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FOREWORD 

The capacitive displacement detector described in this report was developed 

to enable the author to measure the displacement of the guinea pig tympanum 

as a part of a PhD thesis at the Pennsylvania State University (I96l). It 

has since been used with a condenser microphone to measure the pressure 

changes produced by the intra-aural acoustic reflex. The latter research was 

performed in the Neurophysiology Branch, Biodynamics & Bionics Division, 

Biophysics Laboratory, Aerospace Medical Research Laboratories, Aerospace 

Medical Division, under Project No. 7232, "Research on the Logical Structure 

and Function of the Nervous System," and Task No. 723204, "Bionic Neuro¬ 

physiology." This report covers research performed between March 1962 and 

July 1964. 

The author gratefully acknowledges the comments and encouragement of Drs 

Eugene Ackerman and Adam Anthony, his advisors at Pennsylvania State University. 

Acknowledgement is also made to Drs J. R. Mundie and Howard Weiss, of the Aero¬ 

space Medical Research Laboratories, for their comments and suggestions made 

while adapting the detector for use in their research. 

This technical report has been reviewed and is approved. 

T. W. HEIM, PhD 

Technical Director 

Biophysics Laboratory 

ii 



ABSTRACT 

This report presents the theory, development and performance of a capacitive 
displacement detector. The detector senses the displacement changes as 
changes in uhe capacitance of a probe located near the body whose displace¬ 
ment is being measured. These capacitance changes are converted into fre¬ 
quency changes by placing the capacitance probe in the tank circuit of an 
oscillator. The frequency changes are converted into voltage changes by 
standard FM techniques. Thç capacitance detector has a sensitivity of 30 
volvs/pfd. When used with a 0.2 cm diameter probe, the displacement sensi¬ 
tivity was 4.78 volts/cm when the probe to surface distance was 0.1 cm. The 
noise level was low enough so that the system was able to measure displace¬ 
ments of the order of 10 5 cm at frequencies below 1000 cps and displacements 
of the order of 5 x 10“0 cm at frequencies above 1000 cps. The main advan¬ 
tages of this type of displacement detector over others is the ease of 
construction and adjustment. 
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SECTION I 

INTHODUCTION 

The capacitive displacement detector described in this report was developed 

to measure the displacements of the tympanic membrane of a guinea pig produced 

by sound pressure levels of approximately 100 db. These measurements were 

made as part of an investigation of the transfer function relating tympanum 

displacement to the sound pressure at the tympanic membrane. The results of 

this investigation are reported in reference 1. Estimates based on acoustical 

impedance measurements indicated that the displacement detector should have 

high enough sensitivity and low enough noise so that displacements of the order 

of 10cm could be measured at frequencies below 1000 cps and displacements 

of the order of 5 X 10~° cm could be measured at frequencies above 1000 cps. 

The size of the external auditory meatus required that the probe be less than 
0.23 cm in diameter. 

GENERAL CONSIDERATIONS 

Before building the displacement detector various alternative displacement 

measuring methods were considered. The capacitive displacement detector was 

selected since the tympanum was to be disturbed as little as possible, thus 

eliminating the use of mirrors or magnets attached to the eardrum, such as 

were used by Wilska (ref 2) and Kobrak (ref 3). Three types of capacitive 

displacement detectors were considered: (l) The impedance detector of von 

Bekesy, (2) the capacity bridge of Van Zelst, and (3; an FM detector. These 

capacitive displacement detectors are described herein. 

Von Bekesy (ref 4) was the first to report the use of capacitive probe to 

measure the displacement of the tympanic membrane. He measured the change in 

the electrical impedance of a capacitive probe by measuring the voltage 

changes across a resistor in series with the probe, the condenser-resistor 

combination being fed bjr a 100 kc constant-voltage generator. A diagrammatic 
representation of von Bekesy's system is shown in figure 1. A major 
advantage of this system is that the distance between the electrode and the 

vibrating body can be measured by measuring the average current through the 
resistor. 

Von Bekésy reported that with a probe diameter of 1 mm and an interelectrode 

spacing of 0.5 mm, it was possible to measure displacements of the order of 

10 cm. The noise floor, below which it was impossible to measure, was set 

by tube noise, resistor noise, and irregularities in the output of the 100-kc 

oscillator. This detector does not have a tuned circuit at the input} there¬ 

fore, operation would be quite simple. A disadvantage of this type of capaci¬ 
tive displacement detector is that a double shield is required around the 

sides of the probe and around the first tube to obtain the high sensitivity. 

This double shield is- complicated to construct. The capacitor displacement 

described by Hull (ref 5) is similar to that of Beke'sy, except that Hull used 

an inductance instead of a resistance, which increased the sensitivity but also 
made the detector sensitive to frequency modulation. 
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cx 

Figure 1: Diagramatic Representation of Bëkesy's Displacement Measuring 
System. 

C is the capacity in parallel with the voltage generator Vj> 

Cx is the active capacity of the probe, Cs is the stray or 

nonactive capacity of the probe, R is the input resistance of 

the ampliiier used with the probe and V0 is th»' output voltage 
of the probe. 

oeveral capacitive displacement detectors have been described which measure 
capacitive changes by means of a bridge circuit. Such a detector has been 

reported by von Zelst (ref 6) and later by Fox (ref ?). The capacitive 

bridge has the advantage that it can be made frequency independent, thus 

small changes in the^carrier frequency would not give rise to changes in the 

output. The capacitive bridge is also quite sensitive, probably the most 

°f íhe cJPacltive displacement detectors, however, it is generally 
difficult to tune because several legs of the bridge must be adjusted for 

Few frequency modulated capacitive displacement detectors have been described 

n the literature. These detectors have the varying capacitance in a tank 

circuit of an oscillator. The capacitive changes are thus transformed into 

frequency changes. After the FM signal is amplified, the freauency is con¬ 

verted inwo voltage by a discriminator. This type of detector has the 

advantage of simple circuitry and, if the sensitivity is not too great, the 

cixcuit.is easy to tune, having only one adjustment. From the practical 

standpoint, the transformers and discriminators are readily available if a 
carrier frequency of 4.5 or 10.7 me is used. 

-he sensitivity of the frequency modulated capacitive displacement detector 

was sufficient for the measurements described earlier. Therefore, this type 

of detector was chosen over the other two types because of its simpler cir- 
cuitry and better availability of components. 

SECTION II 

DERIVATION OF SENSITIVITY 

The theoretical sensitivity of the frequency modulated capacitive displacement 
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detector may be derived by noting that the sensitivity S is equal to 

S = civ 
dx (1) 

where v is the voltage out of the detector,x is the distance between the 

probe and the body whose displacement is being measured, c is the total 

capacitance in the tank circuit and f is the resonant frequency of the tank 
circuit. 

The differential may De derived by considering the condition for 
resonance in a circuit consisting of a capacitance c and an inductance L 

(2) 

Differentiating both sides with respect to c and substituting equation 2 we 
get 

df 
3c 2c cps/farad 

(3) 

3c 

The term may be derived by first noting that the capacitance of the tank 

circuit (c) may be divided into two parts, cx the capacitance which is chang¬ 

ing and c0, the rest of the capacitance is the circuit. Thus, 

¢=0 t* c 
O X (4) 

Differentiating equation (4) with respect to x we get: 

~ = ^cx , . 
3x 3x (5) 

3v 
The differential is a function of the detector circuit. The standard 

FM discriminator characteristic is shown in figure 2. ÿ depends on the 

slope of the discriminator curve and the voltage which is^fed to it. For 
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Figure 2: Output Voltage - Frequency Relationship for FM Discriminator 
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the standard 10.7 sic discriminator fed by a voltage of about 150 volts, 

ÔV 
_4 

4.25 X 10 volts/cps (6) 

was measured. 

Substituting equations (3), (4), (5), and (6) into equation (l) we obtain 

S = 

4 

(4.25 X 10- )f 
(7) 

When the displacement detector is used with a probe, r- may be approximately 

calculated by considering the end of thf probe to be a parallel plate condenser 

with a capacitance 

c 
X Í—^ l36irx J X farads (8) 

Where A is the area of the plate and k is the dielectric constant of the media 

between the plates, 

Then differentiating equation (8) with respect to x, we get 

3 cx~ kA_ 

Sx" 3Grñ? 

ix 
X io" 

Then equation (7) becomes 

farads/cm 

S = 
dv 

dx 

(4.25 X 10 )f cx 

2<co + cx)x 

volts/cm 

(9) 

(10) 

In the case of a probe, (¾ is much greater than cx, therefore, cx in the denom¬ 

inator can be neglected and we have approximately 
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(11) 
%> 

dv 

dx 
(4.25 X l(f )f c 

2c0 X 
¿L 

If equation (8) is substituted into equation (ll) and the area A is assumed 
to be that of a circle of radius r, then 

S = 

4 

(4.25 X 10~ )f k 
72 c0 

_ i X 

X 10 volts/cm (12) 

Equation 10 shows that the sensitivity increases with frequency and active 

capacitance and decreases with total capacitance and increasing interelec¬ 

trode distance. Therefore, for best sensitivity, as much of the capacitance 

as possible should be active, ie, cx should be large compared to c0. 

Unfortunately, this situation is difficult to accomplish in the case of a small 

probe. However, in the case of a condenser microphone when the active area is 

large relative to the inactive area, this desirable condition can be approached. 

SECTION III 

ELECTRONIC CIRCUIT 

Figure 3 shows the circuit diagram of the displacement detector in its final 
form. This circuit was derived from one described by Hannah et al (ref 8) for 
measuring pressure in a catalytic vessel. 

The capacitive probe was made part of the capacity of the tank circuit of a 
Hartley oscillator which used the triode section of a 6U8A. The pentode 
section of the 6U8A served as a buffer amplifier between the oscillator and 
the limiter. The signal was transformer coupled to the 6SQ7 which acted as 
a limiter, removing amplitude modulation from the signal. Frequency changes 
were detected by the discriminator and a low output impedance was attained by 
using a cathode follower output for the a-c signal. This circuit was tuned 
by adjusting the tank capacitor until the discriminator output was zero. 
The discriminator output was read on a high impedance d-c vacuum tube volt¬ 
meter. The center frequency cf the circuit was 10.9 me and commercial 10.7 me 
components were used. Power for the circuit was supplied by a regulated power 
supply. 

Early in the development of the displacement detector, the circuit was 
excessively microphonie, that is, it was sensitive to vibrations and to air¬ 
borne sound. Three modifications helped to alleviate this: (l) the use of 
a triode oscillator instead of the pentode originally used, (2) the use of 
a tuning condenser of very rigid construction, and (3) the use of a rigid, 
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Figure 3: Circuit Diagram of the Displacement Detector 

massive construction to eliminate vibrations. The tuning condenser was 

mounted on a A by 4 by l/2 inch steel plate and the panel of the displacement 

detector was constructed out of l/4-inch-steel plate. The entire circuit 

was mounted in a ixoerglass-filled chamber of a concrete box with walls about 

3 inches thick. The panel was sealed to the box by a rubber gasket and all 

holes were sealed. All of these precautions were necessary to reduce the 

ricrophonics of the circuit below those of the probe. 

If the circuit were used in an application where the capacitive changes were 

greater, or where the ratio of active capacitance (cx) to shunt capacitance 

(c0) was greater, the microphonie problems would decrease. 

THE CAPACITIVE PROBE 

During the development of the displacement detector, many different types of 

capacitive probes were built. Originally, the measurements were to be made 

with a combination probe tube microphone-displacement nrobe. In this case 

the probe tube microphone would measure the sound pressure at its tip and the 

displacement probe, which would be a tube rather than a flat plate, would 

measure the displacement of the surface in its vicinity. After testing, this 

idea was discarded because the probe could not be made small enough and 

because it was excessively microphonie. Instead, the simpler displacement 

probe shown in figure 4 was developed, the pressure being measured by a probe 

tube microphone separate from the displacement probe. This probe was con¬ 

structed by melting a drop of solder on the end of a length of #20 enameled 

copper wire. The end of this drop was filed flat and the sides were filed to 
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Figure 4: Photograph of Displacement Probe #203B 
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an approximate conical shape with a tip diameter approximately 0.180 cm. The 
end was repeatedly dipped in epoxy resin and allowed to set until a suitable 
thickness was built up on the wire. A piece of shielding from #30 phono 

wire was placed over the insulated wire and the unit dipped A.n epoxy resin. 
The end was filed flat and the sides trimmed until they were cf suitable 

dimensions. A pie;e of shielded phono wire was soldered to the probe and the 

shields soldered to a piece of #16 bus bar wire which was used to attach the 

probe to a micromanipulator. The micromanipulator permitted precise posi¬ 
tioning of the probe in the external auditory meatus. The attachment of the 

probe to the bus bar wire was strengthened with epoxy resin. 

SECTION IV 

PERFORMANCE 

The capacitance detector had a sensitivity of 30 volts/pfd when the total 

shunt capacitance (c0) was ?0 pfd. This compares favorably with the 

theoretical value of 33 volts/pfd calculated by means of equation ?. A 0.1? 

X 0.20 cm elliptical probe w .th a probe/surface distance of 0.1 cm had a 

sensitivity of 4.74 volts/cm. This compares favorably with the theoretical 

sensitivity of 9.2 volts/cm calculated using equation(12)considering the errors 

introduced by the shape of the probe and its beveled surface. In this case, 

the active capacitance (cx) was less than 2 X HT2 pfd, thus negligible com¬ 

pared to the shunt capacitance. Figure 5 shows the noise spectrum as 

measured with a wave analyzer. Below 500 cps, the noise is probably due to 

60 cps harmonics. Above 500 cps, the noise is probably due to thermal noise 

in the tank circuit. Figure 5 also shows the output of the detector when 

the probe was positioned in the speculum and exposed to a sound pressure 
level ^SPL) of 100 db re 0.0002 microbar. 

The operating characteristics and sensitivities of the probes used in this 

study were measured by means of a displacement calibration system consisting 

of a brass plate attached to a 5-inch loudspeaker whose displacement was 

measured with a microscope. This calibration system was used to measure the 

effect of angle of the probe with respect to the vibrating surface, probe-tip 

diameter, probe-tip shape, vibrating surface shape and probe surface distance. 

The effect of the angle of the piobe on the sitivity is shown in table I. 
For angles less than 30°, the sensitivity can be assumed to be independent of 
angle within the error of these experiments. 

Several probes were constructed, differing only in tip diameter. The per¬ 
formance and dimensions of these probes are tabulated in table II. A comparison 
of the sensitivities is not very meaningful, since the probes were not exactly 
circular and the probe area was hard to calculate. Also, modifications of the 
circuit changed the sensitivity of the detector between probe calibrations. 
The data are consistent with the statement that the sensitivity is proportional 
to the probe-tip area. 

Probe 203B seemed to be the best compromise between sensitivity and size, 
that is, it was large enough to have a respectable sensitivity and small 
enough to easily fit into a guinea pig ear. 
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Since the original probe used the end of a tube as one plate of the condenser, 

a rod of the same diameter was also calibrated. The results, shown in table 

III, may be interpreted as indicating that the hole in the tube does not alter 

it's sensitivity. The effect of the shie.'d was also investigated. Table III 

shows that shielding the entire side of the probe reduces the effective area 

oe the probe when compared to a probe with the end left unshielded for about 
a"-millimeter of its length. The ends of the probes used in tne measurements 
were left unshielded for about a millimeter of their length to take advantage 

of this effect. 

The effect of distance between the probe and the vibrating surface is shown 

in figure 6 for several probe-surface conditions. The theoretical l/x 

curve is also plotted on this figure. The curves are normalized by dividing 

TABLE I 

SENSITIVITY VERSUS PROBE ANGLE 

Angle of Probe 

with Respect to 

Calibration 

Surface 

Sensiti\ity Normalized to 0° 

Flat 

0° 

15° 

30° 

45° 

Plate Calibration 

Surface 

1.00 

0.78 

0.96 

1.48 

Conical Calibration 

Surface 

1.00 

0.83 

0.70 

2.01 
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TABLE XX 

PERFORMANCE AND DIMENSIONS OF CAPACITANCE PROBFS 

Probe Probe Diameter Sensitivity* 

Number (cm) (volts/cm) Remarks 

102 

102A 

103 

203 

203A 

203B 

205 

205A 

206 

0.180 

0.180 

0.180 

0.236 

0.17 X 0.20 

0.17 X 0.20 

0.182 X 0.210 

0.182 X 0.210 

0.223 

2.31 Tube 

2.79 Beveled 

3.6 Tube 

2.71 

4.74 

4.92 Beveled 

1.79 

2.56 Beveled 

2.76 

■»■Sensitivity measured with a 0.1 cm probe/surface distance 

NOTE: The sensitivity measurements cannot be correlated from these 

measurements since the electronic circuitry was modified 

between probe calibrations. 
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TABLE III 

PERFORMANCE OF VARIOU^ TYPES OF PROBES 

Description of Probe Sensitivity at a probe- 

surface distance of 0.1 cm 

11.75 volts/cm 

23.3 volts/cm 

Rod, 0.222 cm diameter, 

Sides completely shielded 
4.73 volts/cm 

Rod, 0.222 cm diameter, 

0.2 cm of side unshielded 

7.94 volts/cm 

the sensitivity by the sensitivity at a probe-surface distance of 0.1 cm. 

The agreement between experiment and theory is not too good. This is inter¬ 

preted as indicating that the assumption that the probe surface acts like 

one plate of a parallel plate condenser is a rough approximation. Since the 

measurement of the probe-membrane distance proved quite difficult, it was 

desirable to establish the distance where the sensitivity did not change too 

rapidly with distance. From figure 6 it can be seen that the range 0.05 to 

0.1 cm fulfilled this requirement and still maintained an adequate sensitivity. 

As mentioned previously, the displacement detector must measure the displace¬ 

ment of the tympanum without appreciably altering its mechanical behavior. 

Since the capacitive probe does not add mass to the tympanic membrane, mass 

loading of the tympanum is eliminated. However, the mere presence of the 

probe in the vicinity of the membrane will load the membrane at high frequen¬ 

cies by changing the radiation field seen by the membrane. This effect may 

be neglected for the frequencies used in the investigation, ie, below 6 kc. 

The oscillator circuit places a 10.7 me a-c voltage of less than 50 volts 

between the probe and the tympanum. This voltage produces a force on the 

tympanum proportional to the square of the voltage. The mass of the tympanum 

reduces the dynamic portion of this force so that it is insignificant. The 

static component of this force would displace the tympanum about 4 x 10“® cm, 

an insignificant amount. 

The frequency response of the displacement detector was not measured because 

the vibration table was not useful above several hundred cycles per second. 

However, the bandwidth of the electronic circuit should have the same response 
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Figure 
Sensitivity of Probe Versus Probe-Surface Distance 
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could itmit h- r 0UtpUt lmpedence of the discriminator 
aooíoxii tnr n cutoff ^re^ency- This was measured and found to be 
approximately, 45,000 omDS* If the discriminator were loaded by excessive 
capacitance, the frequency response would be limited. 

SECTION V 

CONCLUSIONS 

^f,naPr í r dlSPlacfment detector described in this paper proved to be a 
Í h1 r mea+surdn^ sma11 displacement of the tympanum. Since its 

Western EleltíinínAA ^ ^611 f ^ t0 deteCt the caPacitivö changes of a 
be used Z4 COndenser Aerophone, thus enabling this microphone to 

thi^ deteítorT Í0?/aKqUenCleS* Fensitivlt7 of the microphone using 
used in a rath h r i “ 6 ^an when the same microphone was 
used in a cathode follower preamplifier with 200 volts bias. This sensitivitv 
could be Increased by changing the tank inductance so that the dynamic 

capacitance (cXj be 0f the Same order as or greater than the shunt 

The main advantages of this detector over others are that it is easy to use 

ííd dScÍLinatÍT^ eSpeHÍalí? Íf commerclal or 10.7 me transformers 
o4 f+fre US!d* mair: dÍ8advantages of this detector are that 

faction of theno«Hn ? T bf!e a hlgher n0lse level* noi8e is a lunction of the oscillator circuit and is not amenable to simple analysis. 

The capacitance probes described in this report were suitable for the desired 

theVre n0t ^d Qth- de3igns would probably d 
mÍÍ seJiwLt?9,,MTr^Se n?ce88itated by the requirsmanta for mall sisa, 
ba mada oiw’ 8hie“ed =onst™=ti°n, and freedom from microphonies could 
be made in other ways than were made here. 
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