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Abstract. This paper presents a theoretical study on the dynamic performance of an aerostatic pad 
with an internal pressure control. The trend of the dynamic stiffness and damping over the 
frequency domain is analysed. 
Introduction 
Thanks to their zero friction, cleanness and infinite life, aerostatic pads are widely used in high-
precision applications, e.g., machine tools, measuring machines and power board testing [1]. 
However, due to the compressibility of the lubricant, aerostatic bearings are characterized by 
relative low stiffness and poor damping. Much effort has been done in order to compensate for 
these drawbacks. A suitable selection and optimization of the feeding system of air pads is a 
common solution that makes it possible to obtain limited performance improvements. Several 
authors investigated to what extent the dimension, location and number of orifices affect aerostatic 
pad performance [2]. Compound restrictors, i.e., machining shallow grooves on the active surface 
of the pad, increase load capacity and stiffness but significantly reduce the bearing damping [3, 4]. 
The use of porous surfaces [5] is another solution that lead to performance improvement but it 
presents critical issues related to the choice of material that should have both suitable porosity and 
impact toughness. 

Passive and active compensation methods makes it possible to significantly increase the static 
and dynamic performance of aerostatic bearings. In passive compensation methods bearings are 
integrated with devices that exploit only the energy associated with the supply pressure, e.g., 
pneumatic regulating valves and compliant elements. Conversely, actively compensated bearings 
are integrated with elements such as sensors, controllers and actuators that require external sources 
of energy to function. Active bearings have excellent static and dynamic performance [6–8] but 
the solutions are quite expensive. By contrast passive compensation solutions, notwithstanding 
their lower dynamics and effectiveness, represent an acceptable and cheap alternative to be 
integrated into current industrial applications [9]. In order to simplify the setting of the passive 
compensation, in work [10] the control signal and the supply pressure of the regulating valve are 
not dependent; the static behavior of the controlled pad is theoretically and experimentally 
analysed. 

In this work the dynamic behavior of the system presented in [10] is theoretically analysed, 
evaluating the stiffness and damping of the air gap as the frequency of a sinusoidal load applied to 
the bearing varies. The numerical study is carried out by using a suitable lumped parameter model. 
The compensated air pad 
Figure 1 shows the geometry of the aerostatic pad considered in this numerical investigation. It 
has a rectangular base of 110x50 mm2 and presents four supply holes with a diameter 𝑑𝑑𝑝𝑝 = 0.5 
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mm which are located in the middle of a grooved rectangular supply line of dimensions 80x30 
mm2. These grooves have a triangular cross-section of depth ℎ𝑔𝑔=60 μm and base 𝑤𝑤𝑔𝑔=0.3 mm.  

 

  

Fig. 1. The geometry of the aerostatic pad. 
 
Figure 2a shows the scheme of the differential diaphragm valve that has been integrated with 

the aerostatic pad. The nozzle (1) has a diameter 𝑑𝑑𝑛𝑛= 0.5 mm and it is located in the chamber (2) 
that along with the chamber (3) is supplied with a constant supply pressure 𝑝𝑝𝑠𝑠. The other chambers 
(3) and (4) are supplied with a feedback 𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 and a reference 𝑃𝑃𝑅𝑅𝐹𝐹𝑅𝑅 pressures and they are 
separated through diaphragms (5 and 6) with different dimensions. The feedback pressure depends 
on the operating conditions of the pad (supply pressure and air gap height) and it is measured by 
means of back-pressure hole of diameter 𝑑𝑑3=0.25 mm that is located on the active surface of the 
pad. The air flow supplied to the pad depends on the position of the shutter (7) that in turn depends 
on the difference between the feedback and supply pressure along with the diaphragm stiffnesses 
𝑘𝑘𝑣𝑣. 

 

 
a 

 
 
 
b 

Fig. 2. a) scheme of the differential diaphragm valve. b) functional scheme of the control 
system. 

 
Figure 2b shows a scheme useful to clarify the functioning of the system. Once the pressure  𝑃𝑃𝑆𝑆 

and 𝑃𝑃𝑅𝑅𝐹𝐹𝑅𝑅 and the initial nozzle-shutter distance 𝑥𝑥𝑣𝑣 are defined, the valve suitably regulates the air 
flow supplied to the pad depending on the applied load 𝐹𝐹. When the load increases, the pressures 
𝑃𝑃𝑔𝑔𝐹𝐹𝑝𝑝 and 𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 increase too producing a downward displacement of the shutter and in turn an 
increase of the air flow supplied to the pad. Consequently, the increase of the air flow produces an 
increase of the air gap height ℎ that partially or completely compensated for the load variation. 
Conversely, the opposite holds in the presence of load reductions.  
The numerical model 
The considered compensated pad is modelled through a lumped parameter model consisting of 
pneumatic capacitances and resistances. Figure 3 shows the pneumatic model of the system. 
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Fig. 3. Pneumatic model of the control system. 
 
The nozzle and the air gap height are modelled through the variable pneumatic resistances 𝑅𝑅1 

and 𝑅𝑅4, whereas the supply and back pressure hole of the pad are modelled through the constant 
resistances, 𝑅𝑅2 and 𝑅𝑅3 respectively. The air gap pressure (𝑃𝑃𝑔𝑔𝐹𝐹𝑝𝑝) distribution is considered uniform 
within the rectangle defined by the grooves (a x b) and linear in the region outside it. 𝑉𝑉1, and 𝑉𝑉3 
are the volumes related to the ducts of the valve and the pad, whereas 𝑉𝑉2 = 𝑎𝑎𝑎𝑎ℎ+𝑉𝑉𝑔𝑔 is the sum of 
the air gap and groove volume. The nozzle-shutter distance 𝑥𝑥𝑣𝑣 is defined on the basis of the 
following equation: 

 

�
𝑥𝑥𝑣𝑣 = 𝑥𝑥𝐹𝐹𝑏𝑏−𝑝𝑝𝐹𝐹𝑠𝑠𝑠𝑠                                         𝑥𝑥𝑣𝑣 ≤ 𝑥𝑥𝐹𝐹𝑏𝑏−𝑝𝑝𝐹𝐹𝑠𝑠𝑠𝑠 

𝑥𝑥𝑣𝑣 = 𝑥𝑥0 + 𝐴𝐴𝑣𝑣
�𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−𝑃𝑃𝑅𝑅𝑓𝑓𝑓𝑓�

𝐹𝐹𝑣𝑣
             𝑥𝑥𝑣𝑣 > 𝑥𝑥𝐹𝐹𝑏𝑏−𝑝𝑝𝐹𝐹𝑠𝑠𝑠𝑠

                                                               (1) 

 
where 𝑥𝑥𝐹𝐹𝑏𝑏−𝑝𝑝𝐹𝐹𝑠𝑠𝑠𝑠  is a threshold takes into account the air leakages experienced when the shutter 

is in contact with the nozzle (40 𝜇𝜇m); 𝑥𝑥0 is the initial distance between the nozzle and the shutter 
it is defined when 𝑃𝑃𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 and 𝑃𝑃𝑅𝑅𝐹𝐹𝑅𝑅 are equal. 𝐴𝐴𝑣𝑣 is the effective area of the valve diaphragms 
where the feedback and reference pressure are applied. The air mass flow rates passing through 
the resistances 𝑅𝑅1, 𝑅𝑅2, 𝑅𝑅3 are modelled through the ISO formula 6358:   

 

𝐺𝐺𝑖𝑖 = 𝐾𝐾𝑇𝑇 𝑐𝑐𝑑𝑑𝑖𝑖  0.685
√𝑅𝑅 𝑇𝑇  

𝐴𝐴𝑖𝑖𝑃𝑃𝑢𝑢𝑝𝑝 �1 − �
𝑃𝑃𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑
𝑃𝑃𝑢𝑢𝑢𝑢

−𝐹𝐹𝑓𝑓

1−𝐹𝐹𝑓𝑓
�
2

                                                                                                              (2) 

 
 where 𝐾𝐾𝑇𝑇 is the square root of the ratio between the valve (293 K) and the reference 

absolute temperatures (273 K). 𝐴𝐴𝑖𝑖, 𝑐𝑐𝑑𝑑𝑖𝑖, 𝑃𝑃𝑢𝑢𝑝𝑝 and 𝑃𝑃𝐹𝐹𝑑𝑑𝑑𝑑𝑛𝑛are the annular area, discharge coefficient 
and the upstream and downstream pressures of the ith lumped resistance (𝑖𝑖 = 1, 2, 3); 𝑎𝑎𝐹𝐹=0.528 is 
the theoretical critical pressure ratio assuming an isentropic expansion. The discharge coefficients 
are assumed to be functions of the Reynolds’ Number 𝑅𝑅𝑅𝑅𝑖𝑖 related to the flow of each resistance: 

 
𝑐𝑐𝑑𝑑𝑖𝑖 =  1.05(1 − 0.3 𝑅𝑅−0.005 𝑅𝑅𝐹𝐹𝑖𝑖) 
 (3) 
𝑅𝑅𝑅𝑅1 = 𝐺𝐺1

𝜋𝜋𝜇𝜇𝐹𝐹1
 ;   𝑅𝑅𝑅𝑅2 = 𝐺𝐺2 ℎ

𝜇𝜇𝐴𝐴2
 ;   𝑅𝑅𝑅𝑅3 = 𝐺𝐺3

𝜋𝜋𝜇𝜇𝐹𝐹3
 ;  𝐴𝐴2 = 𝜋𝜋𝑑𝑑𝑝𝑝ℎ + 𝑤𝑤𝑔𝑔ℎ𝑔𝑔 ;  𝑑𝑑1 = 𝑑𝑑𝑛𝑛   

 
Where µ = 18.89 ∙ 10−6 Pa s is the dynamic air viscosity. The mass flow rates 𝐺𝐺4 exhausted from 
the air gap under isothermal conditions is:  
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𝐺𝐺4 =  1

6𝜇𝜇𝑅𝑅𝑇𝑇
� 𝐹𝐹
𝐴𝐴−𝐹𝐹

+ 𝐹𝐹
𝐵𝐵−𝐹𝐹

�  �𝑃𝑃𝑔𝑔𝐹𝐹𝑝𝑝2 − 𝑃𝑃𝐹𝐹2� ℎ3                                                                                    (4) 
 

Where 𝑅𝑅,𝑇𝑇 are the constant of gas (𝑅𝑅 = 287.1 J/(kg K)) and the absolute ambient temperature 
(𝑇𝑇 = 293 K). The pad’s dimensions A, B, a, b are shown in figure 1. 𝑃𝑃𝐹𝐹  is the ambient pressure, 
𝑃𝑃𝑔𝑔𝐹𝐹𝑝𝑝 is the equivalent uniform pressure expressed by an empirical formula adopted for this air pad 
geometry [11]:  

 
𝑃𝑃𝑔𝑔𝐹𝐹𝑝𝑝 = 𝐿𝐿 (ℎ,𝑃𝑃2) = �1 − 0.02�

5 
ℎ�� ∙ (𝑃𝑃2 − 𝑃𝑃𝐹𝐹) + 𝑃𝑃𝐹𝐹                 (5) 

 
where h is expressed in μm. The load capacity of the pad is computed by integration of the pressure 
distribution on its area: 
 
𝐹𝐹𝑝𝑝 = �𝑎𝑎𝑎𝑎 + 𝐴𝐴𝐴𝐴 + (𝐴𝐴𝐹𝐹+𝐹𝐹𝐵𝐵)

2
 � �𝑃𝑃𝑔𝑔𝑓𝑓𝑢𝑢−𝑃𝑃𝑓𝑓�

3
                (6) 

 
The continuity equations related to the incoming and outgoing mass flow rates for each volume 
𝑉𝑉1, 𝑉𝑉2, 𝑉𝑉3 and to the corresponding pressures 𝑃𝑃1, 𝑃𝑃𝑔𝑔𝐹𝐹𝑝𝑝,  𝑃𝑃𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 are: 
 
𝐺𝐺1 − 4𝐺𝐺2 =

𝑉𝑉1
𝑅𝑅𝑇𝑇

𝑑𝑑𝑃𝑃1
𝑑𝑑𝑑𝑑

 

 

   (7) 4𝐺𝐺2 − 𝐺𝐺4 − 𝐺𝐺3 =
𝑃𝑃𝑔𝑔𝐹𝐹𝑝𝑝𝑎𝑎𝑎𝑎
𝑅𝑅𝑇𝑇

 
𝑑𝑑ℎ
𝑑𝑑𝑑𝑑

+
𝑉𝑉2
𝑅𝑅𝑇𝑇

𝑑𝑑𝑃𝑃𝑔𝑔𝐹𝐹𝑝𝑝
𝑑𝑑𝑑𝑑

 
 

𝐺𝐺3 =
𝑉𝑉3
𝑅𝑅𝑇𝑇

𝑑𝑑𝑃𝑃𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝑑𝑑𝑑𝑑

 
 
The equilibrium equation of the pad (considered as a single degree of freedom system) is: 

 
𝐹𝐹 − F𝑃𝑃 + 𝑀𝑀 d2ℎ

𝐹𝐹𝑡𝑡2
= 0                 (8) 

 
where F is the vertical external load applied to the pad and M the mass related to the supported 

payload (F=Mg). 
 

Numerical results and Discussion 
At the supply pressure 𝑃𝑃𝑆𝑆 =  0.5 MPa the regulation parameters of the valve are identified with 
the numerical model: 𝑥𝑥0= 55 µm, 𝑃𝑃𝑅𝑅𝐹𝐹𝑅𝑅 = 𝑃𝑃𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =  0.37  MPa. In this way, the compensation 
works in a range of air gap near to h = 9.5 µm. The static behavior of the compensated air pad has 
been widely discussed in [10].   

To determine the dynamic parameters 𝐾𝐾 and 𝑐𝑐 of the air bearing a sinusoidal load F of amplitude 
∆𝐹𝐹 and frequency 𝑓𝑓 is imposed around the initial point of static equilibrium. By applying a small 
amplitude load (∆𝐹𝐹 is about 1% of the initial static load) it is possible to define with good accuracy 
the dynamic parameters of the air bearing at each air gap height. With the imposed sinusoidal load 
the air gap ℎ is calculated and plotted as a function of the time; the amplitude ∆ℎ and the time 
delay ∆𝑑𝑑  between the input signal F and the output signal ℎ are therefore determined in stationary 
conditions. The pressure force of the air gap is the sum of the elastic component due to the stiffness 
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of the air gap and the viscous component due to the damping of the air gap. Considering all the 
acting forces as rotating vectors on a complex plane, the equilibrium of the forces decomposed in 
the direction of the elastic force and in the direction of the viscous force allows to obtain the values 
of 𝐾𝐾 and 𝑐𝑐 as a function of the frequency, according to the equations (9): 

 
𝐾𝐾(ω) = ∆𝐹𝐹

∆ℎ
cos(φ) + 𝑀𝑀ω2 ;      𝑐𝑐(ω) = ∆𝐹𝐹

 ∆ℎ
 sin(φ)

ω
                                                                                      (9) 

 
Where  ω = 2π 𝑓𝑓 is the angular frequency, φ =  ω ∆𝑑𝑑 is the phase lag between the input and the 

output signals. 
Figure 4 shows the trend of the dynamic stiffness K and the damping c over a frequency range 

from 0 to 30 Hz and considering initial static conditions near to h = 9.5 µm. 
At low frequency, stiffness and damping of the air gap are much higher than those obtainable 

without the valve and they quickly reduce as ω increases. Outside the overcompensation zone, the 
stiffness is always positive, otherwise it can be positive or negative as a function of ω. Further 
studies will be involved to analyze the dynamic stability of the system, as already made for the 
solution studied in [12]. 

 
Fig. 4. Stiffness K, damping c and phase delay φ of the compensated air pad: numerical results.  

𝑃𝑃𝑆𝑆 =  0.5 MPa,  𝑘𝑘𝑣𝑣 = 50 𝑁𝑁/𝑚𝑚𝑚𝑚,  𝑑𝑑𝑣𝑣 =  0.5 mm, 𝑑𝑑𝑃𝑃 = 0.5 𝑚𝑚𝑚𝑚.    
Conclusions 
This paper presents a preliminary investigation on the dynamic performance of an aerostatic pad 
with internal pressure control. The dynamic performance of the compensated air pad dramatically 
decreases as the frequency increases due to the presence of the valve. For frequencies below about 
40 Hz the phase lag is negative, which means the presence of the valve makes the displacement of 
the air pad in advance with respect to the applied external force. The results indicate that this 
compensation method represents an efficient and cost-effective method for low frequency air pad 
applications. Further studies will be aimed to compare numerical and experimental results and to 
analyze the stability of the proposed control system. 
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