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Abstract 

The pneumatic vibration isolator (PVI) plays an increasingly important role in precision manufacturing. In this paper, 
aiming to detect the performance of the pressure regulator in the PVI system, a PVI testing system with a pressure 
regulator is designed and developed. Firstly, the structure of the pneumatic spring is presented and analyzed, and the 
nonlinear stiffness is obtained based on the ideal gas model and material mechanics. Then, according to the work-
ing principle and continuity equations of ideal airflow, a dynamic model of the PVI system with a pressure regulator 
is established. Through the simulation analysis, the vibration isolation performance is improved with the efficient and 
precise pressure regulator. The average values of both the vibration velocity and transmission rate decrease when 
the vibration is set to 4, 10, 20 and 40 Hz, respectively. The experiments demonstrate the reliability and effectiveness 
of the pressure regulator. This achievement will become an important basis for future research concerning precision 
manufacturing.
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1  Introduction
In recent years, vibration isolation technology plays an 
increasingly important role in precision manufacturing 
[1, 2], precision instruments [3, 4] and automatic sus-
pension [5–7]. Compared to other vibration isolation 
devices, the pneumatic vibration isolator (PVI) has the 
advantages of low natural frequency [8], variable stiff-
ness rate [9], long life and high energy storage [10, 11]. 
For the precision industry, especially optical equipment 
[12], the pneumatic vibration isolation platform system 
is usually supported by several PVI to attenuate vibration 
transmitted from the vibration source to the platform. 
The passive PVI is a simple method for high frequency 
vibration isolation. The stiffness could be changed with 
the payload, and the PVI model is widely analyzed, such 
as the Nishimura model [13], Simpack-based model [14], 
Vampire-based model [15], and the Berg model [16, 17].

The passive PVI usually maintains high vibration iso-
lation performance for vibration disturbances above 
10 Hz, but below 10 Hz vibration isolation performance 
will decrease and resonance will occur near the system’s 
natural frequency [18]. Active PVI keeps the system sta-
ble by using precision servo valves to control the gas in 
and out of the air spring [19–22]. However, these preci-
sion pneumatic servo systems are usually very expensive. 
In addition, many vibration isolation platforms operate at 
frequencies greater than the system’s natural frequency. 
Therefore, to reduce costs, the stabilizing effect of the 
pressure regulator on vibration-induced pressure changes 
in the air spring cavity is considered in low-frequency 
vibration control. The pneumatic pressure regulator takes 
compressed gas as the working medium to convert the 
high pressure at the inlet into the low pressure at the out-
let and maintains the stability of the outlet pressure. The 
pressure regulating principle is that the air flows through 
the opening of the valve core to throttle and depressur-
ize. When the upstream input gas pressure fluctuates or 
the flow of the pressure regulator changes, the function 
of the pressure regulator is realized by keeping the valve 
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opening at a certain opening relying on the feedback 
regulation of the pressure regulator itself. As a basic part, 
the engineering application level of the pressure regula-
tor is much higher than the level of theoretical research. 
Hos et  al. [23] established a mathematical model of a 
spring-load pressure relief valve and proved that the 
simplified models can predict the occurrence of flutter 
instability in oscillation valves. Prescott et  al. [24] built 
several models to represent the behaviour of pressure 
regulators, then, the scope and effect of the model are 
analyzed. Kato et al. [25] designed a high precision, quick 
response pneumatic pressure regulator which consists of 
an isothermal chamber, a servo valve, a pressure sensor, a 
quick response laminar flow sensor (QFS), and a pressure 
differential sensor. Wang et al. [26] designed an accurate 
self-tuning pressure regulator for pneumatic-pressure-
load systems. The dynamic characteristics of pneumatic 
proportional regulator in pneumatic loading system were 
also analyzed [27].

In order to verify the reliability and effectiveness of the 
pressure regulator, the structure of the pneumatic spring 
is presented and analyzed, and the nonlinear stiffness is 
obtained based on the ideal gas model [28, 29], and finite 
element method [30, 31]. Then, according to the work-
ing principle and continuity equations of ideal air flow, a 
dynamic model of the PVI system with the pressure regu-
lator was established. The simulation under the Simulink 
environment is applied to analyze the performance of the 
pressure regulator. The PVI testing system with a pres-
sure regulator is designed and developed to verify the 
results of the simulation. Finally, a summary of the results 
and conclusions is presented.

2 � Pneumatic Vibration Isolation System
2.1 � Structure Parameters of the Pneumatic Spring
The structure of the pneumatic spring is presented as 
shown in Figure 1. It is comprised of a fixed bogie, a mov-
ing platform, an air chamber, an air inlet and a rubber 

connector. The fixed bogie is a rigid part connected with 
the vibration platform by the flange. The moving plat-
form is also a rigid component to support the loads from 
the isolation platform. The rubber connector connects 
the moving platform and the fixed bogie, which performs 
a conical surface. The air chamber is an envelope space 
surrounded by the fixed bogie, rubber connector and 
floating platform. The air inlet is a hole in the fixed bogie 
for air pressure adjustment.

2.2 � Parameters of the Pneumatic Spring
Vertical stiffness is important for the dynamic character-
istic of the pneumatic spring. As can be seen in Figure 1, 
L1 is the length of the air chamber, D1 and dm stand for 
the outer and inner diameters of the rubber connector, 
and lm is the length of the floating displacement inside the 
air chamber. H denotes the floating height. The stiffness 
model is a parallel combination of two parts: the stiffness 
model of internal compressed air and the stiffness model 
of the rubber connector. In a sealed container, the ideal 
gas equation is shown as Eq. (1). 

 where � is the polytrophic coefficient. If the internal tem-
perature is constant, then � = 1. If part of the gas cannot 
complete the heat exchange process within a short time 
or there is not much heat exchange and it is regarded as 
an adiabatic process, then � is recorded as 1.4. The vol-
ume of the air spring could be divided into two parts: the 
constant part and the variable part. The constant part 
could be calculated as:

As can be seen in Figure 2, the volume of the air cham-
ber changes with the floating height H. The variable part 
could be approximately calculated as:
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Through the integral, the variable volume could be sim-
plified as:

The total volume could be calculated as:

In order to analyze the relationship of the parameters, 
new indexes ε1, ε2 are introduced in the model. ε1= dm/
D1, ε2 = lm/L1. And Eq. (5) could be simplified as:

The derivative of the pressure Pg concerning the height 
H could be derived from Eq. (1), and the derivative is 
obtained as:

The force produced by the pneumatic spring could be 
described as:

where P0 is the pressure of the atmosphere. In this 
pneumatic spring model, the effective area is defined as 
Aef = πD1

2
/

4 . Referring to Eqs. (7) and (8), the stiffness 
of the air can be expressed as:

2.3 � Parameters Model of the Rubber Connector
The vertical elastic stiffness of the rubber kx could be ana-
lyzed based on the finite element. In the pneumatic spring 
structure, rubber shapes a conical surface. It is assumed that 
the rubber material presents a smooth characteristic. Based 
on the finite element analysis, the rubber connector could 
be divided into small elements. As shown in Figure 3, a rub-
ber connector is a composition of the parallel element rub-
ber stick. Each stick could be recognized as a series of rubber 
pieces. The elastic stiffness of the rubber connector is a series 
and parallel structure of the rubber pieces.

It is assumed that the rubber material presents a 
smooth characteristic. Based on the material mechanics, 
the stiffness of the rubber can be integrated as:
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where E denotes Young’s modulus of the rubber, L means 
the elongation length of the rubber and H = L sin α , δ is 
the thickness of the rubber. Through integral, the stiff-
ness of the rubber could be calculated as:

It is assumed that h0 is the activating length of the rub-
ber spring, which is 10  mm. The rubber spring will not 
work if the parameter H does not reach h0. Thus, the stiff-
ness of the pneumatic spring can be determined from the 
aforementioned equations as Eq. (12).

2.4 � Natural Frequency Analysis of the Testing System
Based on the dynamic analysis, this is the free vibration 
of the coulomb damping system. Coulomb damping has 
no effect on the natural frequency of the simple harmonic 
vibration, the natural frequency would be obtained as:

where k is the stiffness of the system, and could be 
expressed as:
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Figure 3  The parameter model of the rubber connector
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2.5 � Vibration Transmission Rate Analysis
The vibration isolation effect of a nonlinear vibration 
isolation system is evaluated using its transmission rate, 
which is defined as the ratio of corresponding vibration 
energy before and after the vibration isolation system 
[32]. The expression can be presented as:

where E
[

ẋ2
]

 and E
[

ẋ2b
]

 denote the mean square of the 
frame and pavement velocity.

A schematic diagram of the pneumatic vibration isola-
tion using a pressure regulator is shown in Figure 4. The 
compressor provides enough high-pressure gas, and the 
stabilized gas cylinder stabilizes the air pressure output 
by the air compressor to eliminate the effect of motor and 
environmental changes on the air pressure. Subsequently, 
the compressed air enters the new air spring through the 
pressure regulator, relying on the pressure stabilization 
effect of the pressure regulator to reduce the vibration 
generated by the exciter and realize the vibration isola-
tion of the load.

3 � Model of Pressure Regulator
3.1 � Structure of the Pressure Regulator
As shown in Figure 5, the diaphragm pressure regulator 
mainly includes the following parts: pressure regulating 
spring, relief hole, diaphragm, main spool and main spool 
spring. The working principle of the diaphragm pressure 
regulator is as shown in Figure 5.

The pressure regulating spring is compressed to push 
the diaphragm down, and the main spool is open. The 
inlet pressure p1 is throttled and depressurized through 
the orifice. Output pressure p2 rises and generates an 
upward thrust on the diaphragm. When this thrust is bal-
anced with the force of the pressure regulating spring, 
the outlet pressure will stabilize at a certain value. The 
balance function could be calculated as:

where F1 is the pre-force of the pressure regulating 
spring, F2 is the pre-force of the main spool spring, S1 is 
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√
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/E
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,

(16)F1 + S2p2 = S1p2 + S2p1 + F2,

the area of the diaphragm, and S2 is the area of pressure 
regulator inlet port.

When setting the pressure (rotary adjustment thread), 
the main spool opening x1 is 0, the flow through the pres-
sure regulator is 0, and the outlet pressure can be derived 
as:

The pressure rises instantaneously by Δp1, the out-
let pressure also rises, and the thrust acting on the dia-
phragm increases by Δp2. The diaphragm moves up and 
compresses the pressure regulating spring by Δx. If the 
outlet pressure reaches the set threshold, the overflow 
will flow through the relief hole in the middle of the 
diaphragm. The outlet pressure drops back until a new 
balance reaches. The new balance function could be cal-
culated as:

Referring to Eqs. (16) and (17), the increased pressure 
Δp2 could be calculated as:

3.2 � Airflow of the Pressure Regulator
The flow of the valve is determined by the inlet pres-
sure pi and outlet pressure p0. The ratio p0/pi in differ-
ent cases determines the different airflow equations with 
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restriction and could be indicated in the continuity equa-
tions of ideal airflow:

where Sep means the effective area of the pneumatic 
intake and exhaust port, mm2; κ stands for specific heat 
ratio; and Ti means the upstream side temperature, K.

4 � Design of the Pneumatic Spring Testing System
4.1 � Simulation Analysis of the Vibration Isolation System
The dynamic model of the vibration isolation system with 
pressure regulator could be established in Figure 6. The 
main spool opening affects the area of the inlet port. The 
area of the valve inlet port could be calculated as:

For the relief part, S0 is the area of the relief port. Based 
on the dynamic model, the simulation of the testing sys-
tem is established under Matlab/Simulink environment. 
The initial parameters of the pneumatic spring are pre-
sented in Table 1.

In the simulation, five computing modules are estab-
lished, which are pressure regulator model, pneumatic 
spring dynamic model, rubber stiffness model, transmis-
sion rate analysis and pressure regulator. The evaluating 
values such as vibration velocity, pneumatic pressure of 
the spring and transmission rate are the outputs of the 
system.

The payload is set as 30  kg, and the amplitude of the 
vibration is 5  mm. The pressure regulator system and 
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without pressure regulator system are simulated with the 
same conditions respectively. From Ref. [33], the ideal 
air pressure is set as 0.16  MPa. In order to analyze the 
pressure influence, the setting pressure of the pneumatic 
and input pressure are respectively set as 0.16 MPa and 
0.2 MPa with the pressure regulator. For another system, 
the initial pressure is set as 0.16 MPa. In the first simula-
tion, the frequency of the signal is set as 4 Hz. The simu-
lation time is 5 s, and the simulation results are shown in 
Figure 7.

As can be seen in Figure  7, the pressure inside the 
pneumatic spring shows smooth performance with the 
pressure regulator. The maximum pressure fluctuation is 
0.063 MPa without a valve and 0.023 MPa with the valve 
respectively. The mean range velocity of the isolation is 
0.71 mm/s without a valve and 0.51 mm/s with the valve. 
The stable transmission rate is 226% without a valve and 
191% with the valve respectively.

In the second simulation, the frequency of the signal is 
set as 10 Hz, shown as Figure 8. The pressure inside the 
pneumatic spring shows smooth performance with the 
pressure regulator. The maximum pressure fluctuation is 
0.047 MPa without a valve and 0.025 MPa with the valve 
respectively. The mean range velocity of the isolation is 
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Figure 6  The dynamic analysis of vibration isolation system with pressure regulator

Table 1  Initial parameters of the pressure regular

Parameters Description Values

d2 (mm) Diameter of the pressure regular inlet port 6

d1 (mm) Diameter of the diaphragm 18

d0 (mm) Diameter of the pressure regular relief port 2

So (mm2) The area of the exhaust port 12.57

k1 (N/mm) The stiffness of pressure regulating spring 1.5

k2 (N/mm) The stiffness of main spool spring 12
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0.25  mm/s without a valve and 0.20  mm/s with valve. 
The stable transmission rate is 32.4% without a valve and 
28.3% with the valve respectively.

In the third simulation, the frequency of the signal is 
set as 20 Hz, shown in Figure 9. The pressure inside the 
pneumatic spring shows smooth performance with the 

0 1 2 3 4 5
1.2

1.4

1.6

1.8

2 105

0 1 2 3 4 5
-0.5

0

0.5

0 1 2 3 4 5
0

50

100

150

200

250

0 1 2 3 4 5
1

1.2

1.4

1.6

1.8 105

0 1 2 3 4 5
-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0 1 2 3 4 5
0

50

100

150

200

250

300

Time(s)Time(s) Time(s)

Time(s)Time(s) Time(s)

Ve
lo

ci
ty

 (m
m

/s
)

Ve
lo

ci
ty

 (m
m

/s
)

Pr
es

su
re

(P
a)

Pr
es

su
re

(P
a)

Tr
an

sm
is

si
on

 r
at

e
(%

)
Tr

an
sm

is
si

on
 r

at
e

(%
)

(a) Simulation  valve

(b) Simulation with  valve

without

Figure 7  Simulation results comparison of pressure, velocity and transmission rate under 4 Hz vibration

0 1 2 3 4 5
1.3

1.4

1.5

1.6

1.7

1.8

1.9 105

0 1 2 3 4 5
-0.4

-0.2

0

0.2

0.4

0 1 2 3 4 5
0

10

20

30

40

0 1 2 3 4 5
1

1.2

1.4

1.6

1.8 105

0 1 2 3 4 5
-0.4

-0.2

0

0.2

0.4

0 1 2 3 4 5
0

20

40

60

80

Time(s)Time(s) Time(s)

Time(s)Time(s) Time(s)

vibration
isolation

vibration
isolation

Ve
lo

ci
ty

 (m
m

/s
)

Ve
lo

ci
ty

 (m
m

/s
)

Pr
es

su
re

(P
a)

Pr
es

su
re

(P
a)

Tr
an

sm
is

si
on

 r
at

e
(%

)
Tr

an
sm

is
si

on
 r

at
e

(%
)

(a) Simulation without  valve

(b) Simulation with  valve
Figure 8  Simulation results comparison of pressure, velocity and transmission rate under 10 Hz vibration



Page 7 of 11Shi et al. Chinese Journal of Mechanical Engineering          (2022) 35:128 	

pressure regulator. The maximum pressure fluctuation is 
0.044  MPa without valve and 0.025  MPa with the valve 
respectively. The mean range velocity of the isolation is 
0.21 mm/s without valve and 0.18 mm/s with valve. The 
stable transmission rate is 14.9% without a valve and 
13.2% with the valve respectively.

In the fourth simulation, the frequency of the signal 
is set as 40 Hz, shown as Figure 10. The pressure inside 
the pneumatic spring shows smooth performance with 
the pressure regulator. The maximum pressure fluctua-
tion are 0.044 MPa without valve and 0.025 MPa with the 
valve respectively. The mean range velocity of the isola-
tion are 0.19  mm/s without valve and 0.16  mm/s with 
valve. The stable transmission rate are 7.9% without valve 
and 5.2% with the valve respectively.

From the simulations above, as can be seen in Fig-
ure  11, the following conclusions can be drawn. ① The 
pressure regulator can improve the stability of air pres-
sure and reduce the vibration velocity and transmission 
rate in the spring chamber with 4, 10, 20 and 40 Hz vibra-
tion frequency. ② The pressure regulator performs better 
in low frequency vibration. ③ The pressure regulator in 
the system could not isolate the low frequency vibration 
such as 4  Hz vibration. Based on the natural frequency 
analysis, the natural frequency of the experimental sys-
tem is around 4 Hz, and the vibration is amplified by the 
vibration isolation system.

5 � Comparison Between Simulation 
and Experiment of the Testing System

5.1 � Scheme of the Experiment System
The pneumatic vibration isolation testing system is 
shown in Figure  12. Payload stands for the effective 
mass above the platform, and pressure regulator is a 
control component of the vibration isolation system. 
An accelerometer is applied to measure the data of the 
source and vibration isolation platform. As the main 
vibration damping element, the gas spring acts between 
the vibration source and the table. Exciters are used to 
simulate random vibration sources in the environment. 
A fixed frame is used to support vibration and isolation 
platform. Two linear bearings ensure that the transitive 
vibration direction is vertical. The vibration platform 
and isolation platform are detected to prove the perfor-
mance of the pneumatic spring. Besides, air compres-
sors and regulator bottles, as well as some pneumatic 
ducts, are used to provide air with stable pressure and 
transmission pressure.

The testing system could realize the parameter detec-
tion of under multi-band frequency. The air pressure of 
the spring and the frequency of the stimulated vibration 
are variable. The system could test the performance of 
the springs under different conditions.
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5.2 � Result and Discussion
The payload ranges from 10 to 50 kg with step size 10 in 
the pneumatic vibration isolation testing system. From 
Ref. [34], 10 and 50 kg payloads are analyzed, and 30 kg 

performs the most stable under the vibration from 20 to 
100 Hz. In the experiment, the payload is set as 30 kg, 
and the vibration frequency is set as 4, 10, 20 and 40 Hz 
respectively. The condition of the experiment fits that 

0 1 2 3 4 5
1.3

1.4

1.5

1.6

1.7

1.8

1.9 105

0 1 2 3 4 5
-1.5

-1

-0.5

0

0.5

1

1.5

0 1 2 3 4 5
0

2

4

6

8

0 1 2 3 4 5
1

1.2

1.4

1.6

1.8 105

0 1 2 3 4 5
-1.5

-1

-0.5

0

0.5

1

1.5

0 1 2 3 4 5
0

5

10

15

20

Time(s) Time(s) Time(s)
(b) Simulation with valve

Time(s) Time(s) Time(s)
(a) Simulation without valve

Pr
es

su
re

(P
a)

V
el

oc
ity

(m
m

/s
)

T
ra

ns
m

iss
io

n
ra

te
(%

)

Pr
es

su
re

(P
a)

V
el

oc
ity

(m
m

/s
)

T
ra

ns
m

iss
io

n
ra

te
(%

)

vibration
isolation

vibration
isolation

Figure 10  Simulation results comparison of pressure, velocity and transmission rate under 40 Hz vibration
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of the simulation. Based on the integral of the accelera-
tion, the velocity comparison is presented as Figure 13. 
The transmission rate comparison is shown in Fig-
ure 14. With the pressure regulator, the stable transmis-
sion rates are 331.1%, 43.3%, 3.6% and 2.9% under 4, 10, 
20 and 40 Hz respectively. Compared with the simula-
tion result, the results of the experiment are as follows.

(1)	 From the transmission rate results under 4, 10, 20 
and 40 Hz, the pneumatic spring proves to be effec-
tive under the high vibration frequency. For low-
frequency vibration such as 4  Hz, this pneumatic 
spring loses effectiveness. The experimental results 
agree with the simulation results.

(2)	 Compared with the simulation results, the experi-
ment results show more efficient under the high 
frequency vibration, and less efficient under the low 
frequency vibration. The reason might due to the 
damping of the linear bearing.

(3)	 Adding a pressure regulator, the high-frequency 
vibration is slightly better than the passive effect. 
But if the pressure of the pressure regulator is not 
adjusted properly, it will have the opposite effect.

6 � Conclusions

(1)	 A pneumatic spring with a conical rubber con-
nector is presented. The stiffness of the pneumatic 
spring is analyzed based on the ideal gas model and 
finite element method. According to the working 
principle and continuity equations of ideal airflow, 
a dynamic model of the PVI system with pressure 
regulator is established.

Figure 12  Pneumatic vibration isolation testing system
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Figure 13  Isolator performance under different frequency vibration in the second simulation
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(2)	 Simulation is established in the Matlab/Simulink 
environment. Through the analysis of the simula-
tion, the pressure control performance is improved 
with the pressure regulator. Mean vibration veloc-
ity and transmission rate decrease under 4, 10, 20 
and 40 Hz vibration. But the system with pressure 
regulator could not achieve the effect of the low fre-
quency vibration isolation such as 4 Hz vibration.

(3)	 A multi-frequency band testing system with differ-
ent payloads is designed and established to detect 
the performance of the pressure regulator. A com-
parison between the simulation and the experiment 
is obtained. The experimental results agree with the 
simulation results. The error might be caused by the 
damping of the linear bearing.

For future research, this structure can be converted 
into an active pneumatic spring for low frequency vibra-
tion isolation. If so, this would become an important 
basis for improving precision manufacturing under low 
frequency vibration and a fundamental theory for the 
precise control of pneumatic springs.
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