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ABSTRACT

In this paper, a novel hand-held pneumatic vacuum pad is
developed using CFD-simulation. CFD is the abbreviation of
Computational Fluid Dynamics, which is a powerful and re-
liable tool to provide an effective insight into the flow field
numerically. Nowadays, application of pneumatic vacuum pads
may be found in many different real industries, especialy in
the field of automatic conveyer system, automatic or manual
assembly line, semiconductor industry aswell aswafer factory,
etc. Traditional vacuum pads are generally mounted on ro-
bots or other machines to form automated manufacturing sys-
tems. In this paper, however, a novel cylindrical vacuum pad
specially designed for the easy grasp by the operator’'shand is
proposed. To achieve two preset requirements, that is, large
lifting-force output and small dimension, the commercial CFD-
RC software is utilized as a tool to simulate the airflow field
and obtain the most suitable geometry for the vacuum pad.
Finally, experimental results further prove that the new vac-
uum pad with two af orementioned featuresis successfully de-
veloped and realized.

I[.INTRODUCTION

Nowadays, vacuum technology is widely applied in many
different industries, especially in the field of vacuum packing
machinery, clean room technology, semiconductor manufac-
turing process and high-precision measurement devices like
the mass spectrometer, SEM, TEM, etc. In these applications,
vacuum pump is generally utilized to create the effect of vac-
uum [2, 6, 12]. In this paper, however, a simple, cylindrical
hand-held pneumatic vacuum pad is proposed and developed
by using CFD-simulation [10]. Generally speaking, CFD is
widely used in different areas concerning fluid flow, heat trans-
fer, etc. Inthe modern fluid power technology, however, some
recent papers show that CFD is proven to be a successful ap-
proach to analyze and compensate the flow induced flow force
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inside the valve body [4, 10, 14]. Unlike the vacuum pump,
the vacuum generating principle of the newly developed vac-
uum pad is actually based on the well-known Bernoulli’s equa-
tion. The Bernoulli’s equation states that the fluid pressure
will decrease if the velocity of fluid flow isincreased. In a
traditional vacuum pad, as shown in Fig. 1, anozzleis gener-
aly utilized to increase the fluid flow velocity and hence to
produce the effect of vacuum [13]. In this paper, however, a
similar but much simplified vacuum pad is proposed as shown
in Fig. 2. It is observed that, instead of the nozzle, a sudden

Diffuser Nozzle
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Exhaust NN < Air Input
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Fig. 1. Scheme of a traditional vacuum pad using nozzle to produce
vacuum [5].
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Fig. 2. Scheme of the newly developed hand-held pneumatic vacuum pad.
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Fig. 3. New principle of vacuum generation —Vortex flow field.

reduction in the cross section of the pipe is designed to ac-
celerate the fluid flow. Therefore, two major features are in-
tegrated into the design. The first feature is the cylindrical
body design enabling the easy grasp by the operator’s hand.
In addition, compared to the complex profile of the nozzle, the
inexpensive manufacturing arising from the very simple ge-
ometric design of sudden reduction in the pipe cross section is
the second feature. As mentioned previously, the traditional
design using nozzles dominates the market for quite a long
time. However, one brand new vacuum generation principle
was proposed in recent two years. |n details, the so-called vor-
tex flow field theory that can be used to construct non-contact
(floating) or contact vacuum pads was presented by the author
[7-9]. AsshowninFig. 3, theair is guided to flow through an
eccentric inlet port and flow out through the outlet between the
vacuum pad and the lifted work-piece. Similar to the structure
of atropical typhoon, the eccentric inlet port generates a vor-
tex flow field, which accelerates the rotationa airflow. Ac-
cordingly, the air pressure near the center line of the vacuum
pad decreases because of the increased airflow velocity. Con-
sequently, the effect of vacuum is generated. Almost at the
same time, Prof. Kagawa also proposed the same theory and
applied it successfully to the design of small-sized vacuum
pad for picking up silicon wafers [5]. One minor fault of the
new floating vacuum pad, however, is that the lifted wafer or
other work-piece may shift or evenrotate. To overcomesucha
disadvantage, four or six small-sized vacuum pads are sym-
metrically assembled together to form a round pick-up device
for silicon wafer, TFT or solar energy panels. The schemeis
shown in Fig. 4. On the other hand, the fundamental com-
parison between floating as well as contact vacuum pads is
described as follows. The former is suitable for some preci-
sion pick-up applications, like the pick-up devices for silicon
wafer, TFT or solar energy panel, because it will not damage
the surface of the lifted wafer or pand [5, 7-9]. Compared to
floating vacuum pads, the developed vacuum pad is actually
based on the contact principle. It means that the lifted work-
piece contacts the bottom of the pad while the lifting force is

Fig. 4. Round floating pick-up device for silicon wafer, TFT and so-
lar-ener gy panels.

generated. Such a design prevents the possible rotation and
shifting of the work-piece [11, 13]. Typical application fields
of such a pneumatic vacuum pad include the factory automa-
tion system, automatic or manual assembly line and conveyer
system, etc. [3].

To fulfill two preset requirements, that is, large lifting-force
output and small dimension, the commercial CFD-RC software
is utilized as atool to simulate the air flow field and obtain the
most suitable geometrical dimensionsfor the vacuum pad. Af-
ter some tedious trial-and-errors, a simple hand-held pneumatic
vacuum pad is successfully developed and a corresponding
prototype is also produced. To test the static performance of
the new vacuum pad, a test bench is constructed. In the fol-
lowing, the design of the vacuum pad using CFD-simulation is
firstly illustrated in details.

I1. DESIGNING THE PNEUMATIC VACUUM
PAD BY CFD-SIMULATION

First of al, the basic principle of applying Bernoulli’s equa-
tion to the design of the hand-held pneumatic vacuum pad
is described as follows. Bernoulli’s equation can be derived
from the energy conservation law and its general form using
the expression head iswritten as [10]

2 2
VL+E+ZI:VL+E+ZZ, D
2g W 2g W
where V;: velocity of fluid at station 1,

P,: pressure of fluid at station 1,
Z;: elevation head at station 1,
V,: velocity of fluid at station 2,
P,: pressure of fluid at station 2,
Z,: elevation head at station 2,
0: gravity acceleration,

W: weight density of fluid.
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Fig. 5. Simulation result of the pressure distribution.
(inlet airflow angle = 30°).

Equation (1) states that the total energy of fluid at station 1
equalsthetotal energy of fluid at station 2. In other words, the
increase of the velacity, V,, at station 2 will give rise to the
decrease of the pressure, P,, at station 2 if the total energy and
the elevation head are kept constant. Thisis exactly the basic
operating principle of the proposed vacuum pad presented in
this study. As shown in Fig. 2, the air is guided to flow
through a well-designed passage with pipe sudden reduction
inside the vacuum pad and flow out through the silencer at the
top outlet of the vacuum pad. Therefore, according to Ber-
noulli’s equation, the air pressure near the center line of the vac-
uum pad decreases because of the increased airflow velocity at
the center of the vacuum pad. Consequently, the effect of vac-
uum is generated.

The inside diameter of the inlet and outlet pipe is set to be
10 mm, which fits the M 10 thread of the silencer and quick
joint correctly. To accelerate the airflow, a sudden reduction
in the cross section of the inlet pipe is designed. However, to
reduce the friction head loss associated with the sudden re-
duction and to accelerate the fluid flow effectively, the pipe
diameter of the sudden reduction is chosen to be ¢4 mm [1].
To simplify the CFD-simulation, moreover, the silencer is tem-
porarily removed. Basicadly, there are two most important de-
sign parameters regarding the geometrical dimensions inside
the vacuum-pad body. One is the angle of the inlet airflow
passage and the other is the angle of the cone-shaped space
at the bottom of the vacuum pad. Firstly, three commonly
used engineering angles (30°, 45° and 60°) for the inlet air-
flow passage are chosen for CFD-simulations. Theinitial and
boundary conditions for the CFD-simulation are summarized
asfollows.

(1) Theinput velocity of the airflow is set to be 12 m/s for
the input pressure of 2 bar. For different input pressure,
however, different setting of input velocity is necessary.
To acquire the velocity of the airflow input at the inlet to

P_tot - N/m"2
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Fig. 6. Simulation result of the pressuredistribution.
(inlet airflow angle = 45°).

the vacuum pad, a hot-wire anemometer is utilized.

(2) Theairflow iscompressible.

(3) The initial air density is assumed to be 1.189 kg/m® at
room temperature. In the real CFD-simulation, however,
the mode of airflow is chosen to be compressible. That is,
only theinitial density of air isgiven and the density of air
may change with temperature and pressure to agree with
the rea situation.

(4) The dynamic viscosity of the air is set to be 1.789 x 10°
N - s/m? at room temperature.

(5) Theroom temperatureis set to be 20°C or 293°K.

(6) Thereference acoustic velocity of air isassumed to be 340
m/s.

(7) The boundaries of theflow field are considered asthe wall,
which means that no airflow across the boundaries is al-
lowed.

(8) No heat transfer and chemical reaction exists in the flow
field.

(9) The outlet conditions are set to be atmospheric pressure
and room temperature.

Figures 5-7 show the corresponding simulation results of
pressure distribution for three different inlet airflow angles
respectively, in which the cone-shaped angleistemporarily set
to be 15°. The graphical comparison of the derived gauge
pressuresisshownin Fig. 8. Itisobserved that the design with
inlet airflow angle of 60° possesses the lowest pressure near
the center line of the vacuum pad. Among three different an-
gles, therefore, it is clear that the most suitable inlet airflow
angleis60°. Similarly, three different engineering angles (45°,
30° and 15°) for the cone-shaped space at the bottom of the
vacuum pad are a so chosen for CFD-simulations as shown in
Fig. 9. Inthese simulations, the inlet airflow angleis set to be
60°. After comparing the derived vacuum gauge pressure
shown in Fig. 10, it is observed that the lowest pressure near
the center line of the vacuum pad occurs for the cone-shaped
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Fig. 7. Simulation result of the pressuredistribution.
(inlet airflow angle = 60°).
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Fig. 8. Graphical comparison of the gauge pressure for three different
inlet airflow angles.
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Fig. 9. Threedifferent anglesfor the cone-shaped space at the bottom of
the vacuum pad.

angle of 15°. Thus, the angle of 15° is chosen for the design.
It isworth mentioning that the three dimensions shown in Fig.
9 have the same effective area of pressure actuation. There-
fore, as depicted in Fig. 11, the generated lifting force would
be

Fit =A(Patm_R/)=_A/'R/! 2

where F¢: lifting force output,
A,: effective area of pressure actuation,
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Fig. 10. Graphical comparison of the gauge pressure for three different

cone-shaped angles.
A,
P,
Work-piece
PU[”I

Fig. 11. Scheme showing the calculation of lifting force output.

Fig. 12. Prototype of the developed hand-held vacuum pad.

Pam: atmospheric gauge pressure (P, = 0 kPa),
P,: vacuum gauge pressure (negative value).

It can further be concluded that the lifting force output
would belarger if the vacuum gauge pressureislower. Finally,
the picture of the manufactured prototype is shown in Fig. 12.
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Fig. 13. Layout of thetest device for pneumatic vacuum pad.

[11. DESIGN OF TEST DEVICE

To test the static performance of the developed pneumatic
vacuum pad, atest device is constructed to measure the vac-
uum pressure at the center of the vacuum pad. The circuit
layout of the entiretest deviceisshownin Fig. 13. The supply
air pressure is fixed at 6 bar and a pressure-reducing valve is
utilized to adjust the input pressure to the vacuum pad. Figure
14 shows the scheme for measuring the vacuum pressure. In
details, a vacuum pressure sensor (SMC, ZSE30/ISE30) isin-
serted into the work-piece, so that the vacuum pressure at the
center of the vacuum pad can be measured.

IV.RESULTSAND DISCUSSIONS

In this section, both simulation and experimental results con-
cerning the developed vacuum pad are summarized and dis-
cussed. Firstly, Table 1 shows different values of the vacuum
pressure at the center of the vacuum pad derived by simulation
and experiment respectively. It isalso noticeable that the vac-
uum pressure is represented by the gauge pressure, which is
actually a negative value. The inlet pressure to the vacuum
pad is varied from 1 bar to 5 bar by adjusting the pressure
reducing valve. The initia input air velocity for the CFD-
simulation is set to be 6 m/s for the input pressure of 1 bar,
17 m/sfor 3 bar, 22 m/sfor 4 bar and 28 m/sfor 5 bar, respec-
tively. After calculations, the maximal deviation between simu-
lation and experimental result for different supply air pressure
isfound to be in the range of 7% to 28%. In details, as shown
in Fig. 15, the experimental lifting force without silencer agrees
quite well with the simulation result. The error is below 5%.
However, the deviation between the experimental lifting force
with a silencer and the simulation result is dependent on the
supply pressure. For the supply pressure of 1 bar, the error is
around 7%. However, the percentage error increases to 28%
if the supply pressureis set to be 5 bar. One possible reason
for that isthe larger airflow resistance through the silencer if
the airflow velocity is higher dueto larger supply air pressure.

641

|W0rk—piece i |
[ 0 I

Vacuum Gauge

Fig. 14. Scheme of test device for measuring vacuum pressure.

Table 1. Simulation and experimental results of vacuum
pressure at the center of the vacuum pad.

Experimental and . )
vacuum pressure | , - . o
Airsupply pressure p (without silencer) | (with asilencer)
1.0 bar -1.0kpa -1.1kpa -0.94 kpa
1.5 bar -1.7kpa -1.7kpa -1.4 kpa
2.0 bar -2.9kpa -2.8 kpa -2.3kpa
2.5 bar -3.8kpa -4.0 kpa -3.3kpa
3.0 bar -5.3Kpa -5.0 kpa -4.1kpa
3.5 bar -7.0kpa -6.8 kpa -5.5kpa
4.0 bar -8.7 kpa -8.4kpa -6.7 kpa
4.5 bar -10.9 kpa -10.1 kpa -7.8 kpa
5.0 bar -12.9 kpa -12.2 kpa -9.2 kpa

Thus, the actual airflow velocity would be obviously lower
than expected at higher supply air pressure. According to
Bernoulli’s equation, therefore, the vacuum gauge pressure at
the center of the vacuum pad would be higher than expected
because of the limited airflow velocity.

It is worth mentioning that the deviations between experi-
mental and simulation results are inevitable. One most impor-
tant reason is that the flow is assumed to be laminar flow and
al initial and boundary conditionsfor CFD simulation are based
on ideal assumptions. In the rea flow field, however, turbu-
lent flow as well as some time-varying parameters may exist,
which are quite difficult to be modeled and numericaly de-
termined. Figure 16 shows an experimental example, where
the generated lifting force makes successfully a CD-disk
adhere to the developed vacuum pad. The supply pressure is
adjusted to be 1 bar and the mass of the CD-disk is approxi-
mately 16 g.
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Fig. 15. Graphical comparison of the simulation and experimental vac-
uum pressure at the center of the vacuum pad.

Fig. 16. An experimental example showing the developed vacuum pad
with alifted CD-disk.

V. CONCLUSION

In this paper, a novel, smple hand-held vacuum pad was
successfully developed. After experimental tests, it is proved
that the simple cylindrical vacuum pad can be easily grasped
by the operator’s hand and provide large lifting force output.
Moreover, inexpensive manufacturing can also be achieved by
replacing the complex nozzle with simple sudden reduction of
pipe. In addition, three conclusions may be drawn from this
research.

(1) The CFD-simulation issuccessfully applied to obtain the
most suitable geometric dimension for the vacuum pad such
that significant vacuum effect can be achieved.

(2) Though the developed hand-held vacuum pad without
silencer can provide larger lifting force output, it is still
recommended that the silencer should be installed to re-
duce the noisein real applications.

(3) Generally speaking, higher air supply pressurewould give
riseto larger lifting force output proportionally. However,
it also contributes to higher air consumption. Therefore,
the optimal adjustment of supply pressure depends chiefly
on the demand of real application.
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NOMENCLATURE
A, [m?] effective area of pressure action
Fiz  [N] lifting force output
g [m/sT]  gravity acceleration
Pam  [kPa] atmospheric gauge pressure
P, [kPa] pressure of fluid at station 1
P, [kPa] pressure of fluid at station 2
P, [kPa] vacuum gauge pressure acting on the
work-piece inside the vacuum pad
W [N/m’]  weight density of fluid
A [m/s] velocity of fluid at station 1
\2 [m/s] velocity of fluid at station 2
Z; [m] elevation head at station 1
Z> [m] elevation head at station 2
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