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ABSTRACT'

A mechanism has been developed that allows precise 
translation of the "outer" plates of a Benioff Variable 
Capacitance Transducer. A motor-driven differential 
micrometer provides an economical and reliable means of 
remotely calibrating and adjusting the transducer.

Following interferometric standardization, the 
device records displacement at one micron full scale with 
an error of less than one percent. The principle can be 
applied to any measurement requiring a displacement 
transducer, such as a strainmeter or tiltmeter.
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INTRODUCTION

Studies of free oscillations of the earth and strain 
"steps" following earthquakes have profited from the develop
ment of displacement sensitive devices such as strainmeters 
and tiltmeters. The utility of these devices is dependent 
upon, among other things, the availability of a transducer 
capable of accurately measuring small displacements.

Development of an accurate, rugged, yet economical, 
displacement transducer makes possible widespread use of 
these instruments in other fields:

1) Observations of the strain and tilt field in tectoni- 
cally active areas may contribute information signi
ficant to the problem of earthquake prediction. 
Similar data have proven valuable in the study of 
earthquake mechanisms.

2) Earth tides observed near the oceans are noticeably 
affected by the loading due to the ocean tide. Pre
cise observations of the total strain at various



points might therefore be corrected for the com
puted earth tide to provide a map of the ocean tide 
at sea.

3) It has recently become apparent that there are major 
readjustments in the crust associated with "sudden" 
changes in the crustal loading (as in, for example, 
the filling of large reservoirs, and other large- 
scale engineering projects). Strain- and tiltmeters 
offer an ideal means of observing these deformations.

4) Continuous monitoring of strains in mining pro
jects suggests the possibility of predicting rock 
bursts and more accurately determining minimum 
pillar size.

5) Strainmeter records presently available indicate 
that small variations in groundwater flow are re
flected in strain changes at the surface. This 
suggests that strainmeters may be useful in mapping 
groundwater flow.

This paper reports the development of a mechanical tech
nique for remotely calibrating and adjusting a sensitive 
displacement transducer. It first outlines the selection 
and design of the sensing circuit, then describes the 
mechanics of the transducer and presents some sample results. 
Table 1 indicates the typical displacements anticipated and 
briefly compares two basic types of transducers.
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C O M M O N
TRANSDUCERS

M icron Movement Advantages
and

DisadvantagesResolution Range

C apacitive 1 0 - 4 10

Adv: High Resolution, Low Cost, 
Continuous Recording, 
Reliable 

Dis: N o  calibration, limited  
linear range

Interferometric 0 .2 1 0 3

Adv: Absolute calibration  
Dis: N o t continuous recording, 

frequent maintenance, 
lim ited resolution

TYPICAL  
DISPLACEMENTS 

( in Microns)

Strain 
(3 0  m base)

Resolution Range

T ilt
(1  m pendulum)

Resolution Range

L..P. Earthquake Waves 10 -  4 10”3

Tides 3 x  I Q " 3 7 0 -  s 10” 1

Transients io- 10 10 - 1

Secular D rift io - 10

Table 1

10

100

Fixed End

Support  P ier

Free End

Figure 1. Diagrammatic earth strainmeter.



T-1123

TRANSDUCER COMPARISONS

The choice of displacement measuring technique is first 
between electronic instruments and interferometers. Aside 
from the instrumental complexities associated with inter
ferometers, a major disadvantage is the.relatively long wave
length of light. Most earth strainmeters previously built 
have had a baselength of at least 20 m in order to average 
out local inhomogenieties in the crust. Assuming a typical
2000 A between fringes for an optical interferometer, the

— 8strain corresponding to one is fringe is 1 X 10 . Unfortunately,
as seen in Table 1, this is neither large enough to allow re-

—  8cording tidal strains (4 x 10 ) from variations in intensity
within one fringe, nor small enough for adequate resolution 
by ‘bounting" fringes.

Two approaches to earth strain interferometry have been 
suggested; the first consists of simply using the interferom
eter as a transducer on the end of a long quartz bar, as in 
Figure 1. One optical flat is mounted on the end of the bar

3
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and the other secured to the pier, with the interference out
put indicating differential movement. This does not eliminate 
any of the disadvantages of the quartz bar (high thermal co
efficient of expansion, among others), retains the problem of 
the awkward wavelength of light, and presents the problem of 
developing a means of recording the output of the inter
ferometer continuously.

A more attractive use of interferometry is in placing the 
two optical flats at the opposite ends of the strainmeter base 
and using a LASER as the light source. This requires a con
stant density optical path, which does not eliminate the need 
for a bar - such as an evacuated tube - to be suspended the 
length of the strainmeter. However, it does eliminate the 
effect of thermal and other variations in the bar, and permits 
longer base strainmeters. The main disadvantage is poor re
liability: the complex electonics required to convert the 
LASER output to a continuous record on a chart presents some 
maintenance problems, however another "generation”"of LASERS 
must be developed before the reliability of the basic instru
ment is sufficient to allow continuous, unattended, multi
station operation. Undoubtedly future advances in LASER 
technology will render the approach more useful, however 
immediate utility requires a different method at present.

Electronic displacement transducers measure the change 
of either resistance, inductance, or capacitance resulting
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from a movement. Resistance strain gages, such as the SR-4
frequently used-, in mechanics, are barely capable of indicating
a displacement as small as 0.01 micron which, for a 20 m base

-9strainmeter, corresponds to a strain of 0.5 X 10 . Earth
strains of interest are often smaller (Table 1) than this. 
Another objection to such devices is that the force required 
to strain the gage also acts on the "free" component of the 
instrument to which it is attached, thus preventing truly free 
motion. In capacitive or inductive devices, though, the coup
ling is the air gap, thus these two categories will be con
sidered next.

One of the latest advances in inductive measurements 
uses a bridge "technique" in comparing complex impedances and 
has succeeded in measuring displacements in the angstrom range 
(Jacovelli & Zinke, 1965, p. 915). This apparatus, however, 
becomes very non-linear for movements over 200 A, thus the 
instrument is of little interest in seismic applications.

The linear relationship between the width of the air gap 
and the capacitance' of a parallel plate capacitor is theoreti
cally simple and direct and mechanically easy to obtain. A 
similar relationship between inductance and some variable 
parameter of the inductor is neither so simple nor so easy to 
achieve, thus capacitance would appear to be the most useful 
quantity to measure. This, coupled with the fact that the 
inductive transducer just described (which represents one of
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the latest advances in the field) is not applicable, results 
in limiting the discussion to capacitive methods.

A-C bridge measurements generally involve adjustments 
to near null and then rectification and amplification of the 
error signal. There is virtually always a small amount of 
noise at null, thus the theoretical sensitivity is limited 
by the "signal to noise ratio". Bridges also require a rela
tively complex phase-sensitive detector to indicate direction 
of movement away from null. Therefore a transducer using a 
parallel plate capacitor in a resonant circuit is px'eferred.

One method of converting capacitance to an electrical 
signal is to incorporate an oscillator in which the frequency 
is controlled by the capacitance. Tanaka (1966) uses a single 
capacitor controlling an RF oscillator which is then 7,beat" 
against a crystal controlled standard frequency oscillator to 
provide a low frequency, high resolution FM output. His re
sults appear satisfactory, but he might eliminate some at
mospheric variations by beating two capacitor controlled 
oscillators against each other where the two capacitors are 
of identical design.

With either design, the output of this system is a fre
quency modulated signal in the audio range - ideal for re
cording on tape. However, all recording done here will be 
on analog DC chart recorders. Therefore it would be more 
desirable to develop a system which had a DC analog output
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signal, thus eliminating the need for conversion equipment. 
Such a system is the "Benioff capacitive transducer" described 
in the next section.
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THE BENIOFF TRANSDUCER

The Benioff transducer consists of a discriminator cir
cuit driven by a radio frequency oscillator. The discrimin
ator (Figure 2) is a pair of symmetrical LC resonant circuits 
with the output half-wave rectified and then filtered by a 
single RC stage. The parallel plate capacitors C6 and C7 are 
two-in.-square brass plates with the outer two plates in a 
fixed position and the middle plate free to move with respect 
to the others.

Figure 3 illustrates the operation of the system. In 
the balanced condition the middle plate is mechanically cen
tered and the coils are adjusted so that (1) the output volt
ages on both sides are equal, (2) the voltage is 0.7 times 
peak voltage, and (3) the capacitance is below resonance. If 
the middle plate is then displaced, the capacitance of the 
side in the direction of movement increases and that of the 
other side decreases. This produces a corresponding increase 
or decrease of the voltage across the two capacitors.

8
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Since the rectification of both circuits is positive 
v/ith respect to the common center point, the output signal 
indicated in the figures is the difference between the volt
ages of the two circuits. Thus at balance the signal is 
zero, as the center plate moves the polarity of the signal 
indicates direction of motion, and within the linear portion 
of the resonance curve the output voltage is a linear func
tion of displacement. Making the "Q'1 of the LC circuit, 
large increases the slope of the resonance curve and allows 
high sensitivities (about 0.5 v per micron), and since recti
fication takes plcice before the signals are summed there is 
no noise level at null.

Atmospheric effects on the air gap, discussed in detail 
in Appendix B, can be summarized here by noting that any fac
tor which affects the dielectric constant of the air gap 
either increases or decreases the capacitance of both sides 
simultaneously and by approximately the same amount. This 
moves the operating point on the resonance curve in the same 
direction for both circuits, thus when the difference is 
taken at the output, the effect of these atmospheric vari
ations is reduced by at least an order of magnitude.

The oscillator schematic is shown in Figure 4. Any 
oscillator operating in the 1 to 2 MHz range can be used.
This particular design is similar to that used at Lamont
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Geological Observatory (Major, 1964) and was selected pri
marily because of its proven reliability under the adverse 
operating conditions anticipated.

As previously stated the system is linear only so long 
as it is operating in the linear portion of the resonance 
curve; outside this region the response becomes rapidly non
linear, and in the extreme drops to zero. The majority of 
seismic disturbances are well within the linear range of the 
circuit and only in extremely unusual circumstances (such as 
the Alaskan earthquake or other conditions mentioned later) 
does non-linearity become important. Another disadvantage 
is that it is very difficult to produce identical resonance 
curves between any two discriminators, thus the amplification 
factor is variable. Also, as the output of the discriminator 
drifts (aging of components, changes in battery voltage, etc.), 
the height of the resonance peaks also drifts and produces 
changing amplification. Thus the long term stability is not 
good and an alternative method is required.

One way of eliminating these problems is to add compen
sating features to the electronics, such as automatic gain 
control on the oscillator.. However more complex circuitry 
generally implies higher failure rate and increased main
tenance .

The approach used here is to retain the simplicity and
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reliability of the present system and minimize the disadvant
ages by providing a means of moving the outer plates a small, 
known amount. By controlling this motion remotely it is 
possible to recalibrate the system and recenter the plates 
frequently without disturbing the operation of the entire 
instrument. Since experience has shown the instrumental 
drift rate to be low, a calibration schedule of once per week, 
for example, provides an adequate record of instrumental 
variations.
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MECHANICAL DESIGN

Since the most fully developed use of the transducer at 
present is in application to earth strainmeters, the princi
ples of construction will be discussed as applied to the 
strainmeter transducer. It should, however, be kept in mind 
that, as applied to other instruments (such as tiltmeters), 
the principles are the same although the physical dimensions 
and appearance may differ.

The principle of operation of the mechanical portion 
of the transducer is illustrated in Figure 5. The two long 
arms and the three cross-arms form a set of parallelograms, 
thus any subsequent deformation of the geometry will not 
destroy the parallelism of these members which were origin
ally parallel. Further, the ratio of (1) the distance from 
the driven end to the base versus (2) the distance between 
the base and the plate support is, in this case, 10:1. Thus 
the displacement of the plates is 1/10 the corresponding 
displacement of the driven end.

14
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A drawing of the mechanical portion of the transducer 
is shown in Figure 6. The base, mounted to the pier, sup
ports the two outer lever arms; at one end of these arms is 
the yoke that carries the outer plates which are permanently 
mounted on ceramic insulators; at the other end is the cross
piece which is driven by the differential micrometer mounted 
on the base (photograph, Figure 7). Since the two lever 
arms and the three crosspieces form the pair of parallel
ograms referred to earlier, if the outer plates are initially 
aligned parallel to the middle plate, they will consequently 
remain so parallel.

Because of the small motions involved it is imperative 
that there be no looseness within the hinges. This problem 
is eliminated by machining the entire device from a single 
piece of inch-thick brass, leaving 1/16 in.-wide segments to 
act as hinges. These are formed by using an end mill to drill 
1/4 in. holes on- centers spaced 5/16 in. apart, with the po
sition of the holes accurately located by use of the microm
eter dial on the mill table. Since the hinges are identical 
to each other, the actual hinge point (although not known 
absolutely) is assumed to be at the same relative point within 
each hinge. Thus by accurately controlling the shape and 
location of each hinge the effective length of each arm is 
controlled to the same degree of accuracy.
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Figure 7. DS501 differential micrometer mounted 
on base, with shaft (hidden at left) 
pressing against an extension of the 
rear cross-arm. The worm gear drives 
both the micrometer and the precision 
potentiometer simultaneously.
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The "O"-shaped saddle is milled out of the brass block 
and the outer plates are secured to each side of this saddle 
on one-in.-long ceramic insulators. The plates are two-in.- 
square by 1/4 in.-thick brass and are separated by a 0.276 in. 
gap. When the 1/4 in.-thick middle plate is introduced be
tween the outer plates, the result is a 0.013 in. air gap.

The driving mechanism must be machined to a tolerance 
of no more than 0.1 micron in order that the tolerance of the 
motion of the plates be 0.01 micron or less. Few machine 
shops are capable of working to these tolerances, and where 
such ci capability does exist such work is quite expensive. 
However, Lansing Research Corp. of Ithica, New York, markets 
a "DS501 Differential Micrometer" which has a shaft displace
ment of 6.25 micron per revolution of the barrel and is rela
tively inexpensive. By using this as the driving mechanism 
(Figure 7), the outer plate displacement is 0.625 micron per
revolution of the micrometer barrel and the total range is

*

25 microns.
The raicromeiter is mounted on the base such that the 

shaft is pressed against an extension of the driven cross- 
arm. A two in.-diam "bull" gear (with 100 teeth) mounted 
on the barrel is driven by a worm gear on the shaft of a 
12 vdc motor. The Barber-Coleman BYQM-2020 motor has a gov
erned speed of 2400 rpm and is mounted on a BYQH gearhead
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with a ratio of 95.4:1; the combination is listed as model 
BYQM-30 60. The speed of the worm gear is then 26.2 rpm, 
which results in the micrometer barrel being driven through 
one complete revolution every 3 rain 4 9 sec. Since the 
micrometer barrel translates one in. for a shaft translation 
of 0.01 in., the bull gear must be long enough to maintain 
contact with the worm throughout the full range of transla
tion.

The micrometer is sensitive to radial forces, so it is 
desirable to make the periphery of the bull gear as nearly 
concentric with the micrometer as possible. This is accom
plished by pressing a sleeve on the barrel of the micrometer 
and machining the sleeve concentric with the barrel. The 
blank for the bull gear is also turned on a lathe, thus when 
the gear is pressed lightly on the sleeve and locked in place 
eccentricities are small.

The displacement resulting from this drive system ex
hibits a small, approximately sinusoidal, variation from a 
straight line with each revolution of the barrel. Lansing 
Research predicts more nearly linear motion from the micrometer 
than is produced, thus the problem is thought to be in small 
eccentricities in the bull gear (which is driven by an off- 
center worm). Better results would probably be achieved by 
using a modified torque motor with the armature integrated 
into the barrel of the micrometer.
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Two components of motion have been produced from a 
single instrument by letting the "middle plate" be a 2.5 in. 
cube of brass and installing a pair of "outer plates" oppo
site each set of vertical faces on the cube. Using separ
ate discriminator circuits at different frequencies for each 
set of outer plates then permits independent recording of 
displacements in the two directions.

Suspending the brass cube from a set of one-meter-long 
wires results in a simple pendulum tiltmeter which is highly 
sensitive. The instrument actually constructed is still in 
the prototype stage, however in its present configuration it 
is capable of recording two components of tilt continuously 
at sensitivities of about 0.1 arcsec full scale.
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RESULTS

Strainmeter
Figure 1 is a diagram of a typical earth strainmeter 

consisting of a standard length fixed to the ground at one 
end and free to move axially at the other. The transducer 
on the ground at the free end measures relative displacement 
of the standard of length and strain is computed by dividing 
by that length. The instrument is placed in operation by 
centering the middle plate between the two outer plates, ad
justing the coils to the proper operating voltages (Appendix 
E), and recording the micrometer reading.

The outer plates are adjusted by driving the motor in 
the desired direction. The micrometer movement is presently 
indicated by means of a switch which closes five times per 
revolution of the micrometer barrel; during earlier tests the 
read-out was a precision potentiometer geared to the microm
eter.

22
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Calibration has evolved to a set procedure, detailed 
in Appendix E, which includes provisions for minimizing drift 
during calibration. The total micrometer movement is re
corded and compared directly to the excursion of the pen on 
the chart, thus providing a calibration factor that includes 
all parts of the total system from transducer to recorder.

A sample calibration curve is shown in Figure 8. As 
noted previously, the drive system is not perfectly linear, 
which explains the small, approximately sinusoidal variations 
recorded while driving the motor. By drawing an average 
straight line through the variations, and eliminating drift 
to the first approximation/ a calibration error of less than 
one percent full scale is achieved (Smookler, 1967). It is 
comforting to note that, during this and other calibration 
tests, the full scale response of the transducer is reason
ably linear, thus corroborating the earlier assumption that 
the "flat" portion of the resonance curve is very nearly a 
straight line over a substantial range.

Several transducers have been installed on a specially 
constructed interferometer (Smookler, 19 67) and the calibra
tion factor provided by the transducer compared to the abso
lute interferometric calibration. Although the interferom
eter is still being refined, the error in the worst microm
eter tested to date is less than three percent. Use of an
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instrument correction derived from the interferometric test 
reduces the calibration error to less than one percent.

Servo-driven Strain Transducer
Having developed a means of moving the outer plates a 

small, known amount, it is convenient to apply the output of 
the discriminator to a servo-amplifier and drive the plates 
to a null. Plate position can then be recorded directly from 
a micrometer sensor, thus fulfilling the requirement for a 
wide-range, high resolution device.

The servo-system described in Appendix D was installed 
on a strainmeter. During the short time it was operating 
continuously, calibration was accomplished by adjusting the 
bridge which measured potentiometer position. The long and 
short period components (servo output and error signal out
put) were both recorded on chart recorders and sample re
cords are shown in Figure 9. The transient seen at the be
ginning of the records is a strain associated with pumping 
water from a nearby well. Comparison of the shape of the 
transient on the two components illustrates the fact that the 
"filter" represented by the servo-system is non-linear.
Since the maximum drive speed of the servo-motor is very low, 
the response of the system is a rather complicated function 
of both frequency and amplitude, thus the non-linear filter 
effect.



T-112 3 26

Short Period 
(Servo Error)

i
10 Microns

GMT
14 Mar 66 15 Mar 66

Servo Output
10 Microns

10 Jan 66

10 Microns

Servo Output

00 

GMT
02+

12
04
4 -

06 08 10

Figure 9. Servo records for two different time periods 
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record illustrates the worst observed case 
of "sinusoidal deviations" due to the drive 
system,
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The rest of the figure illustrates that the response 
of the servo-system to the long period variations in the 
quartz rod produces a reasonably good quality record. Dur
ing the long period of steady drift a slight sinusoidal var
iation can be seen superimposed upon the drift; this is the 
effect of the non-linearity in the drive system mentioned 
earlier.

Preliminary results indicated that the potential ad
vantage of this mode of operation was not sufficient to 
justify the additional expense, thus the mechanism was elim
inated. This approach was shown to be practicable, though, 
and may be practical in situations such as that found in 
California (described later) where the wide range of the 
servo-system is necessary.

Tiltmeter
The prototype tiltmeter mentioned earlier was operated 

at tidal sensitivities for a short time and the resulting re
cord is shown in Figure 10. It is anticipated that, as the 
moon passes overhead, N/S tilt will be at an extreme and E/W 
tilt will be passing through zero (approximately). Although 
drift is severe, this relationship can be observed on the 
record, thus inferring that tidal tilts were in fact detected.

Shortly after completion of the instrument a need for 
a tiltmeter at the ESSA Castle Rock Observatory in California 
was reported (see Applications). Due to the scarcity of
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commercial tiltmeters and the convenience and ready avail
ability of this instrument, ESSA requested that it be 
shipped to California. Therefore no further tests can be 
conducted until another model is constructed.

Summary

This "mechanical" approach also provides an improved 
means of monitoring secular deformations or large transients. 
The null point of the discriminator circuit is dependent only 
upon the capacitances and inductances of the two tuned cir
cuits; it is thus independent of any of the "active"components 
in the system which are subject to drift. If the coils are 
not retuned, the null point is then a function solely of capa
citance, which is in turn a function of plate position, Thus 
if the outer plates are mechanically displaced to regain this 
null position, the magnitude of this displacement is an ac
curate indication of the total strain increment since the in
strument was last recentered. Since a single differential 
screw is far more stable than an electronic system, this 
achieves wide range and long term stability without sacrific
ing the reliability of the basic system.
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APPLICATIONS

Strainmeter
Significant observations of permanent strains follow

ing large earthquakes have been observed and are reported in 
some detail by Wideman and Major (1967). To date these ob
servations have generally been limited to a single instru
ment with questionable calibration, but when a number of 
calibrated instruments become operational it may be possible 
to draw important new conclusions concerning earthquake mech
anisms, coupling between crust and mantle, etc.

When instrumentation is completed it will be possible 
to measure tidal components of strain with improved accuracy. 
If more than one instrument are located at a given place with 
different orientations as in the array now being built in NE 
Denver, it may be possible to detect anisotropic elasticity 
in the crust by comparing tidal analyses of the different 
instruments. This would be of value in interpreting the 
tectonic setting of the region.
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An outline map of Green Observatory (Figure 11) shows 
the relationship of the strainmeters to the water well which 
was referred to in the discussion of the servo-mode record.
A surprising result of preliminary calibrations is that the 
magnitude of the strain transient caused by pumping the well 
may be as much as 40 times larger on the Nw/ se instrument 
than on the other two strainmeters. A geologic map was com
piled by Dr. M. A. Klugman, Geology Department, Colorado 
School of Mines, during the construction of the tunnel for 
the two underground instruments. This map (Figure 12) shows 
a dominant fracture direction which is roughly parallel to 
a line drawn between the well and the NW/̂ IE strainmeter.
Since the strain transient is associated with removal of 
water from the well, it may be that the majority of the flow 
of the groundwater back into the well is along the fractures, 
thus producing the large transient on the instrument in line 
with this flow. If so it might become feasible to map the 
flow of underground fluids - as in an oil field waterflood 
project - by the use of strainmeters. Any local anisotropy 
of elastic constants which might be derived from tidal ana ly- 
ses should be correlative with the well response phenomenon.

Three strainmeters recently installed near the San 
Andreas fault south of Hollister, California, have exper
ienced anomalously high wdrift" rates. It is not presently
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known whether this is associated with abnormal "settling" of 
the instrument or is a rea.i phenomenon connected with move
ment of the fault, but the drift often exceeds the range of 
the present transducer. It thus appears that this is a case 
where the wide range response of the servo-driven system is 
not only convenient but necessary.

Tiltmeter
Since the existence of strain steps following earths 

quakes has been established by Wideman (1967), it is reason
able to expect similar tilt "steps" under the same circum
stances. A few such phenomena have been reported (Press,
19 65) but proof of their existence and quantitative measure
ment require a highly sensitive tiltmeter such as may be 
constructed employing this transducer. During the brief per
iod of operation of the prototype tiltmeter mentioned earlier a 
tilt step occurred coincident with a NE Denver earthquake 
(Figure 13). No conclusions can be drawn from a record of a 
single event observed on an experimental instrument, but the 
unusual coincidence of the step and the earthquake empha^ 
sizes the need for further investigation into the subject, 

Results from intermittent operation of previous tilt— 
meters at Green Observatory suggest the possibility of 
large secular tilt drift. Installation of a stable, reliable 
tiltmeter would provide valuable information as to the
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Figure 13. Apparent tilt "step" associated with 
the NE Denver earthquake of 3 Feb. 
1967.
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validity of these observations and would allow investigation 
of the causes.

Of more immediate significance is the report that the 
magnetometer pier at ESSA's Castle Rock Observatory has ex
perienced a cumulative tilt of up to 300 sec of arc during 
the past nine months. The prototype tiltmeter is now at 
Berkeley, California, and will be moved to the observatory 
when roads are cleared. At these high tilt rates, though, 
a servo-system has significant advantages, thus the conven
ient application of servo-mechanisms to this transducer is 
an important feature.

Other
As mentioned earlier, continuous, high resolution re

cording of interferometric measurements is best accomplished 
by servo-driving one of the optical flats to maintain a null 
on a given fringe. One problem in this approach is that the 
movable optical flat must experience only pure translation: 
i.e., the movable flat must always be perfectly parallel to 
the fixed flat, thus it must not be allowed to rotate by 
the slightest amount. Since one of the main features of 
this transducer is that the the outer plates remain parallel 
to their original position throughout large translations, 
and since this translation can be servo-controlled with con
siderable accuracy, it would make an ideal carriage for the
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movable optical flat in place of the outer plates. This 
might ultimately be one of the most useful applications of 
the parallel motion feature.
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'CONCLUSIONS

The Benioff capacitive transducer exhibits certain de
sirable characteristics, such as high sensitivity (0.5 v per 
micron), low noise, and excellent reliability. Its use has 
been restricted, though, by limited range and lack of cali
bration.

These deficiencies have been eliminated by incorpor
ating the "outer plates" of the Benioff transducer into a 
mechanical linkage that allows precise positioning of these 
plates. The resultant system exhibits the following im
provements over previous transducers:

1) The mechanical system can be conveniently 
incorporated in a servo-system for those 
applications where the wide range and high 
resolution of servo-mechanisms are required.

2) A drive motor provides a means of recentering the 
plates remotely without disturbing the rest of 
the instrument, thus extending the useful range 
of the basic transducer by an order of magnitude.
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3) When the instrument is recentered, the amount
of movement of the plates is accurately recorded 
at the output of the transducer. A cumulative 
summary of the strain increments thus obtained 
provides a record of the secular strain history 
of the region.

4) At a sensitivity of two microns full scale, the
micrometer provides calibration accuracy of better
than three percent. Following interferometric 
standardization the calibration error is reduced 
to less than one percent.

This system has been incorporated in a recently devel
oped, thermally compensated earth strainmeter. The result
ant instrument is both accurate and relatively economical, 
thus making it feasible to install strainmeter networks or 
multi-component arrays.

The transducer has also been adapted to produce a com
pact two-component tiltmeter. Although the tiltmeter is
still being refined, an early version has produced continuou

- 7tilt records at a sensitivity of approximately 5 x 10 
radians full scale.

The availability of. strainmeters and tiltmeters incor
porating this transducer make it now possible to provide a 
complete record of long period and secular deformations 
within the crust at a reasonable cost.
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APPENDIX A 

INSTRUMENTAL RESPONSE

A simple sinusoidal traveling wave can be represented
by the equation U = A cos w(t-x/a) where "U" is the dis
placement at point "x" and time 111", "A" is the amplitude,
"a” the velocity of propogation, and "w" the angular fre- 
quancy. The deflection of the mass of a pendulum is directly 
related to the force exerted on it, which is in turn pro
portional to the acceleration (f = ma). The response of a

2 2 2pendulum is thus proportional to d U/dt = w A cos w(t-x/a).
If the sensor is a coil and magnet - i.e. output proportional
to velocity of the deflection - the response of the pendulum

3 3 3seismometer is proportional to d U/dt = w A sin w(t-x/a).
Thus for very low frequencies (w-<0.01) the output,being

3a function of w , is extremely small and the usefulness of the 
instrument is severely limited.

As the equation indicates, only a displacement sensi
tive device has response independent of frequency, however 
no instrument presently exists that is capable of measuring

39
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all components of displacement to the degree of precision 
required.

If the definition of strain,AL/L, is applied to the 
equation of propogation, the length of the strainmeter (L) 
corresponds to some finite increment of the ray path,Ax, 
and the change in length (AL) is the corresponding increment 
of displacement,AU. Strain (e) then becomes e = A l/L =AU/Ax . 
If the length of the strainmeter is small compared to the 
wavelength of the disturbance the strain is then approxi
mated by dU/dx = (w/a) sin w(t-x/a). That the approximation 
is valid is indicated by the fact that the wavelengths of 
interest are many kilometers while the length of the strain
meter is several meters.

The response of a strainmeter with a displacement trans
ducer is thus proportional to the first power of frequency. 
Since each power of "w" decreases the response of the instru
ment by 6 db per octave, the result is the set of curves 
shown in Figure 14, where a displacement sensor is theoreti
cally flat, the strainmeter falls at 6 db per octave, and the 
pendulum seismometer decreases at 18 db per octave.
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APPENDIX B

ATMOSPHERIC VARIATIONS AFFECTING CAPACITOR AIR GAPS

In air-gap capacitors the dielectric constant of the 
air in the gap is an important factor in determining the 
capacitance. Thus it is necessary to consider first what 
the effects of variations in atmospheric conditions might 
be, and then how these effects might be eliminated. It will 
be assumed that a device can be built which produces a lin
ear relationship between output voltage and capacitance 
without asking what manner of device this is. The following 
analysis considers only the case of a single pair of parallel 
plates; the extension to combinations of plates is trivial.

The relationship between capacitance and plate spacing 
is given by (ITT, 1956, p. 133):

N -1 )  A 
t

N - number of plates
A - area of plate in square in.
t - distance between plates in inches
€r - dielectric constant relative to air

42

C = 0.225 £
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For the transducer described in this paper, representative 
values are:

N = 2
A = 25.8 sq. cm. (5.08 cm x 5.08 cm)
t = 0.333 cm

which gives: C = 69.2 X £r
In any case, the "change in capacitance per unit capacitance",
orAC/C, resulting from a change in £* is:

Ac _ A^r
c  '  $

Thus the parameters of the plates cancel out and only the
dielectric constant remains.

The relationship between dielectric constant, barometric
pressure, and temperature as given in the Handbook of Physics
and Chemistry (Chem. Rubber Co., 1964, p. E33) is:

p
e = 1 + 1 + 0.003411 ( T - 20)
P - atmospheric 'pressure in atm
T - temperature in °C

- dry air at 20°C and one atm pressure
£ - any temperature between 10° C and 30°C 

and any barometric pressure between 
0.92 atm and 1.05 atm.

Assuming a constant T of 20 °C, the effect of pressure can
be represented by:

4 1  = e - 1
dP
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which implies the approximate differential relationship:

Ae = (e. -DAP
Similarly, assuming constant pressure of one atm, the rate 
of change of £ with temperature is:

de
dT dT

e - 1
a T

a(e0-1 ) 
(aT + b f

or, approximately:

Ae wfHT*1
where:

a = 0.003411 
b = 0.93178

In addition to these values for "a" and "b", the following 
numbers may be substituted into the equations to arrive at 
quantitative relationships:

£ - 1.000537 (Approx. 1.0)
T = 20 °C

which implies that the per unit change in dielectric constant 
is:

(A) for a change in barometric pressure of 1 in.Hg:

A c _ nn „„-6
= 17.97 x 10' per in. Hg
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(b) for a change in temperature of 1 °C 

= -1.83 x 10~6 per deg C
V

By analogy to the equation for pressure effects it is 
also reasonable to assume a linear relationship between £ 
and the water vapor density (humidity):

£* = 1 + ( £ -1) SG (at 20 °C and 1 atm) 
where £ of pure water is 80.36 and SG is the specific gravity 
of the vapor. The differential relationship is thus:

A e  = <e -i) A sgw
For a change in relative humidity of one percent,

^  SG = 0.173 x 10  ̂ (Chem. Rubber Co., 1964, p. E6), thus 
A e =  i3.7 x 10 . Since £ is approximately 1, the apparent
^C/C is:

Ac/c = a  e/e = 13.7 x i<r6 per % Rel Hum
The three values just computed agree well with those

published by Hersh (19 63, p. 2) .
In application to strainmeters, of the strainmeter

is identical to ^ t  of the air gap, therefore the "equivalent 
strain" produced by variations in atmospheric conditions is 
^  t/L =' (t/L) (^t/t) = (t/L) (/^C/C). Using the previous
parameters for the capacitors and assuming a strainmeter base 
of 33 m, the "equivalent strains" are:

-6 -S -10(A) (10 )(1.8 x 10 ) = 1.8 x 10 per in. Hg

(B) (10 ”*) (-1.8 x 10 S  = -1 x 10 ^  per deg C
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(C) (10 5) (1.4 x nr5) = 1,4 x 10 per % Rel Hum
These are small, however present measurements of strain 

and tilt steps associated with earthquakes require measurement 
of "equivalent strains" as small as 10 thus it is desir
able to reduce the above numbers by at least an order of mag
nitude .

If two identical capacitors are used in identical de
tector circuits and the difference of the outputs recorded, 
the effects of environment should be nearly eliminated since 
both circuits would be affected by the same amount in the 
same direction and the difference would be zero. The effect
iveness of this approach, of course, depends on how nearly 
identical the circuits are. Specifically, if the two capa
citors are composed of a "fixed" plate on either side of a 
movable center plate, the problem reduces to one of how well 
the center plate can actually be centered between the two 
fixed plates.

The procedure outlined in Appendix E allows the movable 
plate to be "centered" with an overall position error of less 
than five parts in a thousand. Applying this amount of com
pensation to the thermal and pressure effects results in 
transducer sensitivity of:

Ac/c  < , x 10 7 per in. Hg

AC/£ 1 x 10 ® per deg C

Ac/c  <C 1 x 10 ̂  per % Rel Hum
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APPENDIX C 

ELECTRONIC DESIGN

Tests of the oscillator and discriminator were con
ducted using two 0-130 pf parallel plate capacitors adjusted 
to 69.2 pf with a General Radio Impedance Bridge Type 1650A. 
Some tests were attempted using various types of fixed capaci
tors (ceramic, etc.) however test results were consistent 
with operational results only when the parallel plate capaci
tors were used. Voltage measurements were made with a Hewlett 
Packard Model 410A VTVM with 100 Megohms input impedance, and 
waveform observations utilized a Tektronix Type 561 oscillo
scope with Time Base Type 67 and Dual-Trace Amplifier Type 72, 
input impedance one Megohm, 45 pf (the high impedance probe 
was used in some cases, in others the oscilloscope impedance 
was included in the results).

As noted in the body of the report, the design of the 
oscillator is rather arbitrary. The discriminator circuit 
operated satisfactorily at all frequencies between 1 MHz and 
2 MHz. The only restriction is that the frequency should be
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crystal controlled to minimize drift. Assuming a discrimin
ator "Q" of at least 100 and an operating frequency of 1.5 
MHz, the bandwidth would be 15 kHz; since the drift of a 
crystal is generally less than 1 Hz per deg C, which is negli
gible compared to the 15 kHz, virtually any crystal controlled 
design is satisfactory. The schematic of the oscillator 
used is shown in Figure 5; for convenience the parts list is 
reproduced here:

Ll - Miller 9011 - 35 to 300 micro-henry, 
tapped at 3 4 of 10 2 turns 

L2, L3, L4 - Miller 9001 - as above, not tapped 
Yl - Peterson Pr - Type Z-l, 1500 KC 
Ql, Q2 - GS 2N1121 
CRl, CR2 - 1N4 59 diodes
C5 - Hammarlund HF-10 0 -- 0 to 100 pico-farads 
C6, Cl - capacitor plates of transducer: 3 plates,

2" x 2" x 0.25" brass, 0.013" space 
between plates 

Cl - 2.7 pf; C2, C4 - 0.02 mf; C3 - 10 pf; C8, C9 - 
0.002 mf

R2 - 100 K; R3 - 820 ohm; R4 - 39 K; R5, R9, R10 - 
470 K;

R6 - 68 K; R7 - 47 K; R8 - 1000 ohm; Rll, R12 - 
5K, 1%

The discriminator circuit is shown in Figure 2. The 
coils are mounted parallel to each other with the centers 
2.5 cm apart in a straight line and with L2 in the center. 
Tighter "coupling" of the coils increases sensitivity but 
decreases stability and may affect linearity; wider spacing 
decreases sensitivity. The discriminator circuits were 
tested with the AC scale on the VTVM and without the diodes 
or filters. Results showed that with L3 and ^4 pn "parallel"
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(i.e. the common point in the circuit has the same polarity 
for both coils at any instant) the circuits were strongly 
dependent on each other and somewhat instable; with L3 and 
L4 in "series" (the recommended connection) the two circuits 
were relatively independent and quite stable.

To achieve maximum output voltage with minimum loading 
on the LC circuits, the diodes must have very high speed and 
high back impedance. The best diode tested to date is the 
Fairchild Semiconductor FD333, sold in matched pairs by 
Semiconductor Specialists, Chicago, Illinois. This diode, 
as with several others tested, has a tendency to oscillate 
as an "active" element in conjuction with the capacitance 
of the filter when certain points on the resonance curve are 
approached. The frequency of this oscillation is low (on 
the order of 100 Hz) and could interfere with proper oper
ation of telemetry equipment, etc. The 5,000 ohm, one per
cent resistors (Rll, 12) prevent any oscillation of this 
type; they also provide temperature stabilization for the 
diodes.
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APPENDIX D

SERVOMECHANISM DESIGN

As mentioned in the body of the report, the instrument 
was briefly operated in a servo-driven mode while mounted on 
a strainmeter. Although the approach did not prove useful 
at the time, the details are presented here in case a sit
uation should arise (such as in California) where a servo- 
mode is required.

The basis for the servo loop (Figure 15) is a Brown 
Electronik Continuous Balance Unit including a control and 
matched motor. The unit is a chopper amplifier that con
verts the dc input into an amplitude modulated, phase sensi
tive power output to one side of a two-phase motor; the other 
phase of the motor has a constant amplitude and phase power 
supply, thus the ultimate direction and speed of the motor 
is determined by the sign and magnitude of the error signal.

Due to the very long leads between strainmeter and control 
center, and continual damp conditions which caused deterior
ation of insulation resistance, the ac power to the motor
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induced some stray signal on the output of the transducer. 
Therefore in future applications a strictly dc servo-system 
is recommended.

The dc amplifier - a Kintel 111AF - is used primarily 
for matching the high impedance output of the discriminator 
(0.5 Megohms) to the low {35 Ohms) impedance input to the 
control, although the various amplification settings are 
useful to test different degrees of feedback. The position 
output is a precision 10-turn potentiometer geared to the 
drive worm and connected in a dc bridge circuit.

In the "normal11 mode of operation, the output of the 
discriminator circuit is recorded directly on a chart re
corder. The 1.5 v battery is used to provide a constant 
"error" signal to the control when it is desired to drive 
the motor under manual control, and the direction is con
trolled by reversing the wires of one phase of the motor 
with a DPDT switch. In the "servo" mode the output of the 
discriminator is connected through the amplifier to the con
trol, and the motor leads are phased so the system always 
drives toward null.

Calibration is accomplished by first substituting a 
pair of fixed precision resistors into the bridge circuit in 
place of the potentiometer. The gear ratio between poten- 
tiometer and recorder is such that the full ten turns of the
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pot represent 10 microns plate movement, thus if 500 ohm and 
9500 ohm resistors in series are substituted for the 10,000 
ohm pot, the output will simulate 0.5 micron. The variable 
resistors in the bridge can then be adjusted for magnifica
tion and zero bias.

Having thus calibrated the long period recorder, a small 
step error signal is introduced into the system by connecting 
the 1.5 v battery to the input of the control through a drop
ping resistor. This produces a step on the short period re
corder which decays rapidly to zero; simultaneously the long 
period recorder rises to a new steady state position. The 
displacements corresponding to the short period step and the 
long period rise are identical, thus the short period record 
is calibrated by comparing to the long period record.

The motor, in the circuit used, reaches peak drive velo
city at relatively small error signals, thus the filtering 
action of the system is not a simple function of frequency 
but is a rather complicated function of both frequency and 
amplitude. Since the system is not useful for the appli
cation of interest, no attempt is made to analyze the "system 
function". However, as illustration of the complicated re
sponse of this filter, compare the two components (long and 
short period) of the "pump pulse" (Figure 9).
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APPENDIX E

STRAINMETER INSTALLATION AND CALIBRATION INSTRUCTIONS

The transducer is first secured to the "free-end pier" so 
that the plates are normal to the axis of the strainmeter; an 
ordinary carpenter’s square is sufficient for this alignment. 
The center plate is then mounted on the quartz bar so that it 
is centered and parallel to the outer plates; in a controlled 
environment (i.e. underground) this need only satisfy the re
quirement that the center plate appears properly aligned to the 
naked eye, although a 0.013 in. feeler gauge may be used if de
sired.

If atmospheric effects fluctuate enough to require pre
cise adjustment of the center plate (Appendix B) the follow
ing steps should be followed:

1) Using a capacitance bridge, set two identical 
parallel plate capacitors to the value computed 
from the first equation in Appendix B - 69.2 pf 
in this case
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2) Connect these capacitors to the discriminator and 
adjust both coils for peak voltage

3) Install the oscillator, then adjust the center 
plate so that the outputs of the two sides are 
balanced

Assigning wide tolerances to each of these steps, the com
puted position of the middle plate is centered within 1.5 
micron, i.e with a tolerance of better than five parts in a 
thousand.

To place the system in operation, all leads (including 
the recorders) should be connected first. The outer coils 
are then adjusted repeatedly until peak voltage exists si
multaneously on both sides as measured from the common center 
point to the diode output. During initial adjustment the 
center coil should be checked by adjusting for peak voltage 
as measured on either side of the discriminator, but once set 
this should never require readjustment. Finally the coils 
are adjusted so that the voltage from the common to the out
put is l/~\f2 (0.7) times the average peak on each side. 
Adjustment should always be made by turning the tuning slug 
of the coil clockwise from the peak (increasing inductance) 
to insure maximum stability and consistent output impedance 
of 0.5 Megohms. When the coils are tuned the other direction, 
the apparent transducer impedance as measured by loading the



T-1123 56

output and observing voltage decrease is quite variable and 
more nearly 50 kilohms instead of 500 kilohms. The reason 
for this is not known but is probably associated with, the 
characteristics of the diodes; in any case experience has 
shown that the operation of the system is less stable under 
these conditions, thus tuning on this side should be avoided.

Calibration is accomplished by connecting a 12 vdc 
battery to the motor leads and increasing chart speed to 
0.5 in. per min. The procedure has evolved tc the following 
steps:

1) Allow five min. drift without driving motor
2) Drive the motor till the pen is within ten 

percent of one side of the chart
3) Allow a five min. drift period
4) Drive pen to other side of chart
5) Allow five min. drift period
6) Drive pen to first side of chart
7) Drift five min.
8) Drive pen to middle of chart
9) After five min. drift, resume normal recording

speed on chart
A best straight-line fit for each excursion completely 

across the chart then provides a calibration figure for each 
direction; if the figures for the two directions are averaged,



T-1123 57

the result should be free of the linear portion of the drift. 
By observing the average drift rate during the five-min. per
iods when the motor was not driving, an average drift rate 
can be inferred directly and can be applied to correct the 
calibration figure for each direction. These two results and 
the average figure determined above should all agree closely; 
if the difference is excessive, calibration should be re
peated at a later time when the drift is a minimum.
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