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ABSTRACT probe,

A novel touch probe using a pneumatic system has ® the theoretical analysis for detecting the differential
been developed. This pneumatic probing system consists pressures at the pipe of the probe,
of a small ball, a thin pipe, a vacuum generator and a ® the experimental results of relationship between
differential pressure sensor. Basic concepts and theoretical ~ the displacement of the ball and the sensing
analysis of the pneumatic ball probe are described. A first pressure.

prototype of the probe is made and tested. From the
theoretical analysis and the experimental tests, the probe 8 BASIC CONSTRUCTION AND

found to measure a diameter of a small hole by very low TARGET SPECIFICATION
measuring force.

Keywords: pneumatic sensor, ball probe, two-dimensional ~ Now we are ready to consider the basic construction

sensor. of the pneumatic ball probe. The pneumatic ball probe
basically consists of a small ball as a stylus tip and a thin
1 INTRODUCTION pipe as a stylus shaft (see Fig. 1). The small ball is kept at

the center of the pipe by the vacuum pressure. Therefore,
The measurement of a diameter of a small hole witithe small ball is shifted when the ball touches the wall of a
low measuring force and a high resolution is one of keysmall hole by very small measuring force. The shift of the
issues for evaluating products in the industry ofball causes airflow from outside to inside of the probe.
semiconductor and micro machining. However, there is no  This directly demands the airflow in the probe make
good sensing system to measure the diameter of a smahe change of pressure inside of the probe. From this, we

hole by very low measuring forces. can detect the airflow using the pressure sensor.
Therefore, we have developed a novel sensing system

using a pneumatic system for measuring the diameter of a Stylus shaft

small hole. The sensor consists of a small ball, a thin pipe, :)/fecsilfjr:] T/ Y

a vacuum generator and a differential pressure gauge. In

this sensor, the small ball is kept at the center of the thin
pipe by the vacuum pressure. When the ball touches a wall
of a small hole, the ball is shifted from the center of the Air
pipe and it causes the airflow. The differential pressure

gauge detects the airflow, then the sensor finds the point of Small hole

touching between the small ball and the wall of the small > =, N\
hole. /// Ball
We made the first prototype of the pneumatic ball
7

probe, from theoretical and experimental analysis; we
describe the following items for developing the pneumatic
ball probe;

® the basic concept of the probe,

® the theoretical analysis of measuring force of the

Stylus ball

Fig. 1  Basic construction of the pneumatic ball
probe.
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We have the following target specifications of the
pneumatic ball probe;
® the diameter of the small ball is from 0.1 mm to 1
mm,
® the measuring force is smaller than 0.001 N,
® the measuring resolution is up to Quh.

3 BASIC PRINCEPLE OF PNEUMATIC
BALL PROBE

From the basic construction and the target
specifications of the pneumatic ball probe, we analyze the
basic properties of the probe; such as a measuring force of
the probe, an opening area of the pipe, and changes of
pressures and flows in the probe.

I/

D

Fig. 2  Measuring forceF of the pneumatic ball

3.1 Measuring Force

The quantity of a measuring force of the pneumatic
ball probe is obtained from the analysis of moments at
point E (see Fig. 2). Equation (1) shows the balance of
moments at point E, when the ball touches the wall.
Solving the equation (1) for the measuring fofgethe
equation (2) is obtained.

F,r—=Mgr-FvR*-r? =0, (1)
(F, — Mg)r
=-°r = 2)
[RZ _ r.2
Where Fo is the force of the vacuum pressure to
support the ball upwardy is the mass of the small bai|,

is the gravity constanR is a radius of the small ball amnd
is an internal radius of the thin pipe. In these equations,

F

friction between the ball and the pipe, and the ball and th?—ig 3

wall are disregarded. The vacuum fofggand the mass of
ball M are expressed as follows;

F, =P, 3)
4
M :§T|R3p5, 4)

whereP, is the vacuum pressure apgdis the density of
the ball. We substitute equations (3) and (4) into equation
(2), we obtain the quantity of measuring fof€éeas the
following equation;

L _ReR -2Rpsdfl ©)
VR? - r? 3

Fig. 3 indicates the relationship between the
measuring forcd- and the ratid?¥/r at the internal radius
of the pipe is 0.05 mm, 0.1 mm or 0.2 mm, when the
vacuum pressure is 10 kPa and the density of the ball
(made of steel) is 7900 kg?m

From these equations and the figure, we easily set the
measuring force of the probe smaller than 0.001 N, when

F=

the ratioR/r is over 1.1 and the internal radius of the pipe Fiq. 4

r is smaller than 0.1 mm. We conclude that the measuring
force of the pneumatic ball probe can be set at the value of
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Measuring forcef

probe from the moment balance at point E.
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Measuring forceF Vs the radius ratio R/r at
the internal radius r of the pipe is 0.05 mm,
0.1 mm or 0.2 mm.

Opening areas between the pipe and the ball
where an airflow moves from outside to
inside of the pipe.



the target specification when the radius of the pipe is Vacuum generator Vacuum pressurév 4

smaller than 0.1 mm. f“'
&

i

a=mr,
3.2 Pressure Changes in the Probe —«—/
Pressure sensor Ve

Keeping this in mind, we will next consider how to [ <€— —> "
detect airflow in the probe when the ball is shifted by Probe _ >
touching the wall of a small hole. Sensing pressurea

Firstly, we calculate an opening area between the ball
and the pipe. When the ball is shifted, an opening area A .
between the ball and the pipe is opened. The opening area Thin pipe
where airflow from outside to inside of the pipe is
indicated in Fig. 4. The aresof the opening is calculated small ball

from equation (6) to relate the displacement of thedhall Atomosphere pressureo
s=mr? -m(r-d)? =m(2rd -d?). (6) Fig.5 Model of the airflow in the probe.

Secondly, we will consider velocities and pressures of
the airflow at the top, inside and at the end of the probe.
Fig. 5 shows the airflow, in this figure, a small opening
(area iss) simulates the small ball and the thin pipe at the r =0.5mm
top of the probe and a cylinder expresses the sensing /_.\
position of the probe. TheRy is the atmosphere pressure / \
outside of the probe arfg), is the sensing pressure in the
probe,P, is the vacuum pressure, and the velocities of the / \
air flows from outside to inside and inside of the probe are
v, andv,, respectively.

From Bernoulli's theorem, momentum theorem and
equation of continuity, we obtain equation (7) at the top of
the probe, equation (8) at the end of the probe and r =0.2 mm
equation (9) as follows;

2(P, — P,)

0 \
viehy = 2P 7P ™

o 0 0.25 0.5 0.75 1
a

PSP, %= (R~ R) 2 © petshi g -

(9) Fig. 6  Theoretical calculation of the differential
pressureAP Vs the ball shiftd at the internal
radius of the prober = 0.5 mm orr = 0.2 mm.

[kPa]
o
w

0.2

0.1

Differential pressurepP

V,S= Vg a
Where p, is the density of airh is a coefficient of
energy loss in proportion to the square of the velocity at

the top of the probe and (a=r1r?) is the area of the

sensing position of the probe. From equations (7), (8) and
(9), we obtain the inside pressure of the prdpe a = 0.28 mni
2 _ — 0.8 e ——
I:,A:a(l+2h)F\>, 2asR + 23§ B (10) 5 v ~
a’ (1+ h) - 2ast 22 < / \
In this connection, we detect the difference pressure o 0.6
AP between the pressure at the sensing pod#jand the § A \
vacuum pressureP,, The differential pressuré\P is 5 0.4 az —Hh
calculated from equation (10) as follows; g
AP=R - P, = = / \
= 0.2
2@-9s (P.-R)’ (12) 5 a =3.14 nlm
(1+h)a® -2as+t2¢ ° Y =
Fig. 6 shows the theoretical relationship between the o0
0 0.1 0.2 0.3 0.4

differential pressureAP and the shift of balld from
equations (6) and (11) at the conditions of the internal
radius of the pipeg = 0.2 mm o = 0.5 mm (the other Fig.7 Theoretical calculation of the differential
conditions:R = 1 mm,r, = 3 mm,a = 28.3 mm, P,—P, = pressureAP Vs the ball shiftd at sensing area
9.2 kPah = 0.5, see fig. 9). This figure implicitly demands a=0.28 mnf,a=0.79 mnf or a= 3.14 mnf.

Ball shift, d  [mm]
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that the smaller internal radiusause the smaller pressure
changes and the smaller measuring range of the ball shift.
Fig. 7 displays the change of the differential pressure
when the sensing area= 0.28 mm, a=0.79 mMora =
3.14 mnd (for r, = 0.3 mm, 0.5 mm and 1 mm
respectively)r = 0.2 mmh = 5.0 and the other conditions
are same as these in fig. 6. This figure results in that the
small pressure changes are obtained when the sensing area
is wide.

4 EXPERIMENTS

Fig. 8 illustrates an experimental setup of the
pneumatic ball probe. A compressor and a vacuum|
generator provide the vacuum pressure to the probe, and &
differential pressure sensor (Toyoda, AA6000H200D,
measuring range is 0 to 200 mp® detects the
differential pressure from the probe, then outputs digital
signals to a personal computer system. A stage (resolution
is 1 ym) and a stage controller which controlled by the

computer system shift the ball of the probe. Fig. 8  Experimental setup for the pneumatic ball
The first prototype of the probe is illustrated on figs. 9 probe.

and 10. The internal radiusof the pipe is 0.2 mm or 0.5 iﬂ Vacuum generator

mm, the radius of the baR is 0.5 mm or 1 mm and the L 20 mmj |

radius of the probe at the sensing positipis 0.3 mm, 0.5
mm, 1 mm or 3 mm. Then, we supply the vacuum [ -03 0.5, 1013 mm \

pressures 9.2kPa from the atmospheric pressure) and N
shift the stage step by step. n
Fig. 11 shows one of example of the relationship Y

between the differential pressurBP and the stage S v S | ‘,,,,
displacement in the conditions as the same in fig. 6. It is ‘
find that the theoretical graph (fig. 6) has almost same  Pressure senso !

figure and tendency of the experimental graph (fig. 11). |

20 mm
I

Fig. 12 displays the relationship between the r=0.20or0.5mm
differential pressuré\P and the stage displacemeanhtn
the same conditions as fig. 7. From figs. 7 and 12, we can R=0.50r1mm

conclude that qualitative relationship of the theoretical |

analysis (equations (6) and (11)) have the good agreemenisg. 9  Cross sectional drawing of the first prototype
with the experimental results. However, we select the of the pneumatic ball probe

value ofh from the experimental results, in consequence
of this, we need further theoretical analysis especially on
the energy loss of the airflow.

Vacuum generator

5 CONCLUSION

We can reach the following conclusions from the
theoretical analysis of the pneumatic ball probe and the
experimental results of the first prototype of the probe.

® The basic concept of the pneumatic ball probe is

explained to measure the diameter of the small
hall with very low measuring force.

® The measuring force of the pneumatic ball probe

can be set at less than 0.001 N when the radius of
the pipe is smaller than 0.1 mm.

® The theoretical equation for the relationship Fig. 10 Three-dimensional view of the first prototype
between the differential pressure and the shift of of the probe.

Pressure sensq,
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ball is obtained.

® The first prototype of the pneumatic ball probe is
made and tested.
® The experimental results have the good E
agreements to the theoretical analysis =
qualitatively. Q,
® The coefficient of energy loss in proportion to the &
square of the velocity of airflow is not derived é
from the theoretical analysis. e
We have to do the following items for the future
works. %
® The smaller prototype will be made to measure the g
small hole. -E
® The energy loss of the airflow will be analyzed
precisely.
® The error estimation will be made for the
pneumatic ball probe in measurement.
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Example of the experimental outputs of the
differential pressure AP Vs the stage
displacementd at the internal radius of the
prober =0.5 mm orr =0.2 mm.
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Fig. 12 Experimental outputs of the differential
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pressureAP Vs the stage displacemert at
sensing areaa = 0.28 mnf, a=0.79 mnf or
a=3.14 mnf.



