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A Semicylindrical Capacitive Sensor With Interface
Circuit Used for Flow Rate Measurement
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Abstract—In this paper, a semicylindrical capacitive sensor
with an interface circuit used for flow rate measurement is pro-
posed. The numerical analysis method to calculate the capacitance
of the semicylindrical capacitive sensor is analyzed and discussed.
The picofarad-range capacitive variation of the semicylindrical
capacitive sensor can be detected and converted into voltage
variation by the interface circuit. Besides, the interface circuit is
compact enough to simplify the circuit complexity and could be
easily implemented for flow rate measurement. All the functions
of the capacitive sensing method of the semicylindrical capacitive
sensor used for flow rate measurement are proved successfully
through HSPICE simulation. Measurement results have success-
fully confirmed the correct functions and performance of the
semicylindrical capacitive sensor with an interface circuit used for
flow rate measurement, which ranges from 0.136 to 4.746 L/min,
on the liquid crystal display panel coating machine.

Index Terms—Capacitive sensor, flow rate measurement,
HSPICE, interface circuit, liquid crystal display (LCD), switched
capacitor.

I. INTRODUCTION

ECENTLY, flow detection for process control has made

important demands in the industry such as panel coating
techniques in the optoelectronics industry and titrator devel-
opments in biotechnology. Generally, the methodologies for
flow detection are distinguished according to the material types
(gas or liquid), properties (electric conductivity, viscosity, and
corrosiveness), and flow rate (slow or fast). Such traditional
products to deal with flow detection such as differential-
pressure flow meter [1], rotameter, positive-displacement (PD)
flow meter, vortex flow meter [2], [3], electromagnetic flow
meter [4], [5], ultrasonic flow meter [6]-[8], etc., have been
built. However, the manufactured techniques and the cost of
the present flow meters are quite high. Besides, the congenital
limitations of flow meters should be noticed. For example, an
electromagnetic flow meter is not suitable for use in nonelectric
conductive materials. Hence, to overcome the limitations of
material properties and simplify complicated detecting flow
systems to decrease cost for the industry, an innovative flow
measuring using the sensing techniques of the capacitive sensor
has been inspired.

Manuscript received January 14, 2006; revised July 20, 2006. This work was
supported by the National Science Council, Taiwan, under Contract NSC92-
2218-E-009-011. The associate editor coordinating the review of this paper and
approving it for publication was Dr. Ai-Qun Liu.

The authors are with the Measurement Techniques Laboratory, Depart-
ment of Electronics Engineering and Institute of Electronics, National Chiao
Tung University, Hsinchu 300, Taiwan, R.O.C. (e-mail: ctchiang23.ee90g@
nctu.edu.tw).

Digital Object Identifier 10.1109/JSEN.2006.883847

N \_’/
(@) (®)

Fig. 1. Architecture of the semicylindrical capacitive sensor. (a) Without
dielectric fluid. (b) With dielectric fluid.

Capacitive sensors have been used in various sensing applica-
tions, such as acceleration, force, pressure, dielectric properties,
and displacement sensors [9], [10]. Among them, in compar-
ison with the researches of parallel-plate capacitors, research
into cylindrical capacitive sensors have been mainly focused
on the analyses of properties, for example, the electrostatic
forces of the charged coaxial cylindrical capacitor [11], [12]
and nonlinear analysis of the cylindrical capacitive sensor [13].
Until now, no study has analyzed and discussed semicylindrical
capacitive sensors used in fluidic sensing applications. Hence,
differing from the structures of cylindrical capacitive sensors, a
novel semicylindrical capacitive sensor is first investigated for
fluidic measurement [14].

In this paper, a semicylindrical capacitive sensor with an
interface circuit used for flow rate measurement has been
proposed. The numerical analysis method used to calculate the
capacitance of the semicylindrical capacitive sensor is analyzed
and discussed. The picofarad-range capacitive variation of the
semicylindrical capacitive sensor can be detected and converted
into voltage variation by the interface circuit. Besides, the
interface circuit is compact enough to simplify the circuit
complexity and could be easily implemented for flow rate mea-
surement. All the functions of the capacitive sensing method
of the semicylindrical capacitive sensor used for flow rate
measurement have been proved successfully through HSPICE
simulation. Measurement results have successfully confirmed
the correct functions and performance of the semicylindrical
capacitive sensor with an interface circuit used for flow rate
measurement on the liquid-crystal-display (LCD) panel coating
machine.

Section II describes the capacitive sensing method to cal-
culate the capacitance of the semicylindrical capacitive sensor.
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Fig. 2. Capacitive sensing method for the semicylindrical capacitive sensor.
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B B Fig. 4. (a) Top view of the semicylindrical capacitive sensor with dielectric
(a) (b) fluid. (b) Approximate structure of the semicylindrical capacitive sensor for nu-

merical analysis method. (c) Equivalent capacitors between A and B terminals.
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Fig. 3. (a) Top view of the semicylindrical capacitive sensor without dielectric Vsl =
fluid. (b) Approximate structure of the semicylindrical capacitive sensor for nu-
merical analysis method. (c) Equivalent capacitors between A and B terminals. (a)

Section III displays the architecture of the interface circuit and Vsi
simulation results. Section IV presents the measurement results.
Section V gives the conclusion and future works.

Vs2

II. CAPACITIVE SENSING METHOD FOR (b)
SEMICYLINDRICAL CAPACITIVE SENSOR

Fig. 5. (a) Interface circuit. (b) Timing diagram of Vsl and Vs2 nonoverlap-

Generally, to calculate the capacitance of capacitive sensors, ping two-phase clock cycles.

Maxwell’s equations relating electric and magnetic fields and
charge density should be used. However, the analysis and
calculation under such fields is quite difficult and complicated.
By simplifying the complexity, electrostatic analysis, which
is used to reduce the discovery of the complicated electric
field produced by various charge distributions of materials with
various dielectric constants, is rather suitable in calculating
the capacitance of capacitive sensors. Thus, based on the con-
cept of electrostatic analysis, the capacitive sensing method a a

. . . . . co*xaxdr eg*xerxA ab
for this semicylindrical capacitive sensor is analyzed and dis- C = / de = / = * {1 — } (1)
cussed below. ) , d+ =z d d

Fig. 1(a) and (b) shows the architecture of the semicylin-

drical capacitive sensor without and with dielectric fluid. The where ¢y is the permittivity of free space of magnitude
semicylindrical capacitive sensor consists of two metal semi- 8.85 (pF/m), ¢; is the dielectric constant, A is the area of a

cylinders, which are separated by a gap distance. The dielectric
material in Fig. 1(a) is air; thus, the dielectric constant &7 is
equal to one. In Fig. 1(b), the dielectric constant €5 of the
specified fluid is more than two.

First, the capacitance of the two unit metal plates should be
analyzed and discussed. In Fig. 2, the capacitance is derived as
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Fig. 6. Capacitor ratio [(Ccyl — Cref) /Ci] = 0. (b) Capacitor ratio [(Ccyl —
Cref)/Ci] = 0.01. (c) Capacitor ratio [(Ccyl — Cref)/Ci] = 0.1 under
Ci = 1000 pF, Cref = 20 pF, and Ccyl = 20, 30, and 120 pF, respectively.
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Fig. 7. Calculated results from the output of the interface circuit by perform-
ing (7) under Ci = 1000 pF, Cref = 20 pF, and Ccyl sweeping from 20 to
120 pF.

unit metal plate, and d is the minimum gap distance. Therefore,
if the cutting number of the semicylindrical capacitive sensor is
large (d > af), the capacitance in (1) can be approximated as

2

O~ |:Eo*€1*A:|.

d

Hence, it can be noticed that the minimum gap distance d of
two unit metal plates will be the most important factor in the
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Fig. 8. Calculated results from the output of the interface circuit by perform-
ing (7) to simulate the flow rate measurement under varied flow rates, which
ranges from 0.05 to 1, normalized with the maximum flow speed.

following numerical analysis of the semicylindrical capacitive
Sensor.

Fig. 3(a) displays the top view of the semicylindrical ca-
pacitive sensor without dielectric fluid. The two metal semi-
cylinders have the radius R and a minimum gap distance d.
The numerical analysis method is applied to approximate the
capacitance of the semicylindrical capacitive sensor. The struc-
ture of the semicylindrical capacitive sensor for the numerical
analysis method is shown in Fig. 3(b). Based on the structure of
Fig. 2, each individual capacitor within two metal semicylinders
could be modified as each pairs of two unit metal plates with
an increment Ad distance. Hence, all the equivalent capacitors
could be parallelly structured between A and B terminals,
as presented in Fig. 3(c). Following (2), the capacitance of
two metal semicylinders without dielectric fluid can be ex-
pressed as

Co =Y Ci(d+iAd)

=0

=2xgpgxe1x A

1 1 1 1
* [d+d+Ad+d+2Ad+”'+d+(n—1)d]
goxerx A
2R

n
= E 2% eggxep x Ax

i=1

v vaa)

co*xer*x A

2R )

where ¢y is the permittivity of free space of magnitude
8.85 (pF/m), €; is the dielectric constant of air, n is the
cutting number for numerical analysis, A is the unit area
of metal semicylinders, d is the minimum gap distance, and
Ad is an increment distance. Similarly, Fig. 4 displays the
structure of the semicylindrical capacitive sensor with dielectric
fluid for the numerical analysis method. Based on (3), the
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Fig. 9. Manufactured structure of the semicylindrical capacitive sensor. The
material of the fluid is acrylonitrile butadiene styrene (ABS). Two metal
semicylinders are covered on the inside bakelite. The maximum radius of the
fluid is 5 mm, and the minimum gap distance of two metal semicylinders is
0.2 mm.

capacitance of two metal semicylinders with dielectric fluid can
be written as

Ci= > Cj(d+jAd)
)=0

j:
=2%gox A

1 1 1 1
* E+M+1+M+d+m+”'+ Ad | dt(n-1)Ad
€1 g1 | €2 €1 £2 Z—I_T
Ep * A
Ad | 2R—2d
o T Ta

n
_ 9 A 1 1
_Z *egx A x E_‘_—M_i_d-i-(j*l)ﬁd
j=1 €1 €1 2
Ep * A

Ad | 2[R—(d+nAd)]
Z + £2

+ “)

where ¢o is the dielectric constant of the specified fluid.
Therefore, as analyzed in (3) and (4), the capacitance of the
semicylindrical capacitive sensor varies when the dielectric
fluid flows through these two metal semicylinders. Moreover,
according to the definition of the flow rate ), ) can be
expressed by

AVNﬂ'*h*TQ

Flow rate () (L/ min) = T A

®)

where 7 and h are the fluidic radius and the fluidic length
flowing through the two metal semicylinders, respectively.
Combined with (4) and (5), the flow rate @) is modified as

Flow rate (@) (L/ min)

AV

hx Y0 Ci(d + jAd)
= — X
At

At

. (6)
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Fig. 10. Photographs of (a) semicylindrical capacitive sensor with an interface
circuit applied to the LCD panel coating machine. (b) Under the ABS flow rate
of 1.434 L/min. (c) Under a flow rate of 4.134 L/min.

Therefore, the capacitive variation »_7_, C5j(d + jAd) has a
proportional relationship with the flow rate (). All the sim-
ulations used to verify the capacitive sensing method of the
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semicylindrical capacitive sensor for flow rate measurement are
analyzed in Section III.

III. INTERFACE CIRCUIT AND SIMULATION RESULTS

Following the switched-capacitor techniques, the compact
interface circuit and timing diagram are shown in Fig. 5(a)
and (b). This circuit applies the charge redistribution method.
The signals Vsl and Vs2 are nonoverlapping two-phase clock
cycles. When Vsl signal is logic high, the total charge is stored
on the semicylindrical capacitor Ccyl. The output voltage of op-
erational amplifier is fixed at controlling voltage Vb. In another
phase, the same reference dc voltage Vr charges the reference
capacitor Cref. Besides, the difference in charge between two
phases will be stored on the capacitor Ci. Hence, the capacitor
ratio (Ccyl — Cref) /Ci is derived as

Ccyl — Cref _ Vout — Vb
Ci  Vr—Vb ’

)

All simulation results are based upon the device parameters of
0.35-pum 2P4AM CMOS technology with a 3-V power supply.
The two-phase clock cycles Vsl and Vs2 are both operated at
50 kHz to perform the functions of an interface circuit. Then,
the output of the interface circuit is used to calculate the
capacitor ratio. As shown in Fig. 6(a)—(c), this interface circuit
has performs well in converting picofarad-range capacitive
variation into voltage variation. These output voltages are 1.5,
1.53, and 1.67 V, respectively. All the calculated results, by
performing (7), are plotted in Fig. 7.

MATLAB and HSPICE software are performed (3)—(7) to
simulate the varied flow rate measurement. Taking the simula-
tion under the maximum flow rate as an example, the capacitors
Cp and C1, by performing the MATLAB, are calculated as

Tek sooks/s,
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Measured results of the interface circuit under the ABS flow rates. (a) 4.746 L/min. (b) 3.338 L/min. (c) 1.434 L/min. (d) 0.136 L/min.
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Fig. 12. Calculated results from the measurement output of the interface
circuit by performing (7) under varied ABS flow rates, which ranges from 0.136
to 4.746 L/min. The bigger capacitance is expected to increase the ABS flow
rate, and measured results are observed.

13.7382 and 24.256 pF. Then, to verify through HSPICE,
these two capacitors Cy and C are replaced as capacitor Cref
and Ccyl, respectively. After simulation, the output voltage of
the interface circuit is 1.52 V, and the calculated result, by
performing (7), is 0.0133. Similarly, under other flow rates,
simulations are also performed in the same way. Finally, all the
calculated results under varied flow rates, which ranges from
0.05 to 1, normalized with the maximum flow speed, are shown
in Fig. 8. These simulation results above have successfully con-
firmed the correct functions of the capacitive sensing method
of the semicylindrical capacitive sensor and performance of the
semicylindrical capacitive sensor with an interface circuit used
for flow rate measurement.
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TABLE 1
SUMMARY OF THE CHARACTERISTICS OF THE SEMICYLINDRICAL CAPACITIVE SENSOR WITH
AN INTERFACE CIRCUIT USED FOR FLOW RATE MEASUREMENT

Sensor geometry

Semi-cylindrical type

Methodology of the flow meter

Capacitive sensing technique

Methodology of the interface circuit

Switched-Capacitor technique

Capacitor resolution

pF-range

Testing bench

LCD panel coating machine

Fluid

Acrylonitrile, Butadiene, Styrene (ABS)

Detecting range of the ABS flow rate

0.136 to 4.746 L/min

Applying market

Optoelectronics industry

IV. MEASUREMENT RESULTS

Fig. 9 shows a photograph of the manufactured structure of
the semicylindrical capacitive sensor. The material of fluid is
acrylonitrile butadiene styrene (ABS). Two metal semicylinders
are covered on the inside bakelite. The maximum radius of the
fluid is 5 mm, and the minimum gap distance of two metal
semicylinders is 0.2 mm. Moreover, a prototype based on the
circuit shown in Fig. 5 has been built. The switches and an op-
amp are implemented with analog bilateral switches CD4066
and LF411, respectively. The two nonoverlapping phase clock
cycles are implemented with some gates. Fig. 10 shows the
photographs of a set of the semicylindrical capacitive sensor
with an interface circuit applied to the LCD panel coating
machine. The head of the ABS container is connected to the
air compressor through a soft pipe. The air compressor and the
movement of the LCD panel coating machine are precisely con-
trolled by the mainframe of the factory. Moreover, the ABS flow
rate can be known from the exclusive lookup table recorded on
the mainframe, which is listed in the scale of pounds per square
inch for the air compressor versus the scale of liter per minute
for the ABS flowing through the container. Therefore, accord-
ing to the lookup table, the ABS flow rate of the LCD panel
coating machine could be precisely adjusted by the mainframe.
Besides, by controlling the air compressor cooperating with the
mainframe, the ABS can uniformly flow on the LCD panel, and
the viscosity property of the ABS can also be overcome, as
shown in Fig. 10(b) and (c). Fig. 11 displays the oscilloscope
traces of the output voltage of the interface circuit under the
ABS flow rates: Fig. 11(a) at 4.746 L/min; Fig. 11(b) at
3.338 L/min; Fig. 11(c) at 1.434 L/min; and Fig. 11(d) at
0.136 L/min. Hence, according to the measurement output of
the interface circuit, all the calculated results, by performing
(7), are plotted in Fig. 12. The varied ABS flow rates range from
0.136 to 4.746 L/min. As discussed in Section II, the bigger
capacitance is expected to increase the ABS flow rate, and
measured results are observed. Hence, by using the novel flow
measuring techniques on the LCD panel coating machine, the
mainframe can periodically monitor and immediately adjust the
ABS flow rate according to the calculated results. Measurement
results have successfully confirmed the correct functions and
performance of the semicylindrical capacitive sensor with an
interface circuit used for flow rate measurement on the LCD
panel coating machine. The characteristics of the semicylindri-

cal capacitive sensor with an interface circuit used for flow rate
measurement are summarized in Table I.

V. CONCLUSION

A semicylindrical capacitive sensor with an interface circuit
used for flow rate measurement is newly proposed. The nu-
merical analysis method used to calculate the capacitance of
the semicylindrical capacitive sensor is analyzed and discussed.
The picofarad-range capacitive variation of the semicylindrical
capacitive sensor can be detected and converted into voltage
variation by the interface circuit. Besides, the interface circuit
is compact enough to simplify the circuit complexity and could
easily be implemented for flow rate measurement. All the
functions of the capacitive sensing method of the semicylin-
drical capacitive sensor and performance of the semicylindrical
capacitive sensor with an interface circuit used for flow rate
measurement are successfully verified. In future research, this
semicylindrical capacitive sensor with an interface circuit will
be adaptively adjusted according to the desired applications, for
example, applied in the medical instrumentation systems of the
intravenous drip.
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