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Abstract A new air bearing element called as vortex
bearing is introduced and investigated in this study. In
comparison to the conventional orifice bearing, the new
bearing is characterized by blowing air through tangen-
tial nozzles to form a vortex flow. The study focuses on
one vortex-bearing element to investigate its basic char-
acteristics (flow rate characteristics, pressure and veloc-
ity distributions, load capacity, and static stiffness). We
show that the vortex bearing uses vortex flow to form a
sunken negative pressure distribution at the central area,
so that it can narrow the gap clearance between the
workpiece and the bearing and thereby improve the
flotation stiffness. Moreover, blowing air tangentially
instead of emitting onto the workpiece directly can
avoid the formation of intense pressure distribution on
the workpiece’s surface, which would reduce the partial
stress concentration acting on the workpiece. For these
reasons, the new vortex bearing is applicable in air
conveyors that float and transport workpieces such as
glass substrates and silicon wafers.

Keywords Vortex bearing . Vortex flow . Air conveyor .

Flotation stiffness . Bearing force

Nomenclature
d Diameter of tangential nozzle
D1 Diameter of vortex chamber

D2 Outer diameter of the test bearing
F Bearing force
h Clearance between the test bearing and the

workpiece
H Height of the vortex chamber
P Pressure
Ps Supply pressure
Q Supply flow rate
r Position of radial direction
uα Tangential velocity
ρ Density of air

1 Introduction

Air conveyors are often used in position and motion control
systems because they can remove the effect of friction [1, 2].
Meanwhile, as shown in Fig. 1, air conveyors are also widely
used in ICmanufacture lines where fragile workpieces such as
silicon wafers and large-scale glass substrates of thin flat
panels (TFPs) are produced. Transporting using air as the
medium can avoid scratching the workpieces; moreover, air
does not produce magnetic fields and heat, and therefore, the
workpiece itself and peripheral electronic devices will not be
affected. We can find many applications and research reports
on air conveyors in IC manufacture. In early days, Paivanas
and Hassan developed an air conveyor for levitating and
moving small-sized silicon wafers (diameter, 57–82 mm)
[3]. As the IC manufacturing technology advanced, the size
of workpieces increased rapidly. Taking a typical example, a
tenth generation TFP glass substrate is nearly 3 m long and
3 m wide. For conveying such large and fragile workpieces
safely, the air conveyor plays a role of increasing importance.
Several manufacturers have developed large-scale air convey-
ors to handle the TFP glass substrate [4–7]. Concerning
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research on air conveyors, Srinivas used a finite element
method (FEM) to investigate the pressure distribution be-
tween the workpiece and the air conveyor [8], and Lee devel-
oped some design principles for reducing the equipment cost
and air consumption [9], while Amano focused on improving
the flotation precision of glass substrate [10].

From the above research reports and actual applications,
it is found that most current air conveyors use orifice bear-
ing elements which spout pressurized air from a small hole
to float the workpiece (see Fig. 2a). The orifice bearing is
one type of external pressurized bearing element [11, 12].
Because air is directly ejected with high speed onto the
workpiece and then changes direction to flow into the gap
clearance, it will cause a pressure peak and intense pressure
drop at the centre, exposing the workpiece to the resulting
partial stress concentration [13]. For reducing the partial
stress concentration, the orifice bearing element is replaced
by a porous material bearing element to avoid excessively
distributed pressure [6, 9]. However, it is difficult to ensure
that every piece of porous material produced by high-
temperature sintering has the same flow characteristics,
and the high production cost makes its application difficult
in large-scale glass substrate manufacturing lines which
require a large quantity of porous material elements. Fur-
thermore, another disadvantage of the orifice bearing ele-
ment is that it floats the workpiece in a position rather far
above the air conveyor, that is, the clearance between the
workpiece and the air conveyor is relatively large [13]. This
leads to low flotation stiffness and a deficient damping
effect against some disturbance from, for example, the down
flow in the clean room. Producing a pocket space at the
outlet of the orifice can improve the stiffness [14]. However,
it is also well known that the pocket space would cause an

unstable phenomenon called as a pneumatic hammer [15,
16]. Another way to increase stiffness is to set the supply
pressure higher [17, 18]. However, a higher supply pressure
would lead to higher air consumption and running cost.

Owing to the above technical problems, Devitt has
pointed out that an air conveyor composed merely of an
orifice bearing element hardly meets the requirements of
the current IC manufacture. Adding vacuum suction ports
to the air conveyor is a feasible approach to increase the
workpiece’s flotation stiffness (see Fig. 2b) [4, 13]. A
vacuum suction port is connected to the vacuum gener-
ators (vacuum pump or ejector) to drag the workpiece
closer to the conveyors, that is, to narrow the clearance
between the workpiece and the air conveyor so that higher
stiffness and a significant damping effect could be ac-
quired. However, this method needs at least one vacuum
generator. Moreover, the positive pressure circuit for flo-
tation and the negative pressure circuit for suction have to
be generated simultaneously in the air conveyor, which
seriously increases the difficulties of designing and man-
ufacturing air conveyors.

2 Mechanism of vortex bearing

For solving the above problems, a new air-bearing element
called as vortex bearing (see Fig. 3) is proposed and tested
[7, 19, 20]. It comprises a circular vortex chamber at the
centre which has tangential nozzles inserted at both sides
and is surrounded by an annular flat skirt. Blue arrow lines
show the air flow. Pressurized air is blown through the
tangential nozzles into the vortex chamber; it then advances
along the circular wall to form the vortex flow. Finally, the
air is discharged to the atmosphere by flowing into and
through the gap between the annular skirt and the work-
piece. Compared to the conventional orifice bearing, this
design has two remarkable advantages: (1) the air emitting
from the tangential nozzles avoids directly impacting the
workpiece, and the air with a tangential velocity component
can smoothly flow into the gap so that a sharp pressure peak
and drastic pressure drop cannot be caused; (2) the centrif-
ugal force generated by the vortex flow can lower the
pressure inside the vortex chamber to some extent to form
a sunken distribution which plays a role similar to adding

Glass substrateAir rails

Pressurized
air supply

Orifice-type bearing

Fig. 1 Air conveyor for floating and transporting glass substrate

(a) Single orifice bearing element (b) Orifice bearing element with vacuum suction port

Workpiece Workpiece

Pressurized air Pressurized air      Vacuum

Fig. 2 Orifice bearing element.
a Single orifice bearing
element, b orifice bearing
element with vacuum suction
port
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the vacuum suction port mentioned in Fig. 2b to narrow the
clearance and increase the flotation stiffness [21–25].
Figure 4 shows an air conveyor for floating and trans-
porting TFP glass substrates. The air conveyor consists of
long rails on which the vortex bearing elements are embedded
[7]. The array and size of vortex bearing elements are
designed differently according to the requirement of
flotation precision and air supply capacity etc. in actual
applications.

Given that clarifying the basic characteristics of the new
vortex bearing is very important for future optimization
design and promoting practical applications, in this paper,
we focus on one vortex bearing element to study its basic
characteristics (flow rate characteristics, load capacity, and
static stiffness) and flow phenomenon (pressure and velocity
distributions), and we confirm its advantages in comparison
to an orifice bearing. Figure 5 shows the vortex-bearing
element used for experiments and discussion in this paper.
It is made of aluminium and composed of several parts.
First, a vortex ring with two tangential nozzles is glued to
the body and a close board is glued to the vortex ring to
form a vortex chamber. Then, a cover board is fixed to the
body to form an air supply chamber. Therefore, compressed
air can flow into the air supply chamber via the supply port
and then get into the vortex chamber the two tangential
nozzles. Figure 5b shows a photograph of the vortex bearing
used in this study and Table 1 lists its main size parameters.

3 Experimental setup and methods

For investigating the basic properties of the vortex bearing, we
measure the pressure distribution and bearing force experi-
mentally. The pressure distribution measurement not only
shows the pressure distribution but also gives an insight into
the flow phenomenon. The bearing force measurement eval-
uates the bearing force and flotation stiffness that indicate the
most important properties of a bearing.

When conducting the experiments, the flow rate is fixed at
a given constant value. In the case of large-scale air convey-
ors, a large number of bearing elements work simultaneously.
Therefore, the flow rate of each bearing element is set as low
as possible (usually several litres per minute (ANR)) to reduce
the whole air consumption. Moreover, the floated workpiece
(silicon wafer, TFP glass substrate) is relatively light. There-
fore, in this study, the supply pressure and flow rate settings
are less than 100.0 kPa (g) and 3.0 L/min (ANR) respectively,
and the bearing force to be discussed is up to around 0.6 N.

3.1 Pressure distribution measurement

A sketch of the apparatus used to measure the pressure distri-
bution is shown in Fig. 6. The test bearing can be fixed on the
movable base and kept parallel to the stationary table by
following the next steps. First, place the bearing on the station-
ary table and then adjust the three pins so that their tips touch
the top of the bearing. Lock the pin clamps to hold the pins
tightly and then release the spring. The spring pulls a string that
is tied to both the bearing and the spring at its two ends to fix the
bearing together with themovable base. The vertical position of
the movable base is adjusted by turning a feeding bolt and
measured through a dial meter with a resolution of 1 μm. This
way, the clearance between the bearing and the stationary table
becomes adjustable and measurable. A stationary table
(Fig. 6b) is placed under the test bearing. A sliding bar con-
taining a small tap hole and an internal connecting perforation
is inserted through the middle of the stationary table. Such a
design can also be seen in other’s experimental work [26]. A

Workpiece

Vortex chamber
Tangential nozzle

Annular skirt

(Top view)

(Front view)

Fig. 3 Vortex bearing

Fig. 4 Vortex-type air conveyor for transporting glass substrate [7]
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wire-type position sensor is placed at one end of the bar to
record its location. At the other end, a pressure sensor (PA-100,
Copal Co., Ltd) is connected to the pressure tap to detect the
pressure signal through the internal perforation. In this way, the
pressure distribution on the upper surface of the stationary table
can be measured by recording the pressure continuously while
moving the sliding bar slowly. Comparing to the methods using
limited pressure taps [27, 28], this method can present more
details of pressure distribution.

3.2 Bearing force measurement

Figure 7 shows a sketch of the apparatus that is most used for
measuring the relationship between the bearing force F and
the clearance h [27, 29]. A plate is fixed on a shaft which is
supported by an air guide (1X001-208, Oiles Co. Ltd) that has
a high linear precision with less than ±3μmdeviation from the
sliding direction; hence, the shaft and the plate can slide back
and forth along the air guide with high parallel precision and
no friction. The method used for the pressure distribution
measurement is also used to fix the test bearing in parallel
with the plate. A force sensor (LVS-200GA, Kyowa Co. Ltd.)
placed on a slider lies on the other end of the shaft, and its
front makes contact with the shaft. The back-and-forth posi-
tion of the slider can be adjusted gradually by turning a
feeding bolt, so that the force sensor, shaft, and plate can move
to change the clearance h between the bearing and the plate.

Furthermore, the clearance change can be directly detected by
a laser displacement meter (LC-2320, Keyence Co., Ltd).
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(a) Schematic diagram of the intersection
of the test bearing element

(b) Photograph of the test bearing element
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(c) Assembly schematic illustration

Fig. 5 Test vortex-type bearing
element used in the study. a
Schematic diagram of the inter-
section of the test bearing ele-
ment, b photograph of the test
bearing element, c assembly
schematic illustration

Table 1 Size of the
vortex bearing element
(unit: mm)

H d D1 D2

3 0.3 15 60

Sliding
track

String & Spring

Dial meter

Pin

Pin clamp

Movable base

Test bearing

Stationary
table

Feeding bolt

(a) Apparatus for pressure distribution measurement 

Pressure tap Pressure sensor
connection

Stationary table

Sliding bar

Wire-type
position encoder

(b) Stationary table under the test bearing

Fig. 6 Apparatus for pressure distribution measurement. a Apparatus
for pressure distribution measurement, b stationary table under the test
bearing
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Generally, the workpiece is placed upon the bearing. How-
ever, in order to facilitate the experimental operation, the
entire apparatus is placed horizontally, as shown in Fig. 7.
Air is light because of its small density, and thus, it is believed
that placing the apparatus horizontally does not affect the
experimental results. Moreover, the apparatus is in a slightly
tilted position, and consequently, part of the gravity of the
plate and the shaft, denoted by F0, acts on the force sensor.
After the air is supplied, the bearing applies a bearing force F
to the plate that can be calculated by subtracting F0 from the
reading of the force sensor. By recording the clearance h si-
multaneously, the curve of load capacity (F–h) can be drawn.

3.3 Air supply circuit

The arrangement of the air supply circuit is shown in Fig. 8.
Compressed air is supplied and regulated to a selected pres-
sure. A thermal flow meter (FD-A10, Keyence Co. Ltd) and a
pressure gauge are installed ahead of the test bearing to
indicate the supply flow rate and upstream pressure.

4 Results and discussion

4.1 Flow rate characteristics

Two flow resistances exist in the vortex bearing: the
tangential nozzles and the thin gap between the work-

piece and the annular skirt. These two resistances deter-
mine flow rate characteristics of the vortex bearing,
namely, the relationship between the supply pressure
Ps and flow rate Q. Figure 9 shows the experimental
Ps–Q curves when the clearance h is set to 0.08, 0.15,
and 0.3 mm, respectively. The results reveal that the
flow rate only changes with the pressure and is not
affected by the clearance. In other words, the air resis-
tance of the gap is far smaller than that of the tangential
nozzles, which can be easily understood by comparing
their flow area. The diameter of both tangential nozzles
is 0.3 mm, so the total flow area is only 0.14 mm2,
while even the narrowest flow area of the gap is
2.4 mm2, i.e., nearly 27 times bigger than the two
nozzles. Therefore, the tangential nozzles dominate the
flow rate characteristics of the bearing. In addition, it is
shown in the next section that the pressure changes due
to gap variation are only of 1–2 kPa. Such pressure
changes have little impact on the flow rate character-
istics of the nozzles. Therefore, we can consider the
supply flow rate as constant once the supply pressure
is set.
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Test bearing

Laser displacement 
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Force sensor

Shaft

Plate
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Fig. 7 Apparatus for bearing
force measurement
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Fig. 8 Air supply circuit

0 20 40 60 80 100

1

1.5

2

2.5

3

Ps [kPa(g)]

Q
 [

L
/m

in
(A

N
R

)]

h=0.08[mm]
h=0.15[mm]
h=0.30[mm]

Fig. 9 Flow rate characteristics at different clearances
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4.2 Pressure distribution

4.2.1 Pressure distribution of the vortex bearing

Two flow states with different properties exist in the vortex
bearing: the vortex flow inside the vortex chamber and the
gap flow in the gap. The vortex flow is dominated by fluid
inertia (namely, centrifugal force), while the flow through
the thin gap is mainly dependent on fluid viscosity. Gener-
ally, the flow state will be reflected by the pressure. Next,
these two types of flow states as well as their interaction are
investigated by trial measures of pressure distribution.

First, Fig. 10 shows the experimental result whenQ is set to
2.0 and 3.0 L/min (ANR) and h is 0.15 mm. It can be seen that
the pressure is distributed along the radial direction. Addition-
ally, the vortex flow inside the vortex chamber (r<D1/2)
indicates a different distribution for the gap flow under the
skirt (D2/2>r>D1/2). Inside the vortex chamber (r<D1/2), the
pressure at the central area is lower than at the periphery, for
which the centrifugal force of vortex flow can well account.
As illustrated in Section 2, the sunken pressure distribution at
the centre can play to some extent a role similar to adding a
vacuum suction port to drag the workpiece closer to the
bearing. After air flows into the narrow gap (D2/2>r>D1/2)
where viscous impedance becomes dominant, the pressure is
distributed beyond the atmosphere and generally decreases
along the air flow direction, which causes a supporting force
to float the workpiece as the orifice bearing does.

Figure 10 also shows that the larger the supply flow rate,
the faster the air blows from the nozzle; as a result, the
pressure inside the vortex chamber sinks more significantly.
On the other hand, a larger flow rate brings about more
pressure loss because of the viscosity when flowing through

the thin gap. Hence, it is observed that a higher pressure
distribution is formed in the gap.

4.2.2 Vortex flow inside the vortex chamber

As to the unique vortex flow inside the vortex chamber, a further
investigation of its velocity distribution is conducted. As is well
known, pressure distribution reflects flow state. Given that the
pressure distribution has been measured, the velocity and its
distribution can be estimated by using the Navier–Stokes equa-
tion. Considering that the tangential velocity component,
denoted by uα, is dominant over other velocity components
and the viscous effect in the case of the vortex flow, the Nav-
ier–Stokes equation can be written as follows [30]:

u2a
r

¼ 1

ρ
� @P
@r

ð1Þ

This indicates that uα can be calculated by differentiating
the pressure. Figure 11 shows the calculation results
corresponding to the pressure distributions shown in Fig. 10.
Note that air swirls with high speed around the periphery and
the tangential velocity is distributed along the radial direction,
while an obvious distribution cannot be observed in the central
area. Increasing the supply flow rate would surely speed up
the air swirling. We also know that the swirling velocity is far
smaller than the speed when air is blown from the nozzle.
Taking the case of Q02.0 L/min (ANR) as an example, air is
blown from the tangential nozzles with a mean velocity of
∼235 m/s, and then, the flow slows down with the expansion
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Fig. 10 Pressure distribution (h00.15 mm, Q02.0 L/min)
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Fig. 11 Tangential velocity distributions (black arrows show the po-
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of flow cross section so that even the peak of the distribution is
only 1/5–1/6 of that at the nozzle outlet.

4.2.3 Comparison of vortex and orifice bearings

Figure 12 shows a comparison of pressure distribution between
the orifice and vortex bearings at the same supply flow rate and
clearance settings (Q02.0 L/min (ANR), h00.15 mm). The
orifice bearing used for the experiments has the same structure
as shown in Fig. 2a. The outside diameter isΦ60 mm, the same
as the vortex bearing. Additionally, the diameter of the orifice is
Φ0.55 mm, and thus, it has nearly the same flow rate character-
istics as the vortex bearing. The comparison was conducted
under the same supply flow rate. The supply flow rate is used as
the experimental condition for the following reasons:

1. The supply flow rate is more suitable for indicating ener-
gy consumption, which is our target. Assuming that the
conventional orifice and vortex bearings are supplied by
the same air source (pump or blower), independently of
how the requested pressure of air bearing is supplied, it is
the same from the viewpoint of the air source because the
air source provides the same pressurized air;

2. Usually, there are many other components in the air con-
veyors’ supply system, e.g., long pipes, valves, elbows, and
pressure regulators. When air is supplied through these
components, energy loss certainly occurs and depends
more on flow rate than on pressure. In terms of the whole
system’s energy consumption, the flow rate is important
not only to the air bearings but also to its supply system.

First, the distribution curve of the orifice bearing shows
that after the air emitting with high speed from the orifice
directly impacts the workpiece, a very high pressure peak (up
to nearly 50 kPa (g)) is formed; simultaneously, when air
changes direction to flow into the gap, a prominent pressure
drop occurs. Furthermore, because the air flowing radially
through the gap shows an expected deceleration for small
radius, the pressure displays a rising trend that is often desig-
nated as the Bernoulli effect. As the radius increases, the
Bernoulli effect weakens and the viscosity in the thin gap
gradually becomes dominant. Hence, the pressure then slowly
decreases to the atmospheric pressure along the flow direction.
Obviously, the pressure peak and the intense change at the
central area would definitely bring about great concentrated
stress acting on the workpiece, which are undesirable in the
cases of floating and transporting fragile workpieces like thin
glass substrates. In order to avoid this problem, the orifice
conveyor usually has to decrease the supply pressure and
simultaneously increase the number of bearings to gain
enough flotation stiffness, which leads to excessive air
consumption. In contrast, the vortex bearing solves the
problem appropriately by setting the nozzles tangentially
to obtain a much gentler pressure distribution.

4.2.4 Influence of the clearance

Next, we change the clearance to investigate how it influences
the pressure distribution. Figure 13 shows the experimental
results when the clearance h is set to 0.09, 0.10, 0.15, and
0.3 mm, respectively, and the supply flow rate is kept
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constant. It can be observed that the distribution under the
skirt (D2/2>r>D1/2) is very sensitive to the clearance change
because it largely determines the viscous impedance of the gap.
The larger the clearance, the weaker the viscous impedance,
and therefore, the less significant the pressure distribution in the
gap becomes. As a result, the pressure under the skirt almost
equals the atmospheric pressure when the clearance is enlarged
to 0.30 mm. On the other hand, the distribution inside the
vortex chamber (r<D1/2) roughly sustains a constant shape
while fluctuating with the pressure change of the gap. Because
the shape of the pressure distribution reflects the flow state, we
can say that the vortex flow is hardly affected by the clearance
change in the discussed clearance range.

4.3 Bearing force and stiffness

Using the experimental apparatus shown in Fig. 7, the load
capacity, namely, the curve of the bearing force F and the
clearance h, could be directly measured. Figure 14 shows
the experimental results of the vortex bearing when the
supply flow rate is set to 2.0 and 3.0 L/min (ANR). Note
that the two curves of bearing force intersect each other.
Defining the intersection clearance as hi, when h>hi, the
larger the supply flow, the smaller is the bearing force;
however, when h<hi, the opposite tendency is observed.
The unique flow structure of the vortex bearing can help
us to understand this phenomenon. As mentioned above, the
flow of the vortex bearing is mainly composed by the vortex
flow (inertia flow) and the gap flow (viscosity flow). Which
of the two flows is dominant decides how the force varies
according to the supply flow rate. As can be confirmed in
Fig. 13, in the case of smaller clearances (h<hi), the pressure
of the gap flow becomes much more significant than that of
the vortex flow, that is, the gap flow prevails over the vortex
flow. Therefore, when the clearance is constant, a larger
supply flow rate gives rise to a bigger bearing force. However,
as the clearance is enlarged to a certain extent, the viscous
effect is weakened while the state of the vortex flow is hardly
influenced by the clearance change so that it gradually sur-
passes the gap flow and becomes dominant. Consequently, in
the case of larger clearances (h>hi), the larger the supply flow
rate, the stronger is the centrifugal force of the vortex flow,
and therefore, the more sunken the pressure distribution of the
central area, the weaker is the bearing force.
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Next, Fig. 15 shows the comparison between the vortex
and the orifice bearings. The supply flow rate is set to 2.0 and
3.0 L/min (ANR), where the supply pressure is around 55.0
and 105.0 kPa (g), respectively. It is found that the bearing
force of the vortex bearing is smaller than that of the orifice at
the same clearance. It can be easily explained by the pressure
distribution results shown in Fig. 12 that the vortex bearing
has a sunken pressure distribution inside the vortex chamber
while the orifice bearing produces a sharp pressure peak at the
centre. Therefore, in general, the load capacity curve of the
vortex bearing shifts down greatly from that of the orifice
bearing. Concerning the static stiffness dF/dh, it can be cal-
culated by differentiating the F–h curve. We notice that the
static stiffness of the vortex bearing is a little smaller than that
of the orifice bearing when the clearance is the same. As
discussed in the last section, this can be explained by the fact
that the clearance change hardly influences the flow state and
shape of the resulting pressure distribution inside the vortex
chamber. However, the pressure distribution of the orifice
bearing at the central area is strongly influenced by the clear-
ance changes. Hence, the results suggest that the clearance
change affects the bearing force of the orifice bearing more
than it does that of the vortex bearing.

Supposing that both of them float the same work-
piece, for example, with a load gravity of 0.2 N, the
curves of gravity and load capacity of the bearings
intersect at two points. The workpiece is floated at the
intersection points where the bearing force is equal to
the gravity. Figure 15 shows that the vortex bearing
floats the workpiece with a narrower clearance (about
40–60 μm narrower in this example) than the orifice.
Furthermore, the corresponding flotation stiffness (abso-
lute value) of the vortex bearing is also higher (more
than twice in the case of Q03.0 L/min (ANR)) than that
of the orifice bearing. Such positive effects, which are
usually achieved by having to add vacuum suction ports
to orifice bearings, are realized by using vortex flow
with a simple structure. In the case of an air conveyor
floating glass substrates, one bearing unit is usually
loaded from several grams to several tens of grams.
Tables 2 and 3 show a comparison at various loads.
The flotation stiffness of both bearings decreases as the
load decreases. The ratio shows that the vortex bearing
is superior to the orifice bearing, with more remarkable
advantages when floating a lighter workpiece. As
explained above, this is because a lighter load increases
the clearance; hence, the vortex flow has a clear effect.

5 Conclusions and perspectives

In this paper, a new air-bearing element called as vortex
bearing is introduced and studied. In comparison to the

conventional orifice bearing, the new bearing is charac-
terized by blowing air through tangential nozzles to form
a vortex flow. The study focuses on one vortex-bearing
element to investigate its basic characteristics (flow rate
characteristics, pressure and velocity distributions, load
capacity, and static stiffness). This study clearly shows
that the vortex bearing takes advantage of vortex flow to
form a sunken pressure distribution at the central area, so
that it can apply a drag force to the workpiece to make it
float closer to the bearing and therefore achieve higher
flotation stiffness. Furthermore, blowing air tangentially
instead of emitting directly onto the workpiece can avoid
the formation of strong pressure distribution on the work-
piece’s surface, which would reduce the partial stress
concentration acting on the workpiece. For these reasons,
the new vortex bearing is applicable in air conveyors that
float and transport workpieces such as TFP glass sub-
strates and silicon wafers.

To promote the practical application of vortex bearing,
the following issues will require further investigation in the
near future:

1. While the workpiece floated on an air conveyor is
passing through one bearing element, a variable bearing
force would act on the workpiece’s tip and therefore
cause fluctuations in the workpiece’s flotation. Air con-
veyors of vortex bearings have the same problem as
those of conventional orifice bearings. It is necessary
to study how fluctuations affect the flotation precision
and find solutions to repress the undesirable fluctuation.

2. It is important to develop some theoretical or semi-
empirical principles for the design of the vortex bearing.

3. The vortex bearing has a small vortex chamber at the
centre which could cause an unstable phenomenon
similar to a pneumatic hammer, as also happens to
orifice bearings with a pocket space [15, 16]. Further
investigation of this problem should be conducted.

Table 3 Q03.0 L/min (ANR) (Ps is around 105.0 kPa (g))

Load [N] 0.05 0.10 0.20 0.30 

Vortex bearing 5.12 6.50 8.65 10.95 

Orifice bearing 1.00 1.70 3.25 5.15 
Stiffness 
[N/mm] 

Ratio (Vortex : Orifice) 5.12 3.82 2.66 2.13 

Table 2 Q02.0 L/min (ANR) (Ps is around 55.0 kPa (g))

Load [N] 0.05 0.10 0.20 0.30 

Vortex bearing 2.33 3.33 5.73 8.27 

Orifice bearing 0.67 1.40 3.20 5.47 
Stiffness 
[N/mm] 

Ratio (Vortex : Orifice) 3.50 2.38 1.79 1.51 
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Appendix 1: Uncertainty in the pressure distribution
measurement experiment

In order to calculate the uncertainty in the pressure distribu-
tion measurement experiment (see Section 3.1), first we list
the following factors that may cause measurement errors:

(1) The pressure sensor has been calibrated and the cali-
bration uncertainty is estimated to be 0.1 % of the
maximum reading. Given that the pressure sensor is
analogue, the resolution is usually 0.1 % of the full
range. Moreover, the analog noise signal has been
experimentally confirmed as being around 35 Pa.

(2) The wire-type position encoder (digital) is used to
record the position of the pressure value. The position
error due to its calibration uncertainty and resolution
affect the pressure measurement. Figure 10 shows that
the intensively distributed region (e.g., around r0D1/2)
is very sensitive to the position error, while the sunken
pressure distribution in the central region is hardly
affected. Therefore, when converting the position error
to pressure, the sensitivity coefficient is variable in a
range of 0–680 Pa/mm, which can be calculated by
differentiating the pressure versus position from the
experimental pressure result of Fig. 10.

(3) The supply flow rate is set as the experimental condi-
tion and measured by the thermal flow rate sensor. The
flow rate error due to the calibration uncertainty and
resolution would affect the pressure measurement.

According to the experimental result shown in
Fig. 10, we know that increasing the supply flow rate
from 2 to 3 L/min lowers the central pressure by
550 Pa. In addition, the pressure at r0D2/2 is atmo-
spheric and thereby does not change in spite of the
flow rate change. Therefore, the sensitivity coefficient
is variable in a range of 0–550 Pa/mm.

(4) The gap clearance is an experimental condition and
measured by a dial meter. The gap clearance error,
which is mainly caused by the calibration uncertainty
and resolution of the dial meter, would affect the pres-
sure measurement. Based on the experimental data of
Fig. 13, we know that the 1-μm gap clearance change
would lead to 70 Pa pressure change at the central
region. However, there is little pressure change at r0
D2/2, where the pressure is atmospheric. Therefore, the
sensitivity coefficient of the gap clearance error is
variable in a range of 0–70 Pa/μm.

Because the measurement values are read and recorded by a
computer, the error from reading and recording is disregarded.
Further detailed information on the above possible error sources,
e.g., specific values, probability distribution, and divisor, are
listed in Table 4. Next, we convert these individual errors to
the standard uncertainty in pascals and calculate the combined
standard uncertainty by squaring the individual uncertainties,
adding them, and then taking the square root of the total. Finally,
we multiplied the result by a coverage factor (02) to obtain the
expanded uncertainty [31, 32].

The uncertainty of the pressure measurement is 40.0–
74.8 Pa. This is based on the standard uncertainty multiplied
by the coverage factor of 2, providing a level of confidence
of approximately 95 %. Based on the above analysis, we
also know that large uncertainty would be expected at

Table 4 Uncertainty in the pressure distribution measurement

Source of uncertainty Value Sensitivity
coefficient

Converted
value

Probability
distribution

Divisor Standard
uncertainty

Calibration uncertainty of pressure sensor 1 Pa 1 1 Pa Normal 2 0.5 Pa

Resolution of pressure sensor 1 Pa 1 1 Pa Rectangular
ffiffiffi

3
p

0.6 Pa

Noise of pressure sensor 35 Pa 1 35 Pa Rectangular
ffiffiffi

3
p

20.2 Pa

Calibration uncertainty of wire-type position sensor 0.06 mm 0–680 Pa/mm 0–40.5 Pa Normal 2 0–20.25 Pa

Resolution of wire-type position sensor 0.02 mm 0–680 Pa/mm 0–13.5 Pa Rectangular
ffiffiffi

3
p

0–7.8 Pa

Calibration uncertainty of flow rate sensor 0.003 L/min 0–550 Pa/(L/min) 0–1.65 Pa Normal 2 0–0.83 Pa

Resolution of flow rate sensor 0.01 L/min 0–550 Pa/(L/min) 0–5.5 Pa Rectangular
ffiffiffi

3
p

0–3.2 Pa

Calibration uncertainty of dial meter 0.3 μm 0–70 Pa/μm 0–21 Pa Normal 2 0–10.5 Pa

Resolution of dial meter 0.5 μm 0–70 Pa/μm 0–35 Pa Rectangular
ffiffiffi

3
p

0–20 Pa

Combined standard uncertainty – – – Assumed normal – 20.2–37.4 Pa

Expanded uncertainty – – – Assumed normal 2 40.0–74.8 Pa
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around r0D1/2 where the pressure distribution is intensive,
while small uncertainty would appear at the peripheral re-
gion where the pressure is close to atmospheric pressure.

Appendix 2: Uncertainty in the bearing force
measurement experiment

In order to calculate the uncertainty of the bearing force
measurement (see Section 3.2), first, we list the following
factors that may cause measurement errors:

(1) The calibration uncertainty of the force sensor is estimated
to be 0.1 % of the maximum reading. Given that the force
sensor is analog, the resolution is usually 0.1 % of the full
range. Moreover, the analog noise signal has been exper-
imentally confirmed as being around 5 mN.

(2) A laser displacement meter is used to record the posi-
tion of the force value. Its calibration uncertainty, res-
olution, and noise signal would cause errors of gap
clearance. According to the stiffness data of Fig. 15,
we can easily determine the sensitivity coefficient that
is variable in a range of 0–12 mN/μm.

(3) As mentioned in Appendix 1, the flow rate sensor
introduces a measurement error. Figure 14 shows that
a flow rate change of 1 L/min would cause force
changes of 0.125 N at the large clearance region. In
addition, the bearing force is the same at the intersec-
tion position (h0hi) despite the flow rate change.
Therefore, the sensitivity coefficient is variable in a
range of 0–0.125 N/(L/min).

(4) The plate and shaft used for force measurement are
supported by the air guide so that we can disregard the
effect of the friction force.

Because the measurement values are read and recorded
by a computer, the error from reading and recording is
disregarded. Further detailed information on the above pos-
sible error sources are listed in Table 5. Next, we convert
these individual errors to the standard uncertainty in new-
tons and calculate the combined standard uncertainty by
squaring the individual uncertainties, adding them, and then
taking the square root of the total. Finally, we multiplied the
result by a coverage factor (02) to obtain the expanded
uncertainty [31, 32].

The uncertainty of the bearing force measurement is
6.24–10.54 mN. It is based on the standard uncertainty
multiplied by the coverage factor of 2, providing a level of
confidence of approximately 95 %. Based on the above
analysis, we also know that large uncertainty would be
expected where the stiffness is high, while the measured
force value of the region around h0hi would have small
uncertainty.
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