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Aiming at obtaining ultra-low kinematic stiffness and improving the isolation property of low frequency 
vibration, it is necessary to solve the coupling parameters and rated load of air negative pressure 
characteristics and rubber characteristics, in order to achieve an ideal elastic characteristic curve of air 
negative pressure spring. Firstly, the background and working principle of the negative pressure rubber 
isolation were introduced. In addition, the FEA model of isolator is built based on Mooney-Rivlin 
constitutive model of rubber. Furthermore, to testify the validity of the mathematical model, the static 
characteristic and simulation analysis of isolator are studied. The experimental data and characteristic 
curve of different negative pressure were obtained, the simulated results show a good agreement with 
those of corresponding experiments. Finally, they also illustrate the validity of the vibration isolation, 
which realizes better performance of low-frequency vibration isolation. 
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 Introduction 

It was always a difficult problem to solve the 
isolation and suppression of low frequency vibrational 
excitation, because the conventional passive isolation 
can not satisfy the requirements of low frequency 
vibration isolation [1-3]. The common rubber 
vibration isolator has a good vibration isolation result 
on the vibration frequency within the 5-6Hz range. 
However, the precision instruments or military 
products urgently needed vibration frequency below 
2Hz [4], it is necessary to develop a new vibration 
damping device with ultra-low frequency. 

It is the focus of many scholars' attention and 
research how to enhance the existing passive isolation 
of vibration device to make it have the characteristics 
of low-frequency or even ultra-low frequency 
vibration isolation. The vibration isolation effect is 
better when the stiffness minishes and the natural 
frequency diminishes. However, the low stiffness will 
lead to great deformation, and the vibration isolation 
system is easy to become unstable. Therefore, it is 
great significant to construct a vibration isolation 
system with low-frequency vibration isolation effect 
without affecting the load bearing capacity [5]. Li et al. 
[6] constructed a composite nonlinear low-frequency 
vibration isolation system by bonding the inertial 
structure with the classic ISD vibration isolator. Hu et 
al. [7] suggested two hybrid-damping models to design 
quasi-zero stiffness (QZS) isolator prototypes, and 
proved the isolator can provide a better isolation 
effect for low-frequency vibration, it is proved that the 
quasi-zero stiffness vibration isolation is much better 

than the traditional vibration isolation method by the 
theoretical derivation and simulation analysis. Tian et 
al. [8] presented a novel isolator structure which 
includes three spring HSLD isolators in each corner, 
the simulation results showed the proposed isolator 
achieved a remarkable effect on decreasing the peak 
transmission capacity in the low-frequency band. Wen 
et al. [9] presented a QZS isolator including viscous 
damper to enhance the anti-isolation capability of the 
T-QZS isolators, which can bear a large amplitude of 
excitation within the scope of vibration-isolation. A 
called WQZS isolator composed a pair of mutually 
repulsive magnet rings and a space-saving wave spring 
was designed, the dynamic model and experimental 
prototype both are proved its effectiveness [10]. Ye et 
al. [11] took the butterfly spring as a negative stiffness 
mechanism to use it in the quasi-zero stiffness 
vibration isolation structure. An elliptical ring is 
adopted to carry out a HSLD vibration isolation, and 
studied the effects of the eccentricity to the vibration 
isolation effect. [12]. Navazi et al. [13] analysed an 
unbalanced rotor fixed on HSLDS support and 
research its vibration and stability. Nonlinear damping 
can increase the capabilityper of QZS isolators and 
recognize complex behaviors [14-15]. 

Although these methods can significantly cut 
down the system natural frequency, most of them 
have the disadvantages of complex structure, large 
occupation area, expensive, and require additional 
control system, large energy consumption and others. 
It is difficult to be widely used in practical projects, 
therefore it is essential to design a new-style low 
frequency vibration isolator. [19-21] 
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The remainder of the paper is organized as follows: 
Section 2 presents the structure and modelling of the 
suggested isolator. Section 3 introduces the effects of 
configuration parameters on different negative 
pressure. Difference matching for stiffness and 
negative pressure of the isolator is discussed in Section 
4. Finally, conclusions are summarized and the future 
work is explored in Section 5. 

 Materials and Methods 

 The principle of negative pressure rubber 
isolator 

The bellows type negative pressure air vibration 
isolator is mainly composed of cord-rubber composite 
air bag, upper and lower force panel, inner and outer 
balance support parts, fixed connection parts, etc. The 
cord-rubber composite air bag consists of inner and 
outer sealing tube, cord and vulcanized rubber 
coating. The sealing layer mainly provides a state of 
negative pressure or vacuum for the sealed chamber. 
The inner balance support parts maintain the initial 
lateral stability to prevent the rubber from shrinking 
due to the action of negative pressure, it will avoid 
decreasing the volume of the negative pressure 
chamber. The cord and vulcanized rubber coating are 
the main loaded parts. For the sake of the chamber 
presents a negative pressure state, the external 
atmosphere pressure will act on the structural shell. 
The structure schematic drawing of isolator is given as 
Fig. 1. 

 

Fig. 1 The Structure Schematic Drawing of Isolator 
 
If only considering the stiffness characteristics 

under negative air pressure, the initial stiffness is large, 
and gradually decreases and approaches zero with the 
increase of displacement. However, if only 
considering the shell of rubber air bag, when the 
deformation is small, the rubber shell only appears 
bending deformation, and its stiffness is small, but 
when the deformation is too large, the rubber shell 
presents tensile and bending combined deformation, 
and its stiffness increases rapidly. The two cases do the 
opposite, both have their advantages and 
disadvantages. The former cannot be sealed for a long 
time and has poor impact resistance, while the latter 
has strong impact resistance and insufficient bearing 
capacity. Therefore, it is the most significant how to 
combine the two cases effectively and achieve 

mutually complementary advantages. It is expected 
not only to obtain very low stiffness close to the 
equilibrium position, but also obtain very low natural 
frequency so as to improve the effectiveness of low-
frequency vibration isolation. Meanwhile, when the 
deformation is too large, the system will not produce 
too large deflection. It will improve the impact 
resistance of the system. It is shown as Fig. 2. 

 

Fig. 2 Displacement and Load Curve of Different Medium 
Isolator 

 Mathematical models of negative pressure 
rubber isolator 

The bellow bot of negative pressure rubber isolator 
is made of rubber composition for coating cords by 
vulcanizing. For the sake of studying the 
characteristics of bellow bot, the hyper-elastic 
constitutive model of rubber was established as 
follow. Due to the complex molecular properties, 
geometry and material nonlinear properties of rubber, 
the stress-strain relationship is complex and the 
deformation is reversible, it is difficult to describe it by 
accurate mathematical model. The continuum 
mechanics is one of the most effective methods. The 
Mooney-Rivlin model is employed to research the 
rubber material [9]. The deformation energy of 
Mooney-Rivlin model can be expressed: 

 (1) 

 (2) 

 (3) 

 (4) 

 (5) 

Where: 
U…Deformation energy [J], 
I1,I2,I3…Strain invariants of rubber [-], 

i
λ …Principal stretch ratio, i=1,2,3 [-], 

i
ε …Strain in three main directions, i=1,2,3 [-]. 
Take the axis direction as the main direction, 

because the rubber is the homogeneous and 
incompressible material. It can be assumed the  
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uniaxial elongation in tensile direction 1
λ λ= , then 

the other two directions can be expressed 

λ λ λ−= = 1
2 3 . 

 (6) 

It can be deduced by Equation (1) 

 (7) 

Where: 
( )f x …Deviatoric energy function of strain [J], 

( )g x …Deviatoric energy function of volumetric 
strain [J], 

J…Coefficient of compressible material [-]. 
The expression of the deformation energy can be 

transformed into Equation (8) by deriving Equation 
(7) using Taylor's expansion. 

 (8) 

Where: 

ijC …Expansion coefficient, i,j=0 or 1 [-], 

iD …Model constant [-], 
N…Polynomial order [-]. 
If N=1 in Equation (8), it is the Mooney-Rivlin 

model. Equation (8) can be expressed Equation (9): 

 (9) 

Under the Mooney’s premise of satisfying the 
homogeneous and incompressible of rubber, the small 
deformation of simulated rubber, Equation (9) can be 
simplified to Equation (10): 

 (10) 
Where: 

10
C and 01

C …Constitutive parameters of the 
material of Mooney-Rivlin model [-]. 

They are the positive definite constant [10], then 
the properties of rubber materials can be simulated 
well  

small and medium strain conditions. 
The real stress t

σ  and strain t
ε can be calculated by 

the nominal stress n
σ and nominal strain t

ε : 

 (11) 

 (12) 

The value of 10
C , 01

C and iD  can be obtained by 
experimental data fitting. The parameters in this study 
are selected as follows: 10

3.4=C MPa , 01
0.78=C MPa ,

1
0=D . 

 Discussion of results 

 Simulation and analysis 

The three-dimensional model and finite element 
model of negative pressure rubber isolator is shown as 
Figs. 3 and 4. The main specifications of the isolator 
are given as Table 1. 

 

Fig. 3 Three-dimensional Model of Negative Pressure Rubber 
Isolator 

 

Fig. 4 Three-dimensional Finite Element Model of Negative 
Pressure Rubber Isolator 

Tab. 1 The Main Specifications of Isolator 
Parameters Value 

Young’s modulus 210 GPa 
Poisson’s ratio 0.3 
Direction angle ± 450 
Design height 55 mm 

Maximum diameter 180 mm 
Thickness of vulcanizing layer 7 mm 

Effective tensile height 40 mm 
Maximum working temperature 60 °C 
 

When the stiffness characteristic of the negative 
pressure air isolator is calculated, the 6 degrees of 
freedom of upper force panel are constrained to make 
certain that the negative pressure air isolator is still in 
the natural state. The rigid contact was used for 
contact analysis. The 496 units of shell element (S4R) 
is adopted to calculate the rubber air bag. The 88 units 
of surface element (SFM3D3) is adopted to calculate 
the upper and lower force panel. The surface-based 
fluid cavities are employed to compute the cavity of 
isolator. 
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The initial pressure of the cavity is defined by the 
method of step loading in the finite element model, 
the initial pressure of the cavity is set 16.33kPa, it is 
the same as -85kPa negative pressure applied. During 
the analysis step of loading, the longitudinal degree of 
freedom of upper force panel is free. The upper force 
panel is applied 10kN load and the lower force panel 
remains full restraint. According to the testing method 
in the national standards GB/T15168-2013, the 
vacuum treatment is adopted to reduce the cavity 
pressure of the physical model of negative pressure 
rubber isolator. The cavity pressure remains about 
16.33kPa, then the static experiments have been 
carried out on WDW-100 electronic universal testing 
machine and the data of load and displacement are 
obtained. The experimental system is shown in Fig. 5. 
The simulation results and the experimental data are 
indicated in Fig. 6. 

 

Fig. 5 Experimental system 
 

 

Fig. 6 Experimental and Simulation Characteristic Curves 
(1-Experimental data; 2-Simulation data) 

 
According to the results obtained, the 

experimental text curve is compared with result of 
finite element simulation. They are very accordant 
within 30mm the working stroke. With the increase of 

travel, the two curves appear deviation, but the trend 
of the two curves maintains a good consistency, as 
shown in Fig. 6. It is verified the correctness of finite 
element model. The stiffness of the characteristic 
curve is near to zero when the working stroke is 22.5-
32.5mm, it indicates that the negative pressure air 
isolator can obtain quasi-zero stiffness characteristics 
under this stroke. The operating range of rated load 
range can be defined within 22.5-32.5mm and the 
rated working load is close to 2kN. Based on it, a low 
vibration frequency can be guaranteed. Further 
analysis reveals that 0-20mm range can be regarded as 
the static load stage, then the curve stiffness increases 
rapidly, which indicates the impact resistance is 
greater. 50-60mm range can be defined the impact 
resistant working area.  

According to the calculation model in Fig. 4, 
different pressures were applied to the negative 
pressure cavity respectively, and the load-
displacement characteristic curves under different 
pressure of the negative pressure cavity were obtained, 
as shown in Fig. 7. The stepped loading method is 
adopted. Firstly, 30kPa, 45kPa and 60kPa negative 
pressure are applied to the negative pressure cavity, 
and then 10kN load is applied respectively. The 
nonlinearity of the three curves is very large, all of 
them showed a trend of rising first, then flattening, 
and finally rising sharply. The principle is consistent 
with the low-frequency vibration isolation in Fig. 2. 
The characteristic curve becomes smoother in the 
working stage with the increasing negative pressure 
value, and the carrying capacity is greater. Meanwhile, 
the numerical curves of the negative-pressure cavity 
pressure with time are shown in Fig. 8 during the 
tensile testing. The negative-pressure cavity pressure 
began to drop rapidly and then be steady. Fig. 9 
illustrates the numerical curves of the negative-
pressure cavity pressure with the tensile displacement. 
With the increasing of tensile displacement, the 
negative pressure rises rapidly and presents a high 
degree of nonlinearity. 

 

Fig. 7 Load-displacement curves under different negative 
pressure (1.p0=30kPa, 2.p0=45kPa, 3.p0=60kPa) 



December 2023, Vol. 23, No. 6 MANUFACTURING TECHNOLOGY 
ISSN 1213–2489

e-ISSN 2787–9402

 

indexed on http://www.webofscience.com and http://www.scopus.com 1010  

 

Fig. 8 Pressure-time curves under different negative pressure 
(1.p0=30kPa, 2.p0=45kPa, 3.p0=60kPa) 

 

Fig. 9 Pressure-displacement curves under different initial 
pressure (1.p0=30kPa, 2.p0=45kPa, 3.p0=60kPa) 
 
Simulation results show that the load in the static 

load stage will increase with the increases of negative 
pressure value, when the working stage is reached, the 
negative pressure cavity bears the main load. The 
bending deformation of the rubber bellow in the first 
two stages begins to transform to tensile deformation. 
Then the rubber bellow bears the main load. 

From what has been mentioned above, the 
pressure of negative pressure cavity has a direct impact 
on the stiffness characteristics, which indicates that 
the higher the negative pressure value, the smaller the 
stiffness in a reasonable range. The coupling between 
the negative pressure cavity and the rubber forms a 
highly nonlinear characteristic curve.  

It can be concluded that when only bending 
deformation occurs, the negative pressure cavity bears 
the main load, the QZS characteristics can be 
acquired, and the effectiveness of ultra-low frequency 
vibration isolation can be achieved. 

 Discussion 

Based on the above simulation, the presented 
vibration isolator is seen to be more effective than the 
existing methods [16-18]. The active control is of 
advantage in adjusting the equivalent stiffness and 
damping of the system and can be employed to 
increase the vibration isolation capability, a means of 

active isolation [16] which adopted the controllable 
electromagnetic suspension was studied to widen the 
isolation frequency range and enhance the isolation 
capability within the scope of ultra-low frequency. Liu 
et al. [17] presented a novel elastic origami-inspired 
structure with characteristics of QZS to achieve 
obvious low-frequency vibration isolation capability, 
the effective isolation frequency was below 2 Hz. Han 
et al. [18] designed a Kresling origami inspired isolator 
which can effectively control the multiple direction 
vibration, it revealed full-band frequency vibration 
isolation for comparatively weak incentives based on 
its nonlinearity. The simulation results showed that 
the capability of vibration isolation in the low-
frequency range was superior, but the presented 
structure should be adjusted the parameters m, l, and 
α to fit for the different applications. However, those 
systems or structure were usually complex, result in 
inconvenient adjustment and maintenance. The 
presented method extended the existing methods, the 
research results will be very helpful for the 
improvement of vibration isolation characteristics, 
and for the design of vibration isolator. 

 Conclusions 

The study proposed a new concept of bellow type 
negative pressure rubber vibration isolator, the 
following statements could be obtained. 

• (1) Basing on the unique features of negative 
pressure and the better elastic property of 
rubber, the bellow type negative pressure 
rubber vibration isolator is presented.  

• (2) The system mathematical model is 
established to analyse the mechanical 
properties. The theoretical analysis and 
experimental result reach a good agreement 
by using the negative pressure vibration 
isolation theory. The characteristic curves 
outputted by the experiment further verified 
the proposed approach is both effective and 
feasible. 

• (3) The proposed vibration isolation method 
realizes better performance of low frequency 
vibration isolation. It can set a reference to 
design and analysis the ultra-low frequency 
vibration isolation in engineering field. 

This project has done some research work in the 
structural design, simulation analysis, test verification 
and other aspects of the negative pressure rubber 
vibration isolator, and has initially achieved relatively 
ideal scientific research results. However, limited by 
the existing manufacturing process and experimental  
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testing equipment, it has not been able to achieve the 
purpose of quantitative production and even direct 
application. As future work, two issues must be 
addressed: 1) how to initially form a set of theories and 
methods of design the negative pressure rubber 
vibration isolator; and 2) how to further improve the 
processing technology and detection of the negative 
pressure rubber vibration isolator. For the former, one 
may use the similarity design philosophy to handle the 
vibration isolation in the engineering field. For the 
latter, one could attempt to realize product seriation 
and design standardization to meet different 
engineering requirements. In addition, the 
performance of negative pressure rubber vibration 
isolator in other metrics (i.e., destructive tests and air 
tightness) will be investigated further. 
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