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Abstract: The fluid–structure interaction (FSI) effect has a significant impact on the static and dynamic
performance of aerostatic spindles, which should be fully considered when developing a new product.
To enhance the overall performance of aerostatic spindles, a two-round optimization design method
for aerostatic spindles considering the FSI effect is proposed in this article. An aerostatic spindle
is optimized to elaborate the design procedure of the proposed method. In the first-round design,
the geometrical parameters of the aerostatic bearing were optimized to improve its stiffness. Then,
the key structural dimension of the aerostatic spindle is optimized in the second-round design to
improve the natural frequency of the spindle. Finally, optimal design parameters are acquired and
experimentally verified. This research guides the optimal design of aerostatic spindles considering
the FSI effect.

Keywords: aerostatic spindle; fluid–structure interaction; restrictor geometrical parameters; struc-
tural dimension; optimal design

1. Introduction

Aerostatic spindles are widely employed in various kinds of precision equipment
for their distinct advantages of ultra-high precision, negligible friction, and wide rotat-
ing speed range [1]. However, the drawbacks of low capacity, low stiffness, and poor
high-speed stability restrict their possible application significantly. Many factors have a
great impact on the overall performances of aerostatic spindles, such as the geometrical
parameters of the aerostatic bearing, the supply pressure, the rotating speed, and the
restrictor type, etc. Hence, it is difficult to optimize the design parameters of aerostatic
spindles comprehensively.

Numerous research studies have been conducted to facilitate the design of aero-
static bearings by investigating the impact of the air film geometrical dimensions on
their static performance [2,3]. Li et al. [4] numerically studied the performances of the
orifice-type restricted aerostatic thrust bearings with varying geometrical parameters based
on computation fluid dynamics, and the effect tendency of geometrical parameters to
the bearing performances was acquired. Belforte [5] and Du et al. [6] investigated the
stiffness, load-carrying capacity (LCC) of aerostatic thrust bearings and journal bearings
with pressure-equalizing groove (PEG), and found that the PEG can enhance the static
performance of aerostatic bearing dramatically.

Many studies also have been carried out on the optimal design approach of air
bearings [7–9]. Wang et al. [10] proposed an optimal design approach based on a genetic
algorithm, and a hybrid selection scheme was adopted when selecting the mating groups,
which is more efficient. Federico et al. [11,12] optimized the orifice diameter, orifice position,
and orifice number of inherently compensated rectangular aerostatic pad bearings based
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on a multi-objective genetic algorithms optimization approach. To optimize the design
parameters and supply pressure of a rectangular aerostatic thrust bearing, Nikhil et al. [13]
proposed a Pareto optimization method to avoid the variation of the optimal results
with different initial populations; the trial points are therefore distributed in the design
space uniformly.

However, the structural deformation caused by pressurized air film was neglected
in the aforementioned researches. Since the performance of the aerostatic bearings is
significantly impacted by the air film thickness, this phenomenon may induce great error
when calculating the performance of the aerostatic, and the initial design requirements
may not be satisfied by the actual performance of the aerostatic bearing. This phenomenon
is especially dramatic in the design of aerostatic bearings with high stiffness and high
LCC, such as the spindle of fly cutting machine tools, rotary tables, etc., and has drawn
increasing attention in recent years [14,15]. Lu et al. [16,17] numerically and experimentally
investigated the performance of an air spindle considering the fluid–structure interaction
(FSI) effect. They found that the LCC curve declines slightly due to the FSI effect, and the
axial stiffness declines with the decrease of the thrust thickness plate. In a study by
Gao et al. [18], the performance of an aerostatic spindle was investigated by a two-way FSI
simulation model. It showed that the air film thickness changes about 7.65 µm due to the
structure deformation and the stiffness of the spindle declines about 34%.

According to the above literature review, it can be seen that the design of aerostatic
bearing includes the design of the air bearing parameters and the design of the crucial
dimensions of the solid parts. Even though many optimal design approaches of air bearings
have been proposed, the FSI effect is seldom considered, and the crucial structural dimen-
sions are usually decided empirically. Therefore, the aerostatic spindle cannot be optimized
comprehensively from its LCC, volume flow rate (VFR), stiffness, natural frequency, etc.

To overcome this issue, a two-round optimization design method for the aerostatic
spindle with consideration of the FSI effect is proposed in the current study. The design
parameters for the aerostatic bearing and the solid parts can be optimized by the proposed
approach. As an application case, an aerostatic spindle is optimized. The impact of the
crucial parameters of air film and the structural dimensions on the performances of the aero-
static spindle are investigated based on the finite element method (FEM). The performance
of the aerostatic spindle is enhanced from the aspects of LCC, VFR, stiffness, natural fre-
quency, etc. Furthermore, experiments were implemented to validate the reliability of the
calculation results.

2. A Two-Round Optimization Design Method of Aerostatic Spindles Considering the
FSI Effect

According to the existing design philosophy of aerostatic bearings [19–21], the design
of air bearing is usually first carried out based on its performance requirements and
design restrictions, and then the crucial solid parts are designed empirically based on the
dimensions of air film. The elastic deformation of crucial parts caused by high air pressure
and its impact on the overall performance of the aerostatic spindle are ignored. However,
when the FSI effect is considered, the design of the aerostatic spindle consists of the design
of the geometrical parameters of air bearing and the design of key structural dimensions.
Both aspects impact the overall performance of the spindle system significantly. To facilitate
the optimal design of aerostatic spindles considering FSI, a two-round optimization design
method is proposed in this research, as shown in Figure 1. Its basic idea is to optimize the
geometrical parameters of aerostatic bearing and the key structural dimensions of solid
parts sequentially so that the static and dynamic performance of the spindle system can be
optimized comprehensively.

In the first-round design stage, the static performances of the aerostatic bearing are
improved by optimizing its geometrical parameters. The FEM model of aerostatic bearing
is built in this stage. Then, the influence of the crucial design parameters (such as the orifice
diameter, the air film thickness, and the orifice number) on the static performance of the
aerostatic bearing can be acquired. Finally, the optimized design parameters for air bearing
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design can be acquired by selecting a good combination of LCC, stiffness, and volume flow
rate (VFR).
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Figure 1. A two-round optimization design method for aerostatic spindles considering the fluid–structure interaction (FSI).

In the second-round design stage, the static and dynamic performances of the aero-
static spindle are further investigated with consideration of the FSI effect. A two-way
FSI simulation model is built to calculate the structural deformation of the spindle and
its impact on the static performance of the aerostatic bearing. The crucial structural di-
mensions that greatly influence the structural rigidity and weight of solid components are
analyzed. Furthermore, to clarify the effect of structure dimension on the natural frequency
of the spindle, modal analysis with varying structure dimensions is carried out, and finally,
the optimal structural dimensions are acquired.

In the following sections, the optimal design of an aerostatic spindle is implemented as
a case study to elaborate the detailed procedures of the proposed two-round optimization
design method.

3. The Configuration of an Aerostatic Spindle

Figure 2a presents the configuration of an aerostatic spindle that is employed in an
ultra-precision fly cutting machine tool. Its rotating parts consist of a shaft and two thrust
plates. Two air thrust bearings and a radial bearing are adopted to separate the rotating
parts from the shaft sleeve and resist the external load. In ultra-precision fly cutting
machining, the axial direction of the spindle is the error-sensitive direction. Therefore,
the axial vibration and tilt vibration of the rotating parts has a significant impact on the
machined surface quality [22]. It indicates that enhancing its axial stiffness and angular
stiffness is beneficial to reduce its vibration amplitude and the machined surface quality.

Figure 2b demonstrates the geometrical parameters of the aerostatic thrust bearing.
The restrictor of aerostatic thrust bearings is a pocketed orifice-type restrictor. The inner
diameter of the thrust bearing is D1, and the outside diameter of the thrust bearing is D3.
There are n orifices distributes equally along the circumferential direction of the thrust
bearing, and the diameter is D2. d and h are the diameter of the orifice restrictor and the
thickness of air film, respectively. d1 and h1 are the diameter and the depth of the recess,
respectively. Table 1 shows the initial values of these parameters.
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Figure 2. The configuration of an aerostatic spindle and the design parameters of its thrust bearing.
(a) The configuration of the aerostatic spindle and (b) the design parameters of the thrust bearing.

Table 1. The design parameters of the aerostatic thrust bearing.

D1 (mm) D2 (mm) D3 (mm) d (mm) h (µm) d1 (mm) h1 (mm) n L (mm)

60 88.3 130 0.2 16 6 0.05 6 30

4. The First-Round Optimal Design of Aerostatic Thrust Bearings

The static performances of an aerostatic bearing are greatly impacted by the geo-
metrical parameters of the orifice-type restrictor, such as the orifice diameter, the air film
thickness, and the orifice number. Therefore, its performances can be improved by optimiz-
ing these parameters. In this section, a numerical model of the aerostatic thrust bearing is
built first based on the FEM. Additionally, then, the impact of the above three parameters
on the static performances of aerostatic thrust bearing is calculated based on the FEM
model. Finally, the static performances of the aerostatic thrust bearing are improved by
optimizing these three design parameters.

4.1. FEM Modeling of Aerostatic Bearings

The flow status of an orifice restrictor is simplified as the compressible flow through
an ideal nozzle, and the orifice is simplified as a point. When the air flows through the
orifice, the air pressure drops from Ps to Pd immediately. Considering the difference
between the actual mass flow rate of the orifice restrictor and the ideal theoretical mass
flow rate, a constant called discharge coefficient Cd = 0.8 is introduced to correct the mass
flow rate. The mathematical models for calculating the theoretical mass flow rate of the
orifice restrictor are Equations (1) and (2) [20].

m = Cd Aps

√
2ρa

pa
ψs, (1)

ψs =


[

k
2

(
2

k+1

)(k+1)/(k−1)
]1/2

;
(

pd
ps
≤ βk

)
{

k
k−1

[(
pd
ps

)2/k
−
(

pd
ps

)(k+1)/k
]}

;
(

pd
ps

> βk

) (βk = (2/(k + 1))(k+1)/k
)

(2)

where A = πd2/4 is the cross-section area of orifice, Pa is the atmosphere pressure, ρa is the
density of air under standard state, ψs is flow rate function, and k is the specific heat ratio
of air.
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The fluid domain of the aerostatic thrust bearing is described using the governing
equation in the cylindrical coordinate system [20] below:

∂

∂ξ

(
h3 ∂p2

∂ξ

)
+

∂

∂θ

(
h3 ∂p2

∂θ

)
+ r2Qδi = Λr

∂

∂θ

(
hp
)

, (3)

where h is the dimensionless thickness of air film, p is the dimensionless pressure, ξ is the
dimensionless coordinate in the radial direction, r is the coordinate in the radial direction,
and θ is the coordinate in the circumferential direction. Q is the mass flow rate factor of
the orifice restrictor. δi is a constant coefficient with a value of 1 or 0 (in the computational
domain where there is an orifice, it equals 1; otherwise, it equals 0.) Λ is the dimensionless
bearing number.

h =
h

hm
, r =

r
r0

, ξ = ln r, p =
p
ps

, Q =
24ηr2

0 pa

h3
m p2

s ρa
ρṽ, Λ =

12ηvθ2r0

h2
m ps

, (4)

where h is the thickness of air film. r0 is the characteristic length, hm is the reference air film
thickness, p is the gas pressure distribution function, ρ is the air density, η is air dynamic
viscosity,

∼
v is the velocity of orifice gas flow, and vθ2 is the velocity components in the

circumferential direction. In this paper, the performance of aerostatic thrust bearing is
analyzed under motionless conditions, and therefore, Λ = 0.

The pressure square function is defined as follows:

f = p2
(
ξ, θ
)
= f

(
ξ, θ
)
. (5)

Taking the pressure square function f as the variable, the functional Φ can be con-
structed based on Equation (3) as follows:

Φ
(

f
(
ξ, θ
))

=
∫

Ω

h3

2

(∂ f
(
ξ, θ
)

∂ξ

)2

+

(
∂ f
(
ξ, θ
)

∂θ

)2
−Q f

(
ξ, θ
)
δi

dξdθ (6)

where Ω denotes the computational domain of the air film. It has been mathematically
proved that, under certain boundary conditions, the extremum of Equation (6) can only be
acquired by a certain pressure square function f that is the solution of Equation (3).

The triangular finite element is employed to solve Equation (6) in this paper. i, j, m are
the three nodes of triangular finite elements. The interpolation function of triangular finite
element is defined as

f = NeTfe (7)

fe =
[

fi f j fm
]T (8)

Ne =
[

Ni Nj Nm
]T , (9)

where fe represents the pressure square of the nodes. Ne is the shape function of the
triangular element, which can be calculated by Equation (10).

Ni =
1

2∆e
(
ai + biθ + ciξ

)
, (i = i, j, m) (10)


ai = θjξm − θmθj

bi = ξ j − ξm

ci = θm − θj

, (11)

where ∆e is the area of the triangular element. By changing the subscripts of Equation (11)
in the order of i, j, m sequentially, and Nj and Nm can be obtained.

By substituting Equation (7) into Equation (6) and applying it to the finite elements of
the entire computational domain, Equation (12) can be derived as follows:
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Φ( f ) =
m

∑
e=1

1
2

∫
∆e

h3

[[
∂

∂x

(
NeTfe

)]2
+

[
∂

∂z

(
NeTfe

)]2
]

dξdθ

−
m

∑
e=1

∫
∆e

Q f dξdθδi

. (12)

The partial derivative with respect to f should be zero to obtain the solution of
Equation (6); thus, we can obtain Equation (13). The solution of Equation (13) is the
pressure square function f , which makes the functional Φ reach the extremum.

∂Φ
∂ fi

= ∑
e∈∆i

(
ciceT + bib

eT
)

fe ∫
∆e h3dξdθ/(2∆e)2 − k1µr

.
mrδi = 0

(i = 1, 2, . . . , n)
. (13)

Additionally, Equation (13) can be rewritten in the matrix form as follows:

KF = T, (14)

where F = [f1 f2 fn]T is a column vectors with n×1 dimensions. T is composed of three
types of elements: 0, K1

.
mrµr and −

(
c(k)i c(k)j + b(k)i b(k)j ×

∫
∆k h3dξdθ/(2∆k)

2 .
.

mr is the real
mass flow rate of the orifice restrictor. K is a square matrix with n×n dimensions, and its
elements can be acquired by

Kij = ∑
e∈∆i∧∆j

(
cicj + bibj

) ∫
h3dξdθ(2∆e)2. (15)

Then, the LCC, the stiffness, and the VFR of the aerostatic thrust bearing can be
calculated by the equations below. The LCC of the aerostatic thrust bearing is the sum of
the integration of the pressure on each element. Then, the stiffness of the aerostatic thrust
bearing can be calculated by Equation (17). The VFR can be acquired by Equation (18).

WLCC = psr2
0

m

∑
e=1

∫
∆e

pdξdθ (16)

Kstiffess =
WLCC(h + ∆h)−WLCC(h)

∆h
(17)

QVFR = m/ρ. (18)

Figure 3 presents the FEM model of the aerostatic thrust bearing. Since the thrust air
film is symmetric in the circumferential direction, a basic sector is built and the periodic
boundary conditions are employed to save calculation time. The computational domain is
equally divided into nθ parts along the circumference direction, while it is divided into nξ

parts along the radial direction.

4.2. Optimal Design of the Geometrical Parameters of the Restrictor

To optimize the orifice diameter, the air film thickness, and the orifice number of the
thrust bearing, their impact on the performance of aerostatic thrust bearing is investigated
in this section. Except for these three variables, the values of other geometrical parameters
of the air bearing are the same as shown in Table 1.

Figure 4 presents the performance curves of aerostatic thrust bearings with varying
orifice diameter d and air film thickness h. It can be seen that with the increase of the
air film thickness, the stiffness curve ascents first and then descends, which has a peak.
However, the LCC curves decline, and the VFR curve increases monotonically. Moreover,
with the increase of the orifice diameter, the LCC and the VFR of the aerostatic thrust
bearing increase dramatically. However, for the stiffness curves, the maximum stiffness
declines greatly with the increase of orifice diameter. Moreover, the air film thickness,
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which is corresponding to the peak position of stiffness curves, declines gradually along
with the decline of orifice diameter. It indicates that a higher stiffness can be acquired by
the combination of smaller orifice diameter and a smaller air film thickness.
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Figure 5 presents the performance curves of the aerostatic thrust bearing with different
orifice numbers n. It shows that the LCC and stiffness of aerostatic thrust bearing can be
improved by increasing the orifice number. However, it can also cause a dramatic increase
in VFR. In addition, the LCC and stiffness only rise slightly when the orifice number
increases to 12, while the VFR increases greatly. This means that the performance of
aerostatic thrust bearing cannot be enhanced continuously with increasing orifice number.
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According to the above investigation, the combination of smaller orifice diameter and
a smaller air film thickness helps improve the stiffness, and increasing the orifice number
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can also improve the stiffness. To improve the performance of aerostatic thrust bearing,
the orifice diameter of 0.15 mm, the air film thickness of 13 µm, and the orifice number of
8 are selected in this section. Compared with the initial design, the LCC is improved by
28.3%, from 781.0 N to 1001.8 N, the stiffness is improved by 44.2%, from 72.7 N/µm to
104.8 N/µm, and the VFR is reduced by 27.2%, from 9.2 L/min to 6.7 L/min.

5. The Second-Round Optimal Design of Crucial Structural Dimensions

The geometrical parameters of air film determine the design of structural dimensions.
After the design parameters of the aerostatic thrust bearing are optimized, the structural
dimensions thrust plates are designed empirically based on the dimensions of thrust
air film. For example, the outer diameter of air thrust film D3 should be less than the
diameter of thrust plates. However, the thrust plate thickness has a dramatic impact
on its bending rigidity and it is generally designed empirically. When the FSI effect is
considered, the bending deformation of the thrust plate caused by the air film force could
increase the air film thickness and change the stiffness of the aerostatic bearing. Generally,
improving the thickness of the thrust plate is beneficial to strengthen its bending rigidity.
However, it will also improve the weight of rotating parts, which decreases the natural
frequency of the spindle. Therefore, the thrust plate thickness that greatly influences
the structural rigidity and weight of rotating parts should be further optimized from the
perspective of the natural frequency of the spindle.

5.1. FSI Modeling of Aerostatic Thrust Bearing

To calculate the performance of aerostatic thrust bearing with consideration of elastic
deformation of the thrust plate, a two-way FSI modeling method [23] of aerostatic thrust
bearing is adopted, as illustrated in Figure 6. It consists of the FEM model of the thrust plate
and the FEM model of the aerostatic thrust bearing. The elastic deformation of the thrust
plate can be calculated by the FEM model of the thrust bearing. The pressure distribution
of the air film can be acquired by the FEM model of the aerostatic thrust film. Since the
modeling method of the aerostatic thrust bearing has already been detailed in the previous
section, it is not detailed again in this section, and only the modeling method of the thrust
plate is explained below.
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Figure 6. The FSI model of the aerostatic thrust bearing. (a) The FEM model of aerostatic thrust bearing; (b) the pressure
distribution of air film; (c) the pressure load applied on thrust plate; (d) the FEM model of thrust plate; and (e) the structure
deformation of the thrust plate.

Considering the structure feature of the thrust plate, a two-dimensional FEM model is
built in this section to save calculation time, and the shell element is employed to simulate
the bending deformation of the thrust plate. It is usually to simulate the thin-walled to
moderately thick-walled structures, which can acquire excellent calculation accuracy and
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high computational efficiency. As shown in Figure 6d, the inner edge of the thrust plate
is constrained by fixed support, and the symmetrical boundary condition is adopted to
further save calculation time. The air film pressure is applied on the bearing surface of the
thrust plate.

The governing equation for the FEM model of the thrust plate can be written as below.

[K]{u} = {F} (19)

where {u} and [K] represent the displacement vector and stiffness matrix, respectively.
{F} donates the pressure load applied on the bearing surface of the thrust plate. According to
the Mindin–Reissner shell theory, the stiffness matrix of the shell element can be acquired
by Equation (20) [24].

Ke =
h3

e
12

∫ ∫
BT

b DbBbdxdy + he

∫ ∫
BT

s DsBsdxdy (20)

where he is the thickness of the shell element. D is the elastic matrix as follows:

Db =
E

1− µ2

 1 µ 0
µ 1 0
0 0 (1− µ)/2

, Ds =

[
κG 0
0 κG

]
(21)

where E denotes the elasticity modulus. µ is the Poisson ratio. κ denotes the shear correction
factor. G is the shear modulus. B can be calculated by Equations (22) and (23).

Bb =
[

Bb1 Bb2 . . . Bn
]
, Bs =

[
Bs1 Bs2 . . . Bsn

]
(22)

Bbi =

 0 0 ∂Ni
∂x

0 − ∂Ni
∂y 0

0 − ∂Ni
∂x

∂Ni
∂y

, Bsi =

[
∂Ni
∂y −Ni 0

∂Ni
∂x 0 −Ni

]
(23)

where N is the shape function of rectangular elements.

Ni = (1 + ξiξ)(1 + ηiη)/4(i = 1, 2, 3, 4) (24)

where ξi and ηi are the coordinates of nodes in the local coordinate system of the shell element.
A crucial part of the two-way FSI modeling is to build the bidirectional data exchange

interface between the FEM model of the aerostatic thrust bearing and the FEM model
of the thrust plate. To realize it, the data exchange procedure is designed and it can be
decomposed into the following steps:

(1) Based on the FEM model of the aerostatic thrust bearing, as shown in Figure 6a,
conducting a steady-state analysis of air film and the pressure distribution of air film can
be acquired, as shown in Figure 6b;

(2) Exporting the air film pressure data to the two-dimensional FEM model of the
thrust plate, as shown in Figure 6d, and applying it as pressure load, as shown in Figure 6c;

(3) Conducting steady-state structure analysis based on the two-dimensional FEM
model of the thrust plate, in which the deformation of the thrust plate can be acquired,
as shown in Figure 6e;

(4) Transferring the deformation data of the thrust plate to the FEM model of the
aerostatic thrust bearing and updating the air film thickness of each element;

The bidirectional data exchange can be accomplished by the above procedures. By im-
plementing the above process repeatedly, the static performance of aerostatic thrust bearing
can be acquired.
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5.2. Optimal Design of the Structural Dimensions of the Aerostatic Spindle

Figure 7 presents the axial stiffness and the first-order natural frequency of the aero-
static spindle with varying thrust plate thickness and air film thickness considering the
FSI effect. It can be derived from Figure 7a that with the increase of thrust plate thickness,
the maximum stiffness increases sharply in the range of 5–15 mm and then increases slowly
in the range of 15–30 mm. This phenomenon can be explained as follows. The structural
rigidity of the thrust plate is directly related to its thickness. By increasing its thickness,
its structural rigidity will be improved, and the deformation of the thrust plate will be
smaller. When the thickness of the thrust plate is larger than 15 mm, the stiffness trends
to steady gradually with the increase of the thrust plate. It is because that the structural
rigidity of the thrust plate is high enough to resist the air film force. The stiffness is im-
proved slightly by further increasing its thickness. Therefore, the range of 15–30 mm is
recommended for the thrust plate thickness for higher stiffness.
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However, the mass of the thrust plate is also directly related to its thickness. To increase
the natural frequency, the designer generally hopes to reduce the mass of the rotating parts
in the design stage. It means that the thickness of the thrust plate cannot be increased
blindly. As shown in Figure 7b, with the increase of the thrust plate thickness, the first-order
natural frequency first increases sharply and then declines quickly. A maximum region
for the first-order natural frequency can be observed around the thrust plate thickness of
10–15 mm. This phenomenon can be explained as follows. According to the calculation
result shown in Figure 7a, the stiffness first increases sharply and then trends to steady,
while the mass increases linearly with the increase of the thrust plate thickness. Generally,
the natural frequency is proportional to the stiffness and is inversely proportional to the
mass. In the region where the stiffness increases sharply, the natural frequency increases
with the increase of the thrust plate thickness. In the region where the stiffness increases
slowly, the natural frequency decreases with the increase of the thrust plate thickness.

Considering the stiffness and natural frequency comprehensively, a thrust plate thick-
ness of 20 mm is selected in this paper. Comparing with the initial design, the first-order
natural frequency of the aerostatic spindle increases by 45.3%, from 167.4 Hz to 243.3 Hz.

6. Experimental Validation of the Calculation Result

To validate the above calculation result, the performance of the aerostatic spindle
with optimized design parameters is measured in this section. Since the machining error
and assembly error is unavoidable, the actual geometry size of the aerostatic bearings
may deviate from the design value. The performance of aerostatic bearing is susceptible
to orifice diameter and air film thickness. To minimize the errors introduced by the
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manufacturing and assembly process on the measurement results, the orifice diameter and
air film thickness are first measured in this section.

6.1. Measurement of Orifice Diameter

An optical image measuring instrument (Hexagon Optiv Classic 321GL tp) is em-
ployed in this research for orifice diameter measuring, as shown in Figure 8a. It has a
CCD (Charge Coupled Device) image system to capture the image of the tiny object to be
measured, which is capable to measure the contour and dimensions of various complex
parts accurately and efficiently. Figure 8b presents a tested image of the orifice. As can
be seen from the figure, the round outline of the orifice is clear, and no obvious burr can
be observed. These orifices were acquired by micro-drilling machining. The image of the
orifice indicates that excellent shape accuracy can be acquired by micro-drilling machining.
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Figure 8. Experimental setup for orifice diameter measuring. (a) The Experimental apparatus for orifice diameter test and
(b) the tested image of an orifice.

Table 2 lists the tested data of eight orifices. It shows that the actual diameter of the
orifice diameter has a good consistency. The nominal size of the orifice diameter is 0.15 mm,
and all the measured orifice diameter is around 0.15 mm with a dimension deviation less
than ±5 µm, which indicates that the orifices have high dimensional accuracy.

Table 2. Experimental result of the orifice diameter.

Orifice Number 1 2 3 4 5 6 7 8

Orifice diameter (mm) 0.148 0.147 0.154 0.148 0.153 0.152 0.151 0.151

6.2. Measurement of Air Film Thickness

Generally, to ensure the static performance of the aerostatic bearing and the motion
accuracy of a spindle, a serial of stringent machining accuracy requirements (including flat-
ness, parallelism, and perpendicularity, etc.) are proposed for each part of the spindle
system (the shaft, sleeve, and thrust plates). Nevertheless, the real air film thickness may
deviate from the design value due to unavoidable machining errors and assembly errors.

Figure 9a presents the experimental setup for air film thickness measuring. By measur-
ing the displacement of the thrust plate under the condition of the air supply valve closing
and opening, the actual air film thickness can be acquired. A capacitive displacement
sensor (Micro-Epsilon capaNCDT6500) with a resolution of 1 nm and a measurement
range of 50 µm is employed in this research to record the displacement of the thrust plate.
The experimental setup is mounted on a vibration isolation worktable to avoid the impact
of external vibration.

Figure 9b shows the displacement curve of the thrust plate before and after the
opening of the air supply valve. It can be seen that the thrust plate moves upward due
to the support of pressurized air film. The above measuring process is implemented at
eight points. These points are equally spaced along the circumferential direction of the
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thrust plate, and the tested data is detailed in Table 3. It can be inferred that the measured
average air film thickness is about 12.84 µm, which is slightly less than the design value of
13 µm. It may result from the machining error of the shaft, sleeve, and thrust plate.
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Table 3. Measuring result of the air film thickness.

Test Point 1 2 3 4 5 6 7 8

Air film thickness (µm) 12.86 12.72 12.89 12.78 12.93 12.84 12.86 12.84

6.3. The Axial Stiffness Test of the Aerostatic Spindle

To verify the calculation result, the axial stiffness of the spindle with different thrust
plate thicknesses is tested in this section. The stiffness test is conducted by applying
different loads along the axial direction of the spindle and measuring the axial displacement
of the spindle by a displacement sensor. The experimental apparatus mainly consists of a
computer, a displacement sensor, and an aerostatic spindle, which is shown in Figure 10.
The displacement of the thrust plate can be acquired by the displacement sensor with
varying axial loading.
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The experimental result is compared with the simulation result, as shown in Figure 11.
It can be seen that the experimental curve and the simulation curve show the same trend.
According to the test date, the axial stiffness of the spindle with the thrust plate thickness



Appl. Sci. 2021, 11, 3017 13 of 14

of 10 mm is 176.2 N/µm, which is much lower than the ideal stiffness of 209.6 N/µm.
It proves that the stiffness will be declined due to structural deformation. By increasing
the thrust plate thickness to 20 mm, the stiffness increases to 201.8 N/µm. It indicates
that the structural rigidity of the thrust plate can be improved by increasing its thickness.
With further increase of the thrust plate thickness to 30 mm, the axial stiffness of the spindle
increases slightly to 204.2 N/µm. It means that the stiffness is close to the ideal stiffness
with the further increase of the thrust plate thickness. The experimental result validates
the accuracy of the FSI model.
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7. Conclusions

This paper proposes a two-round optimization design method for aerostatic spindles
considering the FSI effect. The optimal design of an aerostatic spindle is implemented as a
case study to detail the design process of the proposed approach. A set of optimal design
parameters are acquired, and experiments are implemented to verify the simulation results.
The main conclusions are drawn as follows:

1. A two-round optimization design method is proposed to facilitate the design of
the aerostatic spindle with consideration of the FSI effect, and an aerostatic spindle is
optimized as a case study that validates the effectiveness of the proposed design method;

2. In the first-round design stage of the two-round optimization design method, a set
of optimized design parameters of the aerostatic thrust bearing is acquired by analyzing
the performance of the aerostatic thrust bearing with varying geometrical parameters of the
restrictor. Compared with the initial design, the LCC is improved by 28.3%, the stiffness is
improved by 44.2%, and the VFR is reduced by 27.2%;

3. In the second-round design stage of the two-round optimization design method,
a recommended range for the design of thrust plate thickness is acquired by calculating
the stiffness and natural frequency of the spindle with different thrust plate thicknesses.
Compared with the initial design, the first-order natural frequency of the aerostatic spindle
increases by 45.3%;

4. Experiments are conducted, and the experimental results agree well with the
simulation results, which verifies the accuracy of simulation results.
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