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Abstract 
Vortex levitation attains non-contact handling by injecting air through a tangential nozzle into a 
cylindrical cup generating the swirling flow. The precessing of the swirling flow causes pressure 
fluctuation. This phenomenon becomes apparent as the gap between the cup and workpiece in-
creases, which significantly disturbs the stability of conveyance. In this paper, suppression of 
pressure fluctuation by a cylindrical column that stabilizes the vortex levitation is described and 
its mechanism is mentioned. According to the experimental set up, the pressure was measured at 
the center of the workpiece and the wall of the cup; velocity field under the work piece was visua-
lized by PIV. The result suggested that the larger diameter column denoted the effect on suppres-
sion of the fluctuation because the precessing of the swirling flow became stable. On the other 
hand, variation of the column thickness had insignificant effect on suppressing the fluctuation, but 
sucking force became weakened since the swirling velocity decreased. 
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1. Introduction 
In semiconductor manufacturing, a direct contact handling method is used to convey a workpiece: wafers or 
glass substrates. However, direct contact between the workpiece and the handling device often leads to surface 
scratching, static electricity and particle contamination. Non-contact and stable handling methods are preferred 
to improve production quality and efficiency. The thinner and larger the workpiece is, the higher the necessity of 
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the non-contact handling devices is. A number of non-contact handling methods have been proposed so far, 
many of which demonstrated effectiveness. Among those, the prominent methods are magnetic, electrostatic and 
pneumatic [1] [2]. The magnetic and the electrostatic methods have restricted usage to conductive materials, 
whereas the pneumatic methods have not; it is applicable to a wide range of materials including: insulator or 
conductor, magnetic or non-magnetic, rigid or non-rigid and so on because the handling force produced by the 
air flow is magnetic-free and low-heat-generate [2] [3]. Because of its simple structure and operation, the pneu-
matic method provides minimal maintenance and does not require a control loop to obtain a stable state. The 
most popular pneumatic method is Bernoulli levitation based on Bernoulli principle [3]-[5]. However, Bernoulli 
levitation needs high air consumption against the sucking power and often leads to a high air power loss through 
supply pipes [3]. Therefore, the vortex levitation, which is one of the latest pneumatic non-contact handling me-
thods, is proposed here.  

In this levitation, a vortex cup is used to generate the air swirling flow. As presented in Figure 1, the cup 
composes of a circular cylinder and a tangential nozzle. Compressed air is injected through the nozzle, circu-
lated along the circular wall, and generates swirling flow. The negative pressure in the central area of the swirl-
ing flow generates vacuum pressure. Since the working fluid is supplied continuously, the workpiece is kept le-
vitating at certain distance away from the cup at equilibrium where the weight of the workpiece balances the 
sucking force. Figure 2 shows the image of a manipulator in practical use [12]. It is equipped with six vortex 
cups providing better stability and larger sucking force. A number of previous studies have reported the charac-
teristics of the swirling flow in cylindrical chambers and circular pipes [6]-[8], and their technical applications 
include separation of particles by cyclones and improvement of combustion by swirl burners, among others 
[9]-[11]. Unfortunately, these applications cannot be applied directly to the vortex cup because one side of the 
cup is opened. When the gap between the workpiece and the cup increases, the vortex core precesses, and peri-
odic pressure fluctuation is then generated [12]-[15]. This fluctuation disturbs stable handling of the workpiece. 
The theoretical approach for indirectly estimating the pressure distribution in the cup was conducted by Li et al. 
[16]. It is not only important but also necessary to develop suppression method of the pressure fluctuation. This 
study, therefore, focused on suppression of the fluctuation using a circular column. The interest was paid to in-
vestigate the influence of the height and diameter of the column with visualization and pressure measurement. 

 

 
Figure 1. Vortex cup. 

 

 
Figure 2. Non-contact handling system using vortex cups. [12]. 
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2. Experimental Apparatus and Procedures 
In the vortex levitation, a vortex cup is used to generate the air swirling flow. Sucking pressure is generated by 
injecting air into the vortex cup through the tangential nozzle. The maximum swirling velocity reaches approx-
imately 50 m/s. The flow field is the most important to the vortex cup performance, but its behavior is difficult 
to grasp due to the resolution of space and time. In order to get a better visualization of the flow behavior, water 
was selected as a working fluid instead of air, and the vortex cup was scaled up. Figure 3 illustrates the experi-
mental apparatus consisting of; a head tank, a test section tank and a vortex cup. The head tank and the test sec-
tion tank have an overflow system to maintain constant flow rate. Water in the head tank enters the cup through 
a water pipe. The flow rate is controlled by hand valves and measured by a weighting method. Figure 4 illu-  

 

 

Figure 3. Experimental apparatus. 
 

 
Figure 4. Test section. 
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strates the cup configuration: D = 72 mm, H = 44 mm, H/D = 0.61, and the inner edge is 45˚ chamfered to the 
height specified at 10 mm, where D and H is the inner diameter and height, respectively. The inner diameter of a 
tangential nozzle is d = 3.2 mm, and the height of the central area of the nozzle is 4 mm measured from the bot-
tom of the cup. In order to observe pressure fluctuations, the workpiece was set at δ = 4 mm [13]. The diameter, 
Dc, and height, Hc, of the column are made dimensionless providing the variation as follow; Hc/H = 0.34, 0.57, 
0.90, Dc/D = 0.42, 0.55, 0.63, 0.69, 0.76. The rotating coordinate system is placed at the center of the cup and at 
the same height of the nozzle. The vertical direction, the radius direction and the rotational angle are defined as 
z-axis, r-axis and θ-axis. The rotational angle corresponds to the r-axis normal to the nozzle direction is θ = 0˚.  

The cup was experimented under the Reynolds number (Re = VD/ν, here V is swirling velocity, ν is kinematic 
viscosity) of 58,000 based on the air flow velocity near the wall [12] [13]. In this study, Vin, the flow speed at the 
nozzle, was set at 3.4 m/s to establish the flow similarity between the air-flow cup and the water-flow enlarged 
cup. In this case, Vw, the flow speed near the cup wall measured at same height of the nozzle, was 0.81 m/s, and 
the flow rate through the nozzle was Q = 27.3 × 10−6 m3/s. In this experiment, the supplying power does not 
change when the column is set in the chamber. 

The dynamic pressure inside the cup was measured with 1 kHz sampling rate via Validyne DP-15 strain- 
gauge transducer. Pressure taps were made at the central area of a workpiece and on the cup wall (z/H = 0.50, θ 
= 210˚). The measurement by particle image velocimetry (PIV) clarified the swirling flow condition beneath the 
workpiece. In order to get a better visualization of the cup, the cup was made by a transparent acrylic and set at 
the bottom of a test section tank such that an opened-end of the cup faced upward. A high speed camera (Pho-
tron, FASTCAM-SA1.1) was set above the test section tank. The capturing frame rate was 2000 fps, and the 
shutter speed was 1/20,000 sec. The CW-YAG Laser (532 nm, 3 W) provided a 2 mm laser light sheet illumi-
nated the cup under the workpiece. Tracer particles, nylon 12 powder (mean diameter 150 μm, specific gravity 
1.02) were used, and supplied far upstream of the nozzle. 

3. Experimental Results and Discussion 
Figure 5(a) shows the pressure signal without a column, and Figure 5(b) shows the spectrum analysis of the 
pressure signal shown in Figure 5(a). The fluctuation amplitude on the wall was obviously larger than that ob-
served at the center of a work. The spectrum analysis extracted the frequency less than 10 Hz. The dominant 
frequency was observed around 1 Hz. It would have occurred from the fluctuation of the swirling flow.  

Figure 6(a) shows the pressure signals with various columns, and Figure 6(b) shows the results of spectrum 
analysis of the pressure signals shown in Figure 6(a). It is noticed, as presented in Figure 5(a) and Figure 6(a), 
that without a column and with smaller diameter columns, the pressure fluctuation was not suppressed; but it 
was so with larger diameter columns. Based on this finding, the most important factor for suppression of the 
pressure fluctuation is the variation of the column diameter; the larger the better, while the height variation does 
not show significant effect to suppression of pressure fluctuation in the cup.  

Figure 7 shows the amplitude of prms which represents the pressure fluctuation. On the cup wall the prms 
gradually decreased as the diameter increased. The prms at the work center sharply decreased when Dc/D reached 
0.76. On the other hand, Hc/H showed minimal influence on the suppression of the pressure fluctuation. It is 
concluded that the pressure fluctuation is suppressed when larger diameter column is presented. 

In order to research the reason that pressure fluctuation is suppressed, the time sequence of the swirling flow  
 

       
(a)                                               (b) 

Figure 5. Pressure measurement results without a column. (a) Pressure signal; (b) Spectrum of pressure fluctuation. 
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(a) 

 
(b) 

Figure 6. Pressure measurement results with various columns. (a) Pressure signal; (b) Spectrum of pressure fluctuation. 
 

 
Figure 7. Pressure amplitude variation with various columns. 

 
on the r-θ plane at z = 42 mm under the workpiece was focused. Figure 8 shows the instantaneous streamline 
which is drawn based on the PIV measurement result. The yellow circle, line and dot represent the inner cup 
wall, nozzle and the central area of the swirling flow, respectively. The swirl center was recognized roughly 
from high-speed images with eyes. It can be seen that, without a column, the swirling flow precessed, but when 
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the large diameter column presented, the swirling flow did not precess. It is recognized that the swirling motion 
is more unstable from the comparison of streamline patterns with and without the column. It could be explained 
that when a larger diameter column is presented, the gap between the column wall and the cup wall become 
smaller. Therefore, the swirling flow fluctuation is suppressed such that the swirling flow under the workpiece 
becomes stable. The precession causes the pressure fluctuation at the work surface, which can be controlled by a 
column of selective diameter; the larger the diameter, the better the fluctuation suppression. Also, it has been 
found that larger diameter column brings an advantage to the vortex levitation.  

Figure 9 shows the averaged streamline patterns of the swirling flow and the swirling center with variation of 
the column diameter. The position of a swirling center was identified by eye from the streamline pattern. With-
out a column, the streamline loses its pattern, but the pattern is maintained when a larger diameter column is 
presented. However, the large diameter column has a risk over the vortex levitation, too. As shown in Figure 10, 
the mean pressure, pmean, increases of approximately 20% maximum as the diameter increases. When Dc/D is 
smaller than 0.55, pmean seems almost constant, but when Dc/D is larger than 0.55, pmean increases. The sucking 
force generated by a negative pressure becomes a little weakened. 

 

 
Figure 8. Time sequence motion of swirling flow core and instantaneous streamline. 

 

 
Figure 9. Comparison of time averaged streamline pattern. 



S. Iio et al. 
 

 
76 

 
Figure 10. Mean pressure with various columns.  

 

 
Figure 11. Distribution of swirl velocity. 

 
In order to reveal the reason why the sucking force is weakened, Vθ,mean of the swirling flow under the work-

piece on the rθ-plane at z/w=0.98 was investigated. Figure 11 shows distribution of Vθ,mean on the line which 
parallel to the x-axis and through the swirl center. It has been found that, Vθ,mean/Vin near ±1 becomes slower as 
the column becomes larger. The reason why the vacuum pressure is weakened is the decrease of the swirling 
velocity. It is considered that the drop of swirling velocity is related to the increasing wall friction. 

From the afore mentioned results, it is possible to conclude that a larger diameter column can stabilize the 
non-contact handling device because it suppresses the pressure fluctuation, but the vacuum pressure becomes 
weakened according to a decrease in swirling velocity.  

4. Conclusion 
This study focused on the suppression of pressure fluctuation in the vortex cup by setting a cylindrical column in 
the cup chamber. Pressure measurement and flow visualization in the cup were conducted. As a result, the pres-
sure fluctuation can be controlled with a larger diameter column, because of suppression of the swirling flow 
precessing. However, the height of the column does not affect the suppression. This is because the flowing di-
rection between the column and the chamber is restricted circumferentially. In case of too large column, the 
swirling velocity weakens due to the shear stress effect from the small radial gap. 
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Nomenclature 
D: Inner diameter of a vortex cup [mm] 
d: Diameter of the nozzle [mm] 
H: Height of a vortex cup [mm] 
p: Differential pressure between the cup and ambient [Pa] 
Q: Flow rate [m3/s] 
Re: Reynolds number (=VD/ν) 
r: Radius position [mm] 
V: Velocity [m/s] 
z: Height position [mm] 
δ: Gap height between a cup and a work piece [mm] 
θ: Rotation angle [deg.] 

Subscript 
c: Column 
in: Issuing flow from a nozzle 
mean: Averaged value 
r: Radial direction 
rms: Root mean squared value 
w: Value near the wall of a cup 
z: z-direction 
θ: Circumferential direction 
ν: Kinematic viscosity 
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