1300 Kg/m3. The results are shown in Fig. 6 (e). 
For this designed beam, rubber with higher elasticity can be used 
to design higher stiffness, when the structural design parameters 
remain unchanged, and the beam thickness is thin. Beams of dif-
ferent materials can achieve the effect of editing stiffness through 
shape design. Therefore, the main consideration in material selec-
tion is structural stability.

4. Design of micro-vibration absorber

Fig. 7 shows the model of the vibration absorber and the actual 
vibration absorber. The vibration absorber comprises three parts: 
installation module, elastic module and mass module. The instal-
lation module is at the bottom of the vibration absorber and is 
designed with an arc shape. The installation module can fit the 
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Fig. 5. Three kinds of beam.
curved mounting surface on the Stirling chiller and can be conve-
niently installed in the critical position of the vibration equipment 
by pasting. The vibration energy can be transferred to the absorber 
to realize energy transfer. Above the installation module is the 
elastic module. To ensure the stability of the vibration absorber, 
the elastic module is composed of two symmetric curved beams. 
As the middle module of the vibration absorber, both ends of the 
curved beam need to be tightly fixed on the quality module and 
the installation module to ensure the working effect. The designed 
beam and the installation module are uniformly processed with 
rubber material and the bond plane with the upper mass block is 
reserved. On the top of the vibration absorber is the mass mod-
ule, which can adjust the working range of the vibration absorber 
by changing the mass according to different requirements in ac-
tual use. The material used in the rubber beam structure meets 
the requirements of aviation standards and has lower stiffness af-
ter finite element simulation. The overall vibration absorber size is 
12 mm*12 mm*52 mm, which meets the requirements of installa-
tion and weight for aerospace. The whole structure is simulated by 
the FEM to optimize design parameters. The influence of parame-
ters on the natural frequency of the vibration absorber is discussed 
below.

The force diagram of the low-frequency vibration absorber 
composed of the beam with adjustable stiffness is shown in Fig. 8. 
This structure can transfer vibration step by step from the bottom 
vibration source to the upper mass module to complete the energy 
transfer, which can reduce the vibration of the main equipment.

The vibration absorber base on this structure not only has a low 
natural frequency but also has the ability of vibration absorption in 
multiple directions. In Fig. 9, the stiffness varies with displacement 
in three different directions. The vibration absorber in the X and Z 
directions has the properties of high static stiffness and low dy-
namic stiffness. The stiffness in the Y direction increases with the 
increase of displacement. It is found that the absorber has small 
stiffness in the Y and Z directions. The stiffness of the three di-
rections varies little in a small displacement interval, so a stable 
vibration absorption frequency can be obtained during working.

The vibration absorber is fixed on a curved vibrating rigid body 
to observe the dynamic response. The simulation was carried out 
by changing the direction of the vibration signal, and the signal 
amplitude was 0.5 N, as shown in Fig. 10. Fig. 11 (a) shows the 
dynamic response of applying force excitation in three directions. 
The Y and Z directions with lower stiffness of the absorber have 
lower natural frequencies than the X direction. When the vibration 
absorber is excited in three directions, the dynamic response is the 
4

superposition of the response in the other three directions. Indicat-
ing that the vibration absorber can work in multiple directions and 
can absorb the vibration of multiple frequencies.

The working frequency of the vibration absorber can be de-
signed by adjusting the stiffness and mass. In Fig. 11 (b) and (c), 
the frequency domain response of the vibration absorber is shown 
by applying excitation in three directions after changing the mass. 
As the mass increases, the natural frequencies in all three direc-
tions of the system decrease.

5. Experiments

5.1. Vibration absorption experiment of the simply supported beam

The vibration absorption experiment of the simply supported 
beam is designed to verify the vibration absorption effect of low-
frequency vibration absorbers. As shown in Fig. 12. As the vibration 
source of the experiment, the simply supported beam is fixed on 
the bracket at both ends and connected to the vibration exciter by 
double-headed screws. The type of vibration exciter is DH40020. 
An acceleration sensor is fixed on the beam to measure the dy-
namic response. The acceleration sensor type is DH1A102E, and 
the sensitivity is 1.11 mv/m/s2. The surface bonded to the beam is 
used to install the vibration absorber module. A small acceleration 
sensor measures the vibration response signal of the vibration ab-
sorber at the upper end. The frequency response function of the 
vibration absorber is calculated to observe the vibration absorp-
tion effect. The type of the small acceleration sensor is DH132, 
and the sensitivity is 1.663 pc/g. The charge adaptor type of the 
small sensor is DH5857-1. The vibration excitation controller can 
change the signal output mode and power of the vibration exciter. 
The type of vibration excitation controller is DH1301. In this exper-
iment, the input of the simply supported beam is set to a sweep 
frequency signal of 10-300 Hz, and the power is 160 W. The accel-
eration acquisition system type is DH5922, which can collect the 
signal of multiple acceleration sensors. The controller for the ac-
celeration acquisition system can display and save these signals. 
By comparing the beam’s acceleration under unified vibration ex-
citation before and after the vibration absorber’s installation, the 
control effect of the absorber on the vibration can be obtained.

The dynamic response of the beam without vibration absorbers 
under the excitation of a 10-300 Hz sweep signal is shown in 
Fig. 13. The beam has a fourth-order resonance when the fre-
quency is less than 300 Hz, and the first-order resonance peak is 
about 39 Hz.
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Fig. 6. Nonlinear mechanical properties of different beams. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
Fig. 7. The micro-vibration absorbing module.

To reduce the vibration of the beam at the first natural fre-
quency, a vibration absorber with an appropriate frequency should 
be selected. The natural frequency of the vibration absorber can be 
calculated by changing the mass module and measuring the dy-
namic response curve of the vibration absorber. The comparison 
of natural frequency experimental results and simulation results is 
shown in Fig. 14. The natural frequency of the vibration absorber 
5

Fig. 8. Low frequency vibration absorber working force diagram.

decreases with the increase of the mass. Adjusting the mass, a 
vibration absorber with a natural frequency of 39 Hz can be ob-
tained. Three dynamic vibration absorbers are selected as shown 
in Fig. 15. The natural frequency of module I and module II is 41.5 
Hz, and module III is 37 Hz. Fig. 16 shows the comparison of the 
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Fig. 9. Stiffness of vibration absorber in three directions.

Fig. 10. Schematic diagram of excitation.

Fig. 11. Nonlinear mechanical properties of vibration absorber.
response signal in the time domain between the simply supported 
beam and the beam with vibration absorbers under the input of 
10-300 Hz sweep signal.

The vibration absorption experiment includes:
1. Testing the vibration absorption effect of multiple vibration 

absorbers with the same natural frequency.
2. Testing the vibration absorption effect of multiple vibration 

absorbers with different natural frequencies.
6

In Fig. 16 (a), the dark purple curve is the response of the 
beam after installing one vibration absorber with the natural fre-
quency of 41 Hz, and the light purple curve is the response of 
the beam with two vibration absorbers with the same 41 Hz fre-
quency. The installation of a vibration absorber with an appro-
priate natural frequency has a significant effect on the vibration 
decrease of beams. Multiple vibration absorbers with the same 
natural frequency can enlarge the frequency range of vibration re-
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Fig. 12. The vibration absorption experiment.
Fig. 13. The dynamic response of the simply supported beam.

duction and increase the efficiency of vibration reduction at the 
center frequency. In Fig. 16 (b), the light violet curve is the re-
sponse of the beam installed with two vibration absorbers with 
the frequency of 41 Hz, and the orange curve is the response 
installed with two vibration absorbers with 41 Hz and one vi-
bration absorber with 37 Hz. When installing three modules, the 
absorption of the vibration reduction is improved efficiently. The 
vibration absorbers with different natural frequencies are coupled 
with each other. Each vibration absorber acts independently at 
its own natural frequency which can broaden the frequency band 
of vibration absorption. The coupling effect between modules can 
further form a vibration pass band and gap band by artificial de-
sign.

Fig. 17 is the comparison of beam response in the frequency 
domain with multiple vibration absorbers. The response in the 
frequency domain can be further seen that when a single vi-
bration absorber is added, the vibration amplitude at natural 
frequency is reduced by about 88% and the peak value is re-
duced by 55.43%. When two vibration absorbers with the same 
frequency are added, the vibration decreases by 93% and in-
creases by 5% compared with one absorber, and the frequency 
band of vibration reduction expands by 48%. When three vibra-
tion absorbers of different frequencies are added, the frequency 
7

band of vibration reduction is further widened, and the vibra-
tion peak value is reduced by about 68%. The working efficiency 
of the vibration absorber is related to the number and nat-
ural frequency of the vibration absorber installed, as well as 
the vibration energy generated by the installation position. How-
ever, the scientific design of vibration absorber array arrange-
ment can realize low-frequency vibration reduction in a wide 
band.

5.2. Stirling cryocooler vibration absorption experiment

The vibration test equipment of the aviation Stirling cry-
ocooler is shown in Fig. 18. The vibration signal of the Stirling 
cryocooler is collected by acceleration sensors and the multi-
component dynamometer. Two computers control the micro-force 
acquisition system and acceleration acquisition system respec-
tively. Below the Stirling cryocooler is the multi-component dy-
namometer of KISTLER and the type is 9255 C. Its high reso-
lution enables the smallest dynamic changes in large forces to 
be measured. The dynamometer consists of four 3-component 
force sensors fitted under high preload between a base plate 
and a top plate. The measurement resolution is less than 0.01 
N.

Fig. 19 (a) is the overall structure of the Stirling cryocooler, 
which is divided into two parts: the compressor and the cold fin-
ger. Both parts are connected by pipe bending. One end of the 
compressor is equipped with a triaxial accelerometer, and one ac-
celeration sensor is installed at the cold finger to measure and 
analyze the acceleration signal of the vibration source. The Stir-
ling cryocooler is working under a 50 Hz-55 Hz excitation signal, 
which affects the effect of the chiller. During the working pro-
cess, the compressor and pipe are the main vibration source of 
the micro-vibration problem. Through the analysis of the frequency 
domain of the collected signals, the generated vibration signals 
mainly focus on the input signal frequency and its frequency dou-
bling.

The acceleration of the compressor and cold finger under 50 
Hz and 54 Hz excitation is shown in Fig. 20. The vibration iso-
lators around the compressor can limit the vibration of the com-
pressor to a certain extent. The vibration magnitude of the com-
pressor is smaller than that of the cold finger. The peak-to-peak 
value of the vibration acceleration is less than 1 m/s2. The vi-
bration in the y-direction of the compressor is weak. By mea-
suring the vibration acceleration in the y-direction of the up-
per end of the cold finger as shown in Fig. 20 (c), it can be 
determined that the vibration in this direction is mainly gen-
erated at the pipe bending. When the excitation frequency of 
the Stirling cryocooler is changed, the amplitude of the vibra-
tion signal also changes. Fig. 20 (c) shows that the amplitude 
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Fig. 14. Natural frequency of vibration absorber.
Fig. 15. The frequency domain response of vibration absorbers.

of vibration acceleration generated by pipe bending at 50 Hz is 
greater than 54 Hz. The peak-to-peak value of 50 Hz is about 1.4 
m/s2.

Fig. 21 shows the frequency domain analysis of the acceleration 
signal when the excitation frequency is changed. The vibration sig-
nal generated by the Stirling cryocooler is related to the excitation 
signal frequency. The energy is mainly concentrated in the exci-
tation signal frequency and its frequency doubling, and the signal 
component on the fundamental frequency is the largest when ex-
citation is 50 Hz.

It can be concluded that the main vibration frequency is also 
changed when changing the excitation. While the refrigeration ef-
fect of the refrigerator is better under the 50 Hz excitation than 
54 Hz, the actual power is about 50 W during working. Therefore, 
in the case of 50 W input power and 50 Hz input signal, a vibra-
tion absorber is installed for testing. After vibration signal analysis, 
install the vibration absorber at the connecting pipe, as shown in 
Fig. 19 (b).

In the passive state, the micro force of the Stirling cryocooler 
measured by the Multi-Component Dynamometer at 50 Hz is 
shown in Table 1. Table 2 is the force of the Stirling cryocooler 
with vibration absorbers. The difference between the data in Ta-
ble 1 and Table 2 shows that the vibration of the compressor in 
the y-direction is obviously weakened after the connecting pipe 
is installed with vibration absorbers. The micro-force decreased 
by 97%, from 0.118 N to 0.0035 N. The measured micro-forces 
in the three directions of the cold finger all decreased, from 
0.082 N to 0.0724 N in the x-direction, from 0.14 N to 0.0954 
8

Table 1
The micro force of the Stirling cryocooler.

Direcrion x y z

Compressor 0.187 N 0.118 N 0.0214 N
Cold finger 0.082 N 0.14 N 0.189 N

Table 2
The micro force of Stirling cryocooler with vibration 
absorbers.

Direcrion x y z

Compressor 0.204 N 0.0035 N 0.0247 N
Cold finger 0.0724 N 0.0954 N 0.0616 N

N in the y-direction, and from 0.189 N to 0.0616 N in the z-
direction.

The curves in Fig. 22 are the acceleration signals measured by 
the acceleration sensor installed at the top of the cold finger. The 
green and yellow curves are the contrast signals before and af-
ter the installation of the vibration absorbers. The time-domain 
signal is processed by 10-300 Hz band-pass filtering to filter out 
the interference to the experiment in the environment. The am-
plitude of acceleration decreases by 50% after vibration absorption 
in the full frequency band of 10-300 Hz. The vibration absorber 
acts on the 50 Hz fundamental frequency signal, and the vibra-
tion absorption efficiency can reach 68.364%. The force in three 
directions of the cold finger during vibration is less than 0.1 N 
by the micro force test with the aeronautical micro-vibration ab-
sorber. The installation of absorbers at the pipe can significantly 
reduce the vibration of the compressor in the Y direction, which 
is most disturbed by the pipe vibration. Make the vibration micro-
force of the equipment meet the requirements of the aviation in-
dex.

The above experimental results prove that the vibration ab-
sorber can control the low-frequency micro-vibration generated 
by precision instruments. As a subsystem attached to the main 
vibration system, it can meet the requirements of materials 
and installation space in precision experiments. By adjusting 
the structure parameters of the vibration absorber, the vibra-
tion reduction of linear spectrum signals with different fre-
quencies can be realized, which has flexibility in practical ap-
plication. The vibration absorber belongs to the passive vibra-
tion control method and has stability in aerospace and other 
fields.
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Fig. 16. Vibration absorption experiments.

Fig. 17. Vibration absorption experiments in frequency domain.

Fig. 18. The equipment of the Stirling cryocooler vibration absorption experiment.

6. Conclusions

In this paper, a vibration absorber for low-frequency micro-
vibration in aviation is developed based on a designable nonlin-
ear stiffness beam. The results show that through parameter ad-
justment of the beam can obtain ideal quasi zero stiffness and 
negative stiffness characteristics and implement free adjustable 
stiffness of low-frequency vibration absorber. The designed vi-
bration absorber significantly reduces the size and mass of the 
structure and improves the working stability. The experimental 
results show that the vibration in the working direction can be 
reduced by about 97% and the total power in the full frequency 
domain can be reduced by about 50% after installing the vibra-
tion absorber. The proposed vibration absorber has a potential 
application in the field of micro-vibration control of aerospace 
loads and provides a new idea for realizing low-frequency multi-
directional vibration control of components with nonlinear charac-
teristics.
9
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Fig. 19. The Stirling cryocooler structure.

Fig. 20. The time-domain signal (X is the direction of the pipe, Y is the direction of the cold finger, and Z is the vertical direction.)

Fig. 21. The frequency-domain signal (X is the direction of the pipe, Y is the direction of the cold finger, and Z is the vertical direction.)
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Fig. 22. Acceleration of the cold finger.
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