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The Influence of Electric-Field Bending on the
Nonlinearity of Capacitive Sensors
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Abstract—Three-layered electrode structures are often em- Fixed common C Moving screen
ployed in multiple-electrode capacitive position sensors. Even electrode \ T electrode Moving
when advanced algorithms and well-designed guarding electrodes 7 direction

are used, the electric-field-bending effect is still one of the major
contributors to the nonlinearity of capacitive position sensors. In
this paper, the effects of electric-field bending on linearities of l —J)— (L _1_ l l l

five capacitive linear-position sensors have been studied based

on a physical model of the capacitive sensor. It is shown that the Ss Sz So Si S Si S S S
effect of electric-field bending on linearities strongly depends on
the sensor structures, and that it is significantly reduced when
advanced sensor structures and algorithms are used. The results
are very useful for optimizing the sensor structure according to
its application.
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Fig. 1. Three-layered electrode structure.

as multiple-electrode elements [4]-[9]. The advantages of mul-
tiple-electrode elements are as follows:

« a large measurement range;

* high accuracy;

. INTRODUCTION « reduction of the electric-field-bending effect;
APACITORS are often used as sensing elements in * reduction of the mechanical errors;
position sensors, having the attractive features of a low * small nonlinearity.

energy consumption and a simple structure. In previous paperé\ structure of the capacitive sensing element used often with
[1]-[5], it has been shown that, with capacitive sensors, a ratHgHltiple electrodes is a three-layered electrode structure [6],
high accuracy and resolution can be obtained. The remainirfd [9]- Fig. 1 shows such a structure. The segmented (mul-
inaccuracy is mainly caused by the electric-field-bendiriple) electrode and the common electrode are fixed. The moving
effect and mechanical errors. The use of guarding electrog&$een electrode which is grounded, shields the segmented elec-
is very important as these reduce the influence of the eldtode from the common electrode and so decreases the capaci-
tric-field-bending effect and also reduce the effect of externt@nce between the two fixed electrodes. The multiple capacitors,
disturbing signals [1]-[5]. However, the guarding electrog&hich are formed between the common electrode and the seg-
cannot eliminate the influence of electric-field-bending effe¢hents, carry the position information of the moving screen elec-
completely. Even when well-designed guarding electrodes afede.
used, the electric-field-bending effect is still one of the major Based on the sensor structure shown in Fig. 1 and the re-
causes of the nonlinearity of capacitive position sensors.  trieving algorithm described in [6], Fig. 2 shows five sensing

In this paper, the effects of electric-field bending on lineaglement structures for the linear position. The differences of
ities of five capacitive linear-position sensors with three-layhese structures pertain to the widths of the screen and the gap
ered electrode structures have been studied, based on a pffi$he moving electrodes with respect to the fixed segmented
ical model of the capacitive sensor. It is shown that the effeglectrodes.
of electric-field bending on linearities depends strongly on the For these five sensor structures, the relations of the measured
structure of the sensor electrodes. The result of this study d@fitionz,, and the capacitances can be represented by the fol-
be used to optimize the sensor electrode structure accordindoMing equations:

Index Terms—Capacitive sensor, electric-field-bending, multiple
electrodes, nonlinearity.
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Fig. 2. Five sensing element structures for the linear position.
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Fig. 3. (a) Crossview of a part of the sensor. (b) Piecewise linear approximation for the potential at, /2.

TABLE | mulas is limited to the measurement range of one segment width

GEOMETRICAL PARAMETERS OF THESENSOR (z,). Outside this range, other appropriate capacitors are se-
Parameters Notation Unit Values lected.
electrode distance des mm 2.0
thickness of the screen electrode d mm 02 ll. PHYSICAL MODEL OF THE CAPACITIVE SENSOR
position of the screen electrode dy/dys - 1.0
length of the segment electrode ks mm 150 Generally, it is difficult to find an analytic solution for
width of the segment electrode Xs mm 4.0

a three-dimensional electrostatic-field problem. However, if
the lengths of the segmented and common electrodes are
respectively, where, is the width of one segment, adq (+ = much larger than their electrode distancés, [see Fig. 3(a)]
1...6) are the capacitances between the common electrode and larger than the widths of the electrodes, we can get a
the segmented electrode, respectively. The validity of these feimplified two-dimensional model as shown in Fig. 3(a) for
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Fig. 4. The simulated results for effects of electric-field-bending on sensor linearity.

the structure shown in Fig. 1, which is symmetrical along IV. THE INFLUENCE OF THEELECTRIC-FIELD-BENDING

the y-axis [8], [9]. EFFECT ON THELINEARITY

di IF this l;l)gttlre,xwtls the width of tgihscreen erldgwfas :hed Based on the physical model of the capacitive sensor de-

tr:s ?r?.ci N We??h ecommoln atn d etf]eg(;matn € ebe(t:m ©3cribed above, the nonlinearities caused by the electric-field-
€ thickness of the screen electrodg, the distance between bending effect are calculated numerically for the multiple-elec-

tbhet screetrrl] and the segm detnhted electrocljestdagme distance trode capacitive sensors shown in Fig. 2. The used geometrical
etween the common and the screen electrodes. parameters are listed in Table I.

Forz = z,/2 ands = —z,/2, and0 < y < des, We as-  Fig. 4 shows the calculated effects of the elec-
sume that the potential is a continuous piecewise-linear potgfc-field-bending on the sensor linearity. These results
tial, taken as a basic triangular-shaped function. The accura@frespond to the sensor structure shown in Fig. 2, respectively.
of this approximation is verified by means of the numerical cal- From these simulations it can be concluded that the structure
culation described in [8], [9]. This potential function is showRyith six segments shows a much better linearity than the other
in Fig. 3(b). ones. The simplest structure is that of Fig. 2(a), because in this

In this model, the potentidl, represents the potential of thecase only three segments have to be measured. However, the
transmitting (common) electrode. The potentldjsU, and po-  linearity amounts ta0.4 mm for a measurement rangez62
sitionsd, , d» are auxiliary variables which are determined bynm. On the other hand, even when the same segmented elec-
the potentiall’y, the geometrical parameters.(, d.,, dvs, and trode structure is used [see Fig. 2(b) and (c)], the nonlinearity
d..) and the width of the screen windows, [8], [9]. The seg- can be improved by means of advanced screen electrode and the
mented and moving electrodes are grounded. algorithm [see Fig. 4(b) and (c)].
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V. CONCLUSION

The effects of electric-field bending on linearities of five ca
pacitive linear-position sensors have been studied based @
physical model of the capacitor. Analyzed results showed t
the effect of electric-field bending on the linearities is strong|
reduced when an advanced sensor structure with six read-#
segments and a corresponding algorithm are used. In this c—
the nonlinearity amounts tt 0.046% for a measurement range

259

Xiujun Li was born in Tianjin, China, on February
19, 1963. He received the B.Sc. degree in physics
and the M.Sc. degree in electrical engineering from
Nankai University, Tianjin, China, in 1983 and 1986,
respectively, and the Ph.D. degree from the Depart-
ment of Electrical Engineering, Delft University of
Technology, Delft, The Netherlands, in 1997.

In 1996, he was an Assistance Researcher at the
Faculty of Information Technology and Systems,
Delft University of Technology, where he was
involved in research and the development of smart

of 4 mm. The result of this study can be used to optimize ti¢apacitive sensors and low-cost, high-performance interfaces for smart sensors.

sensor electrode structure according to its application with ’?e
spect to simplicity, accuracy, and measurement speed.

REFERENCES

nce May 1997, he has worked for SMARTEC B.V. on the smart temperature
nsor and smart sensor interface in part time. His research interests are smart
sensors, smart sensor systems, and smart signal processing.

B . . L . . Gerben W. de Jongwas born in The Hague, The Netherlands, on December
[1] W.Chr. Heerens, “Review article: Application of capacitance techniquess 1965, He received the ingenieurs (M.S.) and Ph.D. degrees in electrical en-

in sensor designJ. Phys. E, Sci. Instrunvol. 19, pp. 897-906, 1986.

ineering from the Delft University of Technology (DUT), Delft, The Nether-

[2] F. Zhu, J. W. Spronck, and H. F. van Beek, “A capacitive absolute p@ynqs in 1989 and 1994, respectively. His Ph.D. work was on smart capacitive

sition transducer,” presented at the Proc. 7th Int. Precision Engineeriggsors.
Seminar, Kobe, Japan, 1993.

He has developed IC’s for smart capacitive sensors at the Department of Elec-

[3] F.N.Toth and G. C. M. Meijer, “A low-cost, smart capacitive positionyica| Engineering, DUT. Since October 1995, he has been with the Philips Re-

sensor, IEEE Trans. Instrum. Measvol. 41, pp. 1041-1044, Dec. 1992

[4] W. Chr. Heerens, “Multi-terminal capacitor sensord,”Phys. E, Sci.
Instrum, vol. 15, pp. 137-141, 1982.

[5] G.W.deJong, G.C. M. Meijer, K. van der Lingen, J. W. Spronck, A. M.
M. Aalsma, and Th. D. A. J. M. Bertels, “A smart capacitive absolut
angular-position sensor3ens. Actuators A/ol. 41-42, pp. 212-216,
1994.

[6] G.W.de Jong, “Smart capacitive sensor (physical, geometrical and el
tronic aspects),” Ph.D. dissertation, Electronics Research Lab., De
Elect. Eng., Delft Univ. Technol., Delft, The Netherlands, 1994.

[7] G. Brasseur, “A robust capacitive angular position sensor,Piac.
IEEE Instrum. Meas. ConfBrussels, Belgium, 1996, pp. 1081-1086.

[8] X.Li, G. W. de Jong, and G. C. M. Meijer, “The application of the ca
pacitor's physics to optimize capacitive angular-position send&&F
Trans. Instrum. Measvol. 46, pp. 8-14, Feb. 1997.

’4- search Laboratory, Eindhoven, The Netherlands.

Gerard C. M. Meijer (M'94) was born in Wa-
teringen, The Netherlands, on June 28, 1945. He
received the ingenieurs (M.S.) and Ph.D. degrees in
electrical engineering from the Delft University of
Technology (DUT), Delft, The Netherlands, in 1972
and 1982, respectively.

Since 1972, he has been part of the Laboratory
of Electronics, DUT, where he is an Associate Pro-
fessor, engaged in research and teaching on analog
IC’s. In 1984 and part-time from 1985 to 1987, he
was involved in the development of industrial level

[9] X.Li,“Low-Cost Smart Capacitive Sensors for Position and Speed Megauges and temperature transducers. In 1996, he was one of the founders of the
surement,” Ph.D. dissertation, Delft Univ. Technol., Delft, The Netherompany Sensart, where he is a consultant in the field of sensor systems.

lands, May 1997.

Dr. Meijer is a member of the Netherlands Society for Radio and Electronics.



