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Abstract. Thanks to their low friction, aerostatic pads are currently used in many high precision
applications. However, due to the air compressibility, aerostatic bearings suffer from relatively
low stiffness and damping. Active and passive compensation methods represent a valuable solution
to reduce these limitations. This paper presents a novel prototype of a diaphragm valve for
passively compensated aerostatic pads. The proposed valve was obtained through the
improvements of a previous prototype. The main goal of this new design of the valve was to
improve the reliability, repeatability and accuracy of regulation. The novel prototype is modelled
through the same lumped parameter model that was used for the previous prototype. The
preliminary experimental results demonstrate the efficiency and effectiveness of the proposed
valve.

Introduction

Because their zero friction, aerostatic pads are widely used in applications where high precision of
positioning is required, e.g., machine tools and measuring machines [1,2]. However, this kind of
bearings are characterized by low relative stiffness and they suffer from low damping due to the
air compressibility. In this regard, different solutions have been proposed to improve aerostatic
pad performance. In the attempt of reducing these limitations different kinds of feeding system
were studied and experimented, e.g., multiples supply holes with different size, number and
location [3], porous inserts or surfaces [4,5] and compound restrictors [6—8]. However, a suitable
choice and design of the feeding system of aerostatic pads can lead only to limited performance
improvement. Conversely, active and passive compensation methods make it possible to
significantly improve both static and dynamic performance [9,10]. Passive compensation methods
use components which require only the energy associated with the supply pressure of the bearing,
e.g., pneumatic valves and compliant elements. By contrast, actively compensated bearings exploit
elements that require external sources of energy to function, e.g., sensors, controllers and actuators.
Although their high performance [11-13], active compensation solutions are still too expensive
and thus result to be unsuitable for industrial applications. Notwithstanding their lower bandwidth,
passive compensation solutions represent a cheaper alternative. This paper presents a novel
prototype of passively compensated pad. This passive compensation solution consists in the
integration of commercial pad and a custom-built diaphragm valve whose design is an improved
version of that described in [14,15]. The novel prototype is modelled through the same lumped
parameter model that was used for the previous prototype.
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The Prototype
Figure 1a and 1b show a cross section of the designed diaphragm valve and the aerostatic pad.
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Figure 1: The proposed prototype.

The diaphragm valve is composed of three main parts: an upper crossbeam, a central body and
a lower cap. The chamber of the valve is located at the interface between the central body and the
lower cap. The lower surface of the chamber consists of a membrane that is clamped between the
central body and the lower cup thanks to the presence of an elastomeric o-ring. The chamber of
the valve is supplied through a moving nozzle. The relative position from the nozzle and the
membrane can be manually regulated through a micrometer. A coil spring is compressed between
the nozzle and the central body to guarantee the presence of a restoring force when the nozzle must
be moved upwards. The main goal of the novel design was to modify the mechanism to regulate
the initial nozzle-membrane distance, i.e., when the system is not pressurized, since the accuracy,
repeatability and reliability of the system is strictly related to this aspect. The air pad has
rectangular base of 60x30 mm? (AxB) and four orifices with a diameter of 1 mm (dy). Each
restrictor is located in the middle of each side of a grooved rectangular supply line with a base of
45 mm (a) and a width of 20 mm (b). The grooves present a triangular cross-section with a base
of 0.2 mm (w,) and a height of 0.06 mm (hy).

Numerical Model
The system is modelled through lumped pneumatic resistances and capacitances (see Figure 2).
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Figure 2: Pneumatic scheme of the prototype.

Starting from the upstream, the volume of the valve V;is supplied with a constant pressure P;
through the nozzle. The value of the air mass flow rate G; supplied by the nozzle (R1) depends on
the initial position of the nozzle and its diameter d,,, the deflection of the membrane' x and its
stiffness k,,, the supply pressure P; and the pressure inside the valve chamber P;. The air mass
flow rate passing through the nozzle of the valve G; and the supply holes of the pad G, are
computed by means of the ISO formula 6358 [16] as follows:
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where, B, and Py are the upstream and downstream pressure. C; and C, are the pneumatic
conductance related to the valve nozzle and the pad supply holes. G3 is the mass flow rate
exhausted through the air gap (R3) and it computed through Equation 2, where, P, is the mean
constant pressure inside the area of the grooved rectangular supply line that is obtained from the
pressure downstream the supply holes of the pad P, through the semi-empirical formula of
Equation 3 [8] (that in Figure 2 corresponds to the function L) [14]. R, T and p are the gas constant
temperature and dynamic viscosity of the air. Re; and Re, are the Reynolds numbers related to
the air flow passing through the nozzle of the valve and the supply holes of the pad.

! That is a function of the membrane geometry: its diameter d,,,
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The load carrying capacity of the pad F, is computed through Equation 4 by assuming that the

surface of the pad is perfectly smooth and that the pressure distribution outside the rectangular
area surrounded by the grooves is linear.

4
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The dynamic equations of the model (Equations 5) that are necessary to compute the pressures
(P; and P,) along with the air gap height of the pad (h) are the continuity equations applied to
volumes V; and V,, and the equilibrium equation of the pad respectively:

V, dP; 1 ( dv, dP0>

G, — 4G, = —— 4G, — Gy = — (P —= + V, —
1 27 RT dt 2= G = pr\fogr T2y

5 ()
Fe*t = F, — Mh

These equations are discretized by the Euler explicit method.

Numerical and Experimental Results

As it can be seen from Figures 3 the numerical model was experimentally validated through static
characterizations. Moreover, the equations of the lumped model were exploited to implement a
numerical design procedure in order to define the valve parameters that optimize the system
performance around a specific air gap height hges. To verify the accuracy and reliability of the
proposed design procedure, it was used to compute the optimal operating parameters of the valve
for an air gap height of 21 pm.
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Figure 3: Experimental and numerical static feature of the prototype.
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Figures 3 also reports the numerical curves that corresponds to operating air gap height hg, of
14 and 18 um. Eventually, the stability of the prototype was experimentally verified around the
operating air gap value (hges=21 pm) through the application of a negative step force of about 20
N (see Figure 4).
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Figure 5: Step force test results (hges=21 um)

Step force test demonstrates the stability of the proposed prototype and even quasi-static infinite
stiffness around the considered operating air gap height (hges= 21 pm).

Conclusions

This paper presented a novel prototype of a passively compensated aerostatic pad consisting in the
integration of a commercial pad and custom-built diaphragm valve. Compared to a previous
solution, the new valve design was thought to obtain a simpler mechanical structure and higher
repeatability. The repeatability was assessed by the fact that, conversely to the previous prototype,
the initial position of the nozzle does not change after many experimental test repetitions.
Moreover, the novel valve prototypes was built by exploiting a design algorithm (similar to those
presented in [15]) based on the equation of the lumped parameter model of the system [14]. The
static characterization of the prototype makes it possible to verify the accuracy of the lumped
model and the proposed design algorithm. Step force tests were used to verify the stability of the
system. Other than verifying the stability, step force tests demonstrated that the system is
characterized by quasi-static infinite stiffness around the considered operating air gap height.
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