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Abstract:
This work presents a prototype of a compensated aerostatic pad which consists in the integration
of a commercial pad with a custom-built regulating pneumatic valve. The performance of the
system is studied both in static and transient conditions. The stability and the capacity of
compensation of the protype are proved performing step force tests. Moreover, the paper describes
the lumped parameter model of the compensated pad. To take into account the compensating
action of the valve, a distinctive numerical procedure was developed. Experimental and numerical
results are in good agreement and demonstrate that once a suitable initial set-up is defined, the
integrated regulating valve allows bearings with quasi-static infinite stiffness to be obtained.
Keywords:
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Nomenclature
𝐴

Pad length [m]

𝐵

Pad depth [m]

𝐶$

Conductance of the valve nozzle [kg/(s∙Pa)]

𝐶&

Conductance of the pad orifice [kg/(s∙Pa)]

𝐹(

Load capacity of the pad [N]

𝐺$

Air flow rate through the valve nozzle [kg/s]

𝐺&

Air flow rate through the pad orifice[kg/s]

𝐺*

Air flow rate through the air gap [kg/s]

𝐾,

Square root of the ratio between the valve and a reference absolute temperature [-]

𝐿

Function correlates the orifice outlet pressure and the mean air gap pressure

𝑃/

Mean air gap pressure [Pa]

𝑃$

Valve pressure [Pa]

𝑃&

Outlet pressure at the pad orifice [Pa]

𝑃0

Ambient Pressure [Pa]

𝑃1

Supply Pressure [Pa]

𝑄

Air flow rate of the pad [l/min ANR 20°C]

𝑅

Air constant [J/(kg∙K)]

𝑅$

Pneumatic resistance of the valve nozzle [(s∙Pa)/kg]

𝑅&

Pneumatic resistance of the pad orifice [(s∙Pa)/kg]

𝑅*

Pneumatic resistance of the air gap [(s∙Pa)/kg]

𝑅𝑒0

Reynolds number of the pad orifice [-]

𝑅𝑒5

Reynolds number of the valve nozzle [-]

𝑇

Absolute temperature [K]

𝑉/

Air gap volume [m3]

𝑉$

Volume of the valve chamber [m3]

𝑉&

Sum of the air gap and the grooves volumes [m3]

𝑉8

Grooves volume [m3]

𝑎

Length of the grooved supply line [m]

𝑏

Depth of the grooved supply line [m]

𝑏;

Theoretical critical pressure ratio [-]

𝑑=

Diameter of the valve membrane [m]

𝑑>

Diameter of the valve nozzle [m]

𝑑(

Diameter of the pad orifice [m]

𝑒𝑟𝑟@

Convergence error related to the load capacity [-]

𝑒𝑟𝑟A

Convergence error related to the air mass flow rate [-]

𝑘=
ℎ
ℎDE5

Stiffness of the valve membrane [N/m]
Air gap height [m]
Equivalent air gap height considering the presence of grooves [m]

ℎ8

Grooves depth [m]

𝑠

Membrane thickness [m]

𝑡

Time [s]

Δ𝑡

Time step of the model [s]

𝑤8

Groove width [m]

𝑥

Membrane-Nozzle distance [m]

𝑥KLM(0NN By-pass distance [m]
𝑥>

Initial membrane-nozzle distance [m]

𝑥5

Membrane deflection [m]

𝜇

Dynamic viscosity [Ns/m2]

1. Introduction
Because of their low friction, long life and cleanness, air pads are widely used in all applications
requiring high positioning accuracy, e.g., coordinate measuring machines (CMM) and linear
guides of tool machines [1]. However, this kind of bearings suffer from relative low stiffness and
poor damping. In this regard, different solutions have been proposed to improve aerostatic pad
performance. The more straightforward approach is to design different types of feeding systems
to increase their inherent capacity of compensation [2,3]. Many experimental and numerical
analyses have proposed optimization strategies to increase the characteristics of air pads by
modifying the type, size, number and location of their restrictors [4–7]. However, these approaches
lead only to limited global performance enhancements. Machining shallow grooves [8–10] on the
active surface of the pad makes it possible to increase the stiffness of the pads but may reduce their
damping and compromise their dynamic stability. The best results are obtained by replacing simple
or pocketed orifices with porous restrictors. Porous bearings are characterized by smoother air gap
pressure distribution, higher stiffness, damping and load capacities [11]. Despite their higher
performance, this kind of bearing presents some drawbacks related to the porous material adopted
and its manufacturing. These materials should be characterized by suitable permeabilities (lower
than 10-12m2 [3]) and mechanical properties [12–14].
Conversely, passive and active compensation methods represent a more effective solution to obtain
bearings with higher performance [15]. These methods consist in enhancing the bearing

performance through the integration of pads with additional elements or devices. 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 are equipped with elements such as sensors, controllers and actuators that
require external sources of energy to function. Because of their high dynamics, piezoelectric
actuators are extensively used. Colombo et al. [16] proposed an actively compensated aerostatic
bearing employing a geometrical compensation method. A piezoelectric stack actuator, controlled
by a PI controller, is used to suitably modify the thickness of active pad to compensate for air gap
variations. Similarly, Al Bender [17] and Aguirre [18] proposed an active circular air pad with a
variable gap geometry. Santos et al. [19–22] along with Mizumoto et. al [23] developed similar
active compensation solutions where the stroke of piezoelectric actuators controls the air mass
flow rate exhausted from each bearing restrictor.
Despite their higher performance, active compensation solutions are still too expensive to be
employed in current industrial applications. Conversely, passive compensation solutions represent
a valid and cheaper alternative, notwithstanding their lower bandwidth. Passive compensation
methods usually exploit the compliance of elastic elements or pneumatic valves to improve bearing
behaviours. Newgard et al. [24] proposed the use of elastic orifices. The deformation of these
elastic inserts makes it possible to suitably compensate for load variations, thus increasing the
stiffness of the bearing.
Blondeel et al.[25], Snoeys [26] and Bryant [27] present a prototype of compensated bearing with
convergent gap geometry. It consists in using a compliant structure as active surface of the pad. It
was found that a suitable selection of the geometry of the compliant surface makes it possible to

optimize the air pad stiffness. Chen and Lin [28] proposed a grooved aerostatic bearing with a
disk-spring compensator to increase the bearing damping.
Despite their simple construction, ease of integration and relatively low cost, pneumatic valves
have been seldom employed to increase aerostatic pad performance. This paper presents a study
on the functioning and performance of a compensation solution employing a diaphragm valve.
Starting from the preliminary results obtained in [29], this work details the use of this kind of
compensation method. Differently from [29], the structure of the valve was modified to
experimentally evaluate the deflection of the diaphragm of the valve during its functioning.
Moreover, the performance of the compensated pad was assessed through a new and improved
static test bench and a step force test bench. Regarding the system modelling, previous lumped
parameter models [30,31] were suitably modified and used to predict the behavior of the proposed
compensated pad. This model was developed using a distinctive iterative procedure to take into
account the compensating action of the employed pneumatic valve. Experimental and numerical
tests demonstrate that the effectiveness of the proposed solution mainly depends on the diaphragm
stiffness and its initial distance from the nozzle of the valve. It was shown that, once an optimal
initial set-up is defined, the integrated valve makes it is possible to obtain bearings with quasistatic infinite stiffness. The last part of the work numerically and experimentally demonstrates the
stability of the pad through step force tests.

2. Materials and Methods
2.1. The proposed solution
Figure 1 shows a photograph of the proposed compensation solution. It consists in the integration
of a commercial aerostatic pad and a custom-built diaphragm valve.

Figure 1: Photograph of the proposed compensation solution

Figures 2a and 2b shows a cross section of the valve and the main geometrical details of the
commercial pad. The diaphragm valve consists of a compliant chamber, a nozzle, a regulating
screw, a Bellville spring and several O-rings. The chamber of the valve is supplied through a nozzle
of diameter 𝑑> = 0.5 mm. Once pressurized, the volume of the chamber increases depending on the
deflection of a metallic membrane with a diameter (𝑑= ) of 6 mm and a thickness (𝑠) 0.08 mm.
The initial distance between the nozzle and the membrane (𝑥> ) can be manually adjusted through
the regulating screw. The Bellville washer is necessary to preload the regulating screw thus
increasing the accuracy of the nozzle positioning.

Figure 2a: Cross-section of the

Figure 2b: Geometry of the commercial pad

diaphragm valve

In this instance, the valve supplies an air pad with a rectangular base (𝐴x𝐵) of 60x30 mm2 and
four simple orifices with a diameter 𝑑( = 1 mm. Each restrictor is located in the middle of each
side of a grooved rectangular supply line with a base (𝑎) of 45 mm and a depth (𝑏) of 20 mm. The
grooves present a triangular cross-section with a base (𝑤8 ) of 0.2 mm and a height (ℎ8 ) of 0.06
mm.
2.2. The model of the proposed system
2.2.1. Model description
Figures 3a and 3b show a functional and a pneumatic scheme of the proposed system.

Figure 3a: Functional scheme of the proposed
compensation solution

Figure 3b: Pneumatic scheme of the proposed compensation
solution

As can be seen in Figure 3, the system is modelled as a pneumatic circuit composed of lumped
resistances and volumes. Starting from the upstream, the volume of the valve (𝑉$ = 1.2 ∙ 10MV 𝑚* )
is supplied with a constant pressure (𝑃N ) through the nozzle. The value of the air mass flow rate

supplied by the nozzle (𝑅$ ) depends on its initial position (𝑥> ), the deflection of the membrane
(𝑥5 ), the supply pressure (𝑃N ) and the pressure inside the valve chamber (𝑃$ ). Designating the
membrane stiffness as 𝑘= = 1.8∙ 10X N/m, its distance from the nozzle can be obtained as follows:
cd
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(1)

It should be noted that setting negative values of 𝑥> (in the absence of the supply pressure 𝑃N )
implies an initial preload of the membrane. Differently from the previous investigations [29], to
measure the membrane deflection a displacement capacitive sensor was embedded into the
structure of the valve (see Figure 3a). This made it possible to experimentally measure the
membrane deflection during tests. Through this improved experimental set-up, it was found that
the valve works in different ways depending of the nozzle-membrane distance 𝑥. In fact, when the
membrane is initially preloaded (𝑥> <0) and the pad is lightly loaded (this corresponds to a low
value of 𝑃$ ), the valve membrane exhibits a higher stiffness. Once the pressure 𝑃$ is high enough
to overcome the preload pressure, the stiffness of the membrane changes and remains almost
constant over the remaining operating range. This phenomenon is modelled by introducing the
following by-pass condition:
𝑥 = 12 𝜇𝑚;
p 𝑑= & (𝑃$ − 𝑃0 )
e
𝑥 = 𝑥> +
;
4
𝑘=

𝑥 ≤ 12 𝜇𝑚
𝑥 > 12𝜇𝑚

(2)

The air mass flow rate passing through the nozzle is computed by means of the ISO formula 6358
[32]:

&
𝑃$
−
𝑏
;
𝐺$ = 𝐾, 𝐶$ 𝑃N i1 − j𝑃𝑠
k
1 − 𝑏;

(3)

where, 𝐾, is the square root of the ratio between the valve (293 K) and a reference absolute
temperatures (273 K), 𝑏; is the theoretical critical pressure ratio (0.528), 𝑃$ is the pressure inside
the chamber of the valve and 𝐶$ is the conductance of the nozzle [33]:

𝐶$ = 1.05(1 − 0.3 𝑒 M/.//X nDd )

0.685
√𝑅 𝑇

𝜋 𝑑> 𝑥

(4)

𝑅𝑒5 is the Reynolds number related to the air mass flow rate passing through the nozzle which is
computed as:

𝑅𝑒5 =

𝐺$
𝜋𝜇𝑑>

(5)

Similarly, the air mass flow rate passing through the orifices of the pad (𝑅& ), its conductance and
the related Reynolds number are computed as:

&
𝑃&
− 𝑏;
𝑃
𝐺& = 𝐾, 𝐶& 𝑃$ s1 − t $
u
1 − 𝑏;

𝐶& = 1.05(1 − 0.3 𝑒 M/.//X nDv )
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√𝑅 𝑇

w𝜋 𝑑( ℎ + 𝑤8 ℎ8 x

(6)

(7)

𝑅𝑒0 =

𝐺& ℎ

(8)

𝜇w𝜋𝑑( ℎ + 𝑤8 ℎ8 x

Here, the presence of the grooves is taken into account by considering an equivalent area 𝐴DE5 =
𝜋 𝑑( ℎ + 𝑤8 ℎ8 in Equation 7 and an equivalent air gap height ℎDE5 =

yz{ |}~• |•
yz{

in Equation 8

[34]. The laminar mass flow rate exhausted through the air gap (𝑅* ) is evaluated by the integration
of the Reynolds equations along each side of the pad and the resulting expression is the following:

𝐺* =

1
𝑏
𝑎
€
+
• (𝑃/& − 𝑃0& )ℎ*
6𝜇𝑅𝑇 𝐴 − 𝑎 𝐵 − 𝑏

(9)

where, 𝑃/ is considered as the mean constant pressure inside the area of the grooved rectangular
supply line. The expression of this pressure is computed through a semi-empirical formula [31]
which correlates 𝑃/ and 𝑃& through the function 𝐿 (see Figure 3b):
X

𝑃/ = ‚1 − 0.14ƒ|„ … (𝑃& − 𝑃0 ) + 𝑃0

(10)

where, ℎ is the air gap height expressed in 𝜇m. The pressure inside the valve 𝑃$ and the pressure at
the outlet of each restrictor 𝑃& are computed by considering the continuity equations of the related
volumes 𝑉$ and 𝑉& =𝑉/ +𝑉8 .

𝐺$ − 4𝐺& =

4𝐺& − 𝐺* =

𝑉$ 𝑑𝑃$
𝑅𝑇 𝑑𝑡

1
𝑑𝑉&
𝑑𝑃/
€𝑃/
+ 𝑉&
•
𝑅𝑇
𝑑𝑡
𝑑𝑡

(11)

(12)

The load carrying capacity of the pad is computed 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:

𝐹( = †𝑎𝑏 + 𝐴𝐵 +

(𝐴𝑏 + 𝑎𝐵) (𝑃/ − 𝑃0 )
‡
2
3

(13)

2.2.2. The Iterative Procedure
The lumped model of the system is implemented in Matlab using the Euler explicit method and
simulating the filling of the system volumes. The filling of the volumes was simulated by
iteratively solving the time dependent Reynolds equation assuming a time step (Δ𝑡) of 10-7 s. Since
the compensating action of the valve renders the load capacity 𝐹( and the air mass flow rate 𝐺 noninjective functions of the air gap height ℎ (there are more than one load capacities and air mass
flow rates for the same air gap height value), a specific numerical procedure was developed. This
procedure consists of two main parts and the related flow charts are shown in Figures 4. The first
part (see Figure 4a) is necessary to compute a initial static solution of the problem (𝐹(ˆ , 𝐺/ , 𝑃/ˆ
𝑃$ˆ , and 𝑃&ˆ ) [35]. The load capacity 𝐹(ˆ and the air mass flow rate 𝐺/ of the pad are computed by
considering the air gap height ℎ/ as an input parameter of the model. Once the convergence
conditions are simultaneously satisfied (Equations 14):

𝑒𝑟𝑟@ =

𝐹( ‰ − 𝐹( ‰M$
< 10M$&
𝐹‰
‰

𝑒𝑟𝑟A =

𝐺$ − 𝐺$
𝐺‰

‰M$

< 10M$&

(14)

the load capacity 𝐹(ˆ , air mass flow rate 𝐺/ , and the pressures 𝑃/ˆ , 𝑃$ˆ and 𝑃&ˆ are used as input
variables in the second main part of the code along with the initial input parameters. In this second
step, ℎ/ , 𝐹(ˆ , 𝐺/ , 𝑃/ˆ , 𝑃$ˆ , 𝑃&ˆ define the initial static condition of the problem. Starting from this
initial condition, the air gap values that guarantee the equilibrium of the pad are iteratively
computed by simulating the application of a step force Δ𝐹 (in the time domain). Given the initial
static condition (ℎ/ , 𝐹(ˆ , 𝐺/ , 𝑃/ˆ , 𝑃$ˆ , 𝑃&ˆ ) and the selected step force Δ𝐹, the external load 𝐹 Dc‰
acting on the pad is computed as:
𝐹 Dc‰ Œ = 𝐹(ˆ + 𝑖 ∙ Δ𝐹

(15)

where, 𝑖 is the number of iterative steps that have been already solved (𝑖 = 0, 1, 2, … , 𝑖=0c ). In
each iterative step (𝑖), the equilibrium air gap height is computed by solving the equilibrium
equation of the pad (equation 16) through Euler’s explicit method:
𝐹 Dc‰ = 𝐹( − 𝑀ℎ̈

(16)

where, M is the moving mass of the pad. Once the equilibrium is reached (𝑀ℎ̈ ≈ 0 and the
convergence conditions are satisfied), the obtained results are used as new initial condition and the
new external load 𝐹 Dc‰ is obtained from the previous one by adding a further step force Δ𝐹 (see
equation 15). It should be noted that the discretisation and the range of the obtained characteristic
curves of the pad depends on the selected step force Δ𝐹 and the number of step force simulated
𝑖=0c . By comparing the flow charts related to the two part of the described algorithm, it is
observable that they differ by the selection of the input parameters (ℎ rather than 𝐹( ) but present a
similar structures consisting in defining the input parameter, initialising variables and solving the
governing equations until the defined convergence conditions (Equations 14) are satisfied.

Figure 4a: First iterative procedure of the proposed

Figure 4b: Second iterative procedure of the proposed

model (Initial Static Solution)

model (Static Characteristic curves)

2.2.3. Infinite stiffness and overcompensation
This section briefly explains the effect of the valve regulation on the stiffness of the compensated
pad. Depending on the operating conditions and initial set-up, the valve can compensate for air

gap variations leading to positive, negative or infinite static stiffnesses. The effect of the
compensating action of the valve on the stiffness can be explained through by linearizing the
equations of the model. Starting from an initial working condition (ℎ/ , 𝐹(ˆ , 𝐺/ , 𝑃$ˆ , 𝑥/ ), the
external force on the pad is assumed to be increased: 𝐹′ = 𝐹0 + ∆𝐹. Due to this variation of the
external force, a new operating air gap height ℎ” , valve pressure 𝑃$” and membrane-nozzle distance
𝑥 ” are established:

ℎ′ = ℎ0 + ∆ℎ
𝑃′1 = 𝑃10 + ∆𝑃1

(17)

𝑥′ = 𝑥0 + ∆𝑥
Since they depend on the valve pressure 𝑃$ and the air gap height ℎ , the new air consumption
𝐺′ =𝐺′ (𝑃1 , ℎ) and load capacity 𝐹′ =𝐹′ (𝑃1 , ℎ) of the pad are:

𝐺′ = 𝐺0 +

𝜕𝐺
𝜕𝐺
∆ℎ +
∆𝑃
𝜕ℎ
𝜕𝑃1 1

(18)

𝐹′ = 𝐹0 +

𝜕𝐹
𝜕𝐹
∆ℎ +
∆𝑃
𝜕ℎ
𝜕𝑃1 1

(19)

Similarly, the new flow through the valve 𝐺′1 =𝐺′1 (𝑃1 , ∆𝑥) and the new nozzle-membrane distance
𝑥′ =𝑥′ (𝑃1 ) are:

𝐺′1 = 𝐺0 +

𝜕𝐺1
𝜕𝐺
∆𝑃1 + 1 ∆𝑥
𝜕𝑃1
𝜕𝑥

(20)

𝑥′

𝜕𝑥
𝜋𝑑2𝑚 1
= 𝑥0 +
∆𝑃 = 𝑥0 +
∆𝑃
𝜕𝑃1 1
4 𝑘𝑚 1

(21)

The aim of this analysis is to evaluate the new slope of the load vs air gap curve (static conditions)
by considering the effect of the valve regulation. To do this, a force variation ∆𝐹 is imposed and
the correspondent air gap variation ∆ℎ is computed. As valve and pad are in series, in the new
operating point it is 𝐺 ” = 𝐺$” :

𝜕𝐺
𝜕𝐺
𝜕𝐺
𝜕𝐺
∆ℎ +
∆𝑃1 = 1 ∆𝑃1 + 1 ∆𝑥
𝜕ℎ
𝜕𝑃1
𝜕𝑃1
𝜕𝑥

(22)

The governing equations of the problem can be obtained by combining equations 19, 21 and 22

𝜕𝐹

𝜕𝐹

⎡
⎤
𝜕𝑃1
⎢ 𝜕ℎ
⎥ ∆ℎ
∆𝐹
2
⎢𝜕𝐺 𝜕𝐺 𝜕𝐺
⎥ €∆𝑃1 • = ƒ 0 „
𝜕𝐺
𝜋𝑑
1
1
1
𝑚
⎢
⎥
−
−
𝜕𝑥 4 𝑘𝑚 ⎦
⎣ 𝜕ℎ 𝜕𝑃1 𝜕𝑃1

(23)

from which the static stiffness of the active pad can be computed as:

𝜕𝐺
∆𝐹
𝜕𝐹 𝜕𝐹
𝜕ℎ
−
=−
+
& 1
∆ℎ
𝜕ℎ 𝜕𝑃$ 𝜕𝐺 𝜕𝐺$ 𝜕𝐺$ 𝜋𝑑=
−
−
𝜕𝑃$ 𝜕𝑃$
𝜕𝑥 4 𝑘=

(24)

It is clear that the resulting stiffness during the valve regulation is the sum of two contributions:
the first one is the stiffness of the not compensated pad, whereas the second one is due to the valve
regulation, which causes a variation of 𝑃$ and 𝑥.
œ@

For example, the stiffness of the passive pad at ℎ=12 µm is − œ| =15.8 N/µm. By considering
𝑥=30 µm and 𝑃$ =0.45 MPa the following partial derivatives can be calculated:

𝜕𝐹
= 6.61 ∙ 10−4 N/Pa
𝜕𝑃1
𝜕𝐺
= 1.25 ∙ 10−5 kg/(s ∙ µm)
𝜕ℎ
𝜕𝐺
= 3.15 ∙ 10−10 kg/(s ∙ Pa)
𝜕𝑃1
𝜕𝐺1
= −2.42 ∙ 10−10 kg/(s ∙ Pa)
𝜕𝑃1
𝜕𝐺1
= 1.466 kg/(s ∙ m)
𝜕𝑥
∆@

and the stiffness during valve regulation results to be − ∆| =41.1 N/µm. In this case, it is about
three times the stiffness of the not compensated pad, supplied at pressure 𝑃$ . The effect of the
𝜕𝐺

𝜕𝐺

valve regulation mainly depends on the denominator of the second term €𝜕𝑃 − 𝜕𝑃1 −
1

1

𝜕𝐺1 𝜋𝑑2𝑚 1
•.
𝜕𝑥 4 𝑘𝑚

The stiffness of the pad approaches to infinity as this denominator tends to zero. Conversely, when
it is negative and the second terms is higher than the first one, the pad will be overcompensated
(negative stiffness). Moreover, it is evident that the smaller is the membrane stiffness, the more
important is the valve compensation.

2.3. The experimental set up
A static and a step force test bench were employed to assess the static and transient performance
of the proposed solution. Every test was performed with a supply pressure (𝑃N ) of 0.525 MPa
(absolute).
2.3.1. Static test Bench

Figure 5 shows a scheme of the experimental configuration employed for the static
characterisations.

Figure 5: Scheme of the static test bench

The static test bench consists of a metal base, a sensors carrier, a pneumatic cylinder, a load cell
and a loading tip. Once the pad under test was located in the centre of the base, varying the supply
pressure of the cylinder (𝑃N¥¦§¨©ª«¬ ) made it possible to modify the external load applied to the pad.
This load was transmitted through a mechanical chain composed of the load cell, a connection
element and the loading tip. Four capacitive sensors mounted on a sensor carrier were used to
measure the pad displacement. The air gap height was evaluated as the difference between the pad
positions with and without supply air. Additionally, a flowmeter, a digital pressure gauge and an
additional capacitive sensor were used to measure the air flow rate (𝑄), the pressure inside the
valve (𝑃$ ) and the membrane deflection (𝑥5 ) (see Figure 5b).
2.3.2. Step Force Test Bench
Figures 6a and 6b show a photograph and a scheme of the mechanical configuration of the step
force test bench used.

Figure 6a: Photograph of the experimental

Figure 6b: Scheme of the mechanical configuration of the step

set-up of the step force test bench

force test bench

The step force test bench consists of a stationary and a moving part. Two air bushings allow a
translational motion between these two parts. The air pad under test was located between the
moving part of the test bench and a counterpad. External loads were applied by fixing calibrated
masses on the upper part of the moving structure of the test bench. The external force due to these
masses was transmitted to the pad through a mechanical chain composed of a load cell and a
spherical loading tip. The air gap height of the pad was evaluated via four capacitive sensors as in
the previous test bench (see Section 3.3.2). Negative step forces were applied at the bottom of the
moving part. An additional weight was bound with a thin rope to the lower crossbeam of the
moving part. Negative steps of force were instantaneously generated by cutting the rope. Also in
this case, a flowmeter, an additional capacitive sensor and a digital pressure gauge were used to
measure the air flow rate (𝑄), the membrane deflection (𝑥5 ) and the valve pressure (𝑃$ ).
3. Results and discussions
3.1. Static Characterisation

Figures 7, 8 and 9 show the numerical and experimental static curves obtained in the presence of
a supply pressure of 0.525 absolute MPa. The effectiveness of the proposed solution was evaluated
performing tests with different initial nozzle-membrane distances 𝑥> = 0, -10, -20, -30 𝜇m and
comparing these results to those obtained in the absence of the regulating valve.

Figure 7: Load capacity curve of the proposed prototype

As it can be seen, the controlled pad exhibits characteristic curves which are significantly
different from those of the pad without valve. As in [29], the presence of the valve makes it possible
to increase the stiffness and reduce the air consumption of the pad but it diminishes also the load
capacity. The valve regulation is evident only for initial nozzle-membrane distances lower that 10 𝜇m. In these instances, starting from higher air gap heights, a by-pass, a regulation and a
saturation zone can be identified. The location of these three zones can be clarified looking at the
experimental characteristic curves obtained with a membrane-nozzle distance of -30 𝜇m. In the

by-pass region (𝐴𝐵), the valve behaves like a linear pneumatic resistance (see Figure 8). The load
applied on the pad generates a pressure 𝑃$ that is not sufficient to create a well-defined clearance
between the nozzle and the membrane because of the initial preload imposed on the membrane.
Consequently, the air supplied to the pad is due to small air leakages occurring because of local
deformations of the membrane that do not allow the complete closure of the valve nozzle. In these
instances, the amount of the pressurized air supplied to the pad is computed considering a constant
membrane-nozzle distance 𝑥KLM(0NN (see equation 2). When the external load increases, the
nozzle-membrane distance increases because of the higher valve pressure 𝑃$ and the valve starts
regulating (𝐵𝐶). During the regulation, the valve compensates for the air gap variation by
increasing the air flow rate supplied to the pad. It is worth pointing out that the amount of air
supplied by the valve mainly depends on the stiffness of the valve membrane (𝑘= ) and the initial
membrane-nozzle distance (𝑥> ). As discussed in section 2.2.3, if the membrane stiffness is not
suitably selected, the effect of the compensation can be poor or excessive (overcompensation).

Figure 8: Air consumption curve of the proposed prototype

The valve regulation ends (𝐶) when the nozzle saturates because of its excessive distance from the
membrane. This operating condition corresponds to the maximum air consumption of the pad. In
the saturation zone (𝐶𝐷), the load and air consumption curves exhibit trends that depend only on
the performance of the integrated pad. Figure 7 compares the numerical and experimental load
carrying capacity curves of the compensated and not compensated pad. Analysing the regulation
zones, it appears that the valve compensation is effective for initial membrane nozzle distances
lower than -10 𝜇m. Moreover, the regulation zone moves towards lower air gap height as the initial
membrane-nozzle distance is decreased. In this instance, because the valve generates an
overcompensation, the pad exhibits negative stiffnesses when 𝑥> =-20 and -30 𝜇m. Regarding the
air consumption curves (see Figure 8), decreasing the initial membrane-nozzle distance (𝑥> )
enlarges the by-pass region (𝐴𝐵) and reduces the air consumption of the pad. Figure 9 compares

the numerical and the experimental nozzle-membrane distance expressed as a function of the
pressure 𝑃$ .

Figure 9: Membrane deflection vs valve pressure

From the curves in Figure 9, it can be seen that the nozzle-membrane displacement increases
almost proportionally with the pressure in the valve chamber. In the absence of the regulating
action of the valve, the curves present an almost constant slope. Conversely, when the valve
compensates for load variations (𝑥> =-20 and -30 𝜇m), the curves present two different slopes. The
by-pass zone (𝐴𝐵) is characterised by a higher stiffness (8.07 ∙105 N/m), whereas in the regulation
(𝐵𝐶) and saturation (𝐶𝐷) zones the membrane exhibits a lower and almost constant stiffness
(2.61 ∙105 N/m). As mentioned above, this is due to the fact that the air pressure 𝑃$ is not high
enough to overcome the preload generated by the nozzle. In view of the experimental results
obtained, the numerical model was exploited to study the effect of the membrane stiffness on the

pad performance. These simulations were performed considering membrane stiffnesses of 1.5∙105,
2∙105, 2.5∙105 and 3∙105 N/m, an initial nozzle-membrane distance of -25 𝜇m and a by-pass distance
of 12 𝜇m. These numerical results (see Figures 10a and 10b) demonstrate that it is possible to
obtain pad with quasi-static infinite stiffness by performing a suitable tuning of the membrane
stiffness. In particular, for this pad, the optimal value of the membrane stiffness is about 3∙105
N/m. Additionally, it can be seen that increasing the membrane stiffness leads to significant
reductions of the air consumption but at the same time reduces the amplitude of the regulation
zone.

(a) Load Capacity

(b) Air Consumption

Figure 10: The influence of the membrane stiffness on the pad performance.

3.2. Step force test
Step force tests (see Section 2.3.2) were performed to evaluate the compensation capacity of the
proposed system and to prove the stability of the proposed method even when the pad exhibits
negative static stiffnesses. For this reason, the stiffness of the membrane was reduced
(𝑘= =1.15∙ 10X N/m) to enlarge the amplitude of the regulation zone exhibiting a negative stiffness.
The initial nozzle-membrane distance was equal to -17.5 𝜇m. Before performing the step force

test, the static characterisation of the pad was repeated on the step force test bench (see Figures
11a and 11b). After this, the capacity of compensation was evaluated by imposing negative step
of 20 N.

Figure 11a: Load capacity curve of the proposed prototype
measured on the step force test bench

Figure 11b: Air consumption curve of the proposed prototype
measured on the step force test bench

Figures 11a and 11b show the numerical and the experimental static curves obtained on the static
test bench. As can be seen, compared to the previous curves (see Figure 7 and 8), the regulation
zone is larger and the air consumption is higher due to the lower stiffness of the membrane. Figures
12 and 13 compare the numerical and experimental results related to step force tests performed in
the regulation when the pad exhibits negative and positive stiffnesses.

(a) Air Gap Height

(b) Force

Figure 12: Step force response of the proposed prototype (negative stiffness)

(a) Air Gap Height

(b) Force

Figure 13: Step force response of the proposed prototype (positive stiffness)

As can be observed, the system response is stable in both the considered cases and the settling time
of the system varies depending on the considered working condition. To conclude, the step force
results along with the numerical results obtained by varying the membrane stiffness demonstrate
that when the membrane stiffness is suitably selected, the proposed methodology makes it possible
to obtain stable aerostatic pads with quasi-static infinite stiffness.

4. Conclusions
This paper presents a compensation method to increase the stiffness of aerostatic pads.
This method consists in using a custom-built regulating valve to suitably modify the performance
of pads. Starting from the preliminary results obtained in [29], the structure of the valve was
modified to experimentally evaluated the diaphragm deflection during its functioning.
Additionally, the effect of the valve regulation was further investigated considering operating
conditions where the proposed method makes it possible to obtain negative and infinite static

stiffnesses. The performance of the proposed solution was investigated performing numerical and
experimental tests. Numerical results are in good agreement with the experimental ones. It was
found that the effectiveness of the valve regulation mainly depends on the diaphragm stiffness and
its initial distance from the nozzle of the valve. Depending on these two parameters the valve
compensation can lead to positive, negative or infinite static stiffness. It was demonstrated that the
controlled pad exhibits negative stiffnesses because the overcompensation of the valve. This was
confirmed by verifying the stability of the system through step force tests. Once verified, the
accuracy of the numerical model, it was used to demonstrate that a suitable tuning of the membrane
stiffness makes it possible to obtain infinite stiffness over a portion of the characteristic curve of
the pad. These results indicate that the proposed method has the potential to become an efficient
and cost-effective method to enhance the static performance of aerostatic pads.
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