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[57] ABSTRACT

An inductance-capacitance loop defines a resonant cir-
cuit and is arranged in a member subject to stress.
Strains resulting from the stress vary the inductance or
capacitance of the circuit, and its resonant frequency. A
dip meter is used to detect the resonant frequency and
thus provides a reading indicative of the stress in the

member.

11 Claims, 14 Drawing Figures
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RADIO-FREQUENCY TUNED-CIRCUIT
MICRODISPLACEMENT TRANSDUCER

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

BACKGROUND OF THE INVENTION

This invention is in the field of microdisplacement
transducers, by which small displacements on the order
of 0.001 inch may be measured.

Several types of microdisplacement indicators have
been previously invented and patented by myself and
others which indicate small displacements by means of
a color or intensity change of a visual indicator area.
Such indicators have been commonly employed in ten-
sile fasteners to relate changes in elongation or deforma-
tion of the fastener to external loading conditions, such
that at a prescribed load or tensile stress in the fastener,
the indicator will display a prominent color or bright-
ness condition. A known shortcoming of such visual
indicators is due to the subjective nature of individual
color vision, in that the accuracy of the device relies on
the judgement of the operator as to whether or not the
proper color change has taken place. Photometric n-
strumentation to measure the reflectance of the indica-
tor element can eliminate the subjective aspect of the
measurement, but is in turn subject to variations due to
drift, reflections or dirt present on the indicator win-
dow.

SUMMARY OF THE INVENTION

It is a major object of the present invention to provide
an accurate microdisplacement transducer which may
be applied to similar applications as the previous de-
vices, but will not be subject to individual operator
interpretation.

A further object is to provide a microdisplacement
transducer which is adapted to mass production in high
volume at very low unit cost, such that the transducers
may be widely employed in low-cost items, such as
mine-roof bolts, without unduly increasing the costs of
such items.

Another object of the invention is to provide a micro-
displacement transducer adapted to being inductively-
coupled to an electronic readout device selectively
positioned in the proximity of the transducer, thus en-
abling measurement of the displacement condition of
the transducer without the need for actual contact or
electrical connections.

A still further object is to provide a microdisplace-
ment transducer having an essentially digital output,
such as frequency which is a function of microdisplace-
ment, so that the measurement of such displacements
will not be a function of amplitude or instrument drift
but will consist of an easily determined quantity such as
a frequency count.

An important advantage of the present invention lies
in the ready adaptability to automated assembly and
calibration of the transducers into end items such as
tension-indicating fasteners.

These and other objects and advantages are obtained
by the present invention in which the transducer is in
the form of a self-contained tuned radio-frequency cir-
cuit, one element of which is made variable responsive
to the displacement to be measured. The natural reso-
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nant frequency of the transducer tuned circuit thus will
change proportionately to a displacement change acting
on the variable element. The transducer resonant circuit
may be excited into oscillation at its natural resonant
frequency by means of an external test oscillator having
a probe coil which is brought into the proximity of the
transducer inductive element. When the external oscil-
lator probe coil is brought near the inductive element of
the transducer, the two circuits are effectively coupled
together through mutual inductive coupling. As the
frequency of the test oscillator is swept, oscillations
induced in the transducer circuit will be of very low
amplitude until the test oscillator reaches the resonant
frequency of the transducer tuned circuit, at which
point they will “peak” or increase sharply in amplitude.
A high circulating current is thus developed in the
transducer circuit, which is reflected back into the test
oscillator as a high impedance, tending to degenerate
the level of oscillation. By noting the degeneration or
“dip,” the resonant frequency of the transducer and
therefore the displacement of the variable element may
be determined. Test oscillators are available commer-
cially under the names “dip meter” or “dip oscillator”

which may be used to determine the resonant frequency

of the subject transducers according to the above de-
scription. However, it has been found that better perfor-
mance and coupling can be obtained with instruments
designed specifically for this application.

It may be noted that the determination of the dis-
placement applied to th: transducer is completely inde-
pendent of the amplitude of the response, and is depen-
dent only on the frequency of resonant oscillation,
which is inherently a digital measurement. Digital mea-
surements may generally be made with more accuracy
than is possible with an analog quantity, since instru-
ment drift and gain instability will not affect a digital
measurement. The accuracy of a frequency count 1s
dependent solely on the stability of the timebase. With a
crystal-controlled timebase, stabilities of 1 PPM are
commonplace. The accuracy with which the resonant
frequency of the subject transducers may be determined
is thus limited only by the ability to resolve the “peak”
or “dip” of the response. This is a function of the sharp-
ness of the response peak of the transducer resonant
circuit, which is determined by the circuit “Q” or qual-
ity factor. Since circuit “Q” is simply the ratio of the
circuit reactance to circuit resistance, the transducers
should be designed to have the highest possible induc-
tance or capacitance and the lowest possible resistance
to ensure a high “*Q.”

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a schematic illustration of a resonant cir-
cuit;

FIG. 1B is a diagram showing the general structural
relationship of the inductor and capacitor as employed;

FIG. 2 is a sectional view of typical installation of the
invention;

FIG. 3 is a sectional view, similar to FIG. 2, wherein
the invention is installed in a bolt;

FIG. 4 is a graph showing the response of the trans-
ducer as measured by a dip oscillator;

FIG. 5 is a graph showing the relationship between
strain displacements and resonant frequency;

FIG. 6 is a sectional view through a typical embodi-
ment of the invention;
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FIG. 7 is a view illustrating one way of forming the
circuit loop;

FIG. 8 1s a view of one side of a further form, in an
intermediate stage;

FI1G. 9 is a view of the other side of the structure of 5

FIG. 8;

FIG. 10 s a perspective view showing how the struc-
ture of FIGS. 8 and 9 is folded to form a resonant cir-
cuit;

FIG. 11 1s a view illustrating how the invention is
used; and

FIGS. 12 and 13 are block diagrams showing suitable
forms of dip oscillators.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The transducer consists of a resonant circuit compris-
ing an inductance L and a capacitance C connected in
series as shown schematically in FIG. 1A, and in actual
physical relationship in FIG. 1B. Such transducers have
been constructed as shown in FIG. 2, in which an in-
ductive coil consisting of some 60 turns of wire 2 is
wound on a thin plastic bobbin 4 about § inch diameter
and 3 high thickness. The terminations 6 and 8 of the
coll are connected to two disks 10 and 12 of thin copper
foil separated by a dielectric insulating film 14: the com-
bination of the disks and film serving as the capacitive
element. The upper foil disk 10 and dielectric 14 are
bonded to the lower surface of the bobbin 4, and the
lower foil disk 12 is free to move closer to or farther
from the upper disk 10 responsive to movement of a
headed actuating pin or element 16 relative to a sup-
porting body 18. Thus, displacement of the pinhead
causes the capacitance to vary accordingly, changing
the resonant frequency of the LC circuit.

F1G. 3 shows a transducer shown in FIG. 2 applied
to a tension-indicating fastener in the form of bolt 20,
wherein the movable capacitor plate is actuated by pin
16 within the shank of the bolt. This is a typical applica-
tion of the present invention, in which the tuned-circuit
transducer may be employed to enable electronic read-
out of the actual tension in the shank of the bolt or other
fastener, without contact or electrical connections. The
bolt has an axial hole 22 in which pin 16 is loosely fitted
but fastened to the bolt at the bottom 24 of the hole
while free to move relative to the bolt at its upper end,
which has a disk-like head, substantially transverse to
the pin axis. A microdisplacement transducer as in FIG.
2 i1s mounted in a shallow recess 26 in the head of the
bolt, such that the head of the pin 16 bears against or is
fastened adhesively to the undersurface of the movable
capactitor plate 12. When a stress load is applied to the
bolt as by tightening the bolt head against a rigid struc-
ture, the shank of the bolt will elongate according to
Hooke’s Law, and the head of the reference pin 16 will
be drawn relatively downward from the transducer and
bolt head, increasing the gap between the two capacitor
plates and thus decreasing the capacitance of the tuned
circuit in proportion to the tensile load on the bolt. This
will cause an increase in the transducer resonant fre-
quency, which may be detected by an external dip
meter or dip oscillator whose probe coil is brought near
enough to the transducer coil to allow inductive cou-
pling between the two coils. In this manner the tension
in the fastener may be conveniently determined at the
time of installation and at any subsequent time.

FIG. 4 shows a plot of the response of such a micro-
displacement transducer as measured by a dip oscillator.

10

15

20

25

30

35

45

50

33

65

4

As the frequency of the dip oscillator is swept, the
response is relatively flat until the resonant frequency of
the transducer is reached, at which point there will be a
sharp dip, shown at 28 in the FIG. as occurring at about
10 MHz. After the dip has been located, the dip oscilla-
tor frequency at the minimum point may be accurately
determined with a frequency counter. If the transducer
resonant frequency is so determined at a number of
different displacements applied to the transducer by pin
16 and the results plotted, a nearly linear relationship
between resonant frequency and applied displacement
will result as shown in FIG. 5. The actual relationship
can be shown to follow a parabolic law, in which the
resonant frequency of the transducer is approximately
proportional to the square root of the applied displace-
ment.,

F1G. 6 shows another form of the transducer, etched
upon a two-sided circuit board 30 of insulating material.
A flat coil 32 is etched into the top side of the board by
known “printed circuit” methods and a capacitor plate
34 15 similarly etched into the underside of board 30,
with the connection between the two made through a
plated-through hole 36 in the center of board 30. The
outer terminal 38 of the coil is plated over the board
edge to make contact with a movable foil plate 40,
fastened to the periphery of the underside of the board
In contact with outer terminal 38 and movable upon
actuation by an external pin or element as described
with reference to FIGS. 2 and 3. A dielectric film 42
separates the two capacitor plates 34 and 40.

Alternative forms of the microdisplacement trans-
ducer may be made by etched circuit techniques on a
flexible plastic film base. Such circuits may be pro-
cessed by high volume machinery automatically and
continuously at a very low unit cost. One such circuit
configuration is shown in FIG. 7. This transducer is
etched onto a single side of a butterfly-shaped flexible
base film 44, using about 1 mil copper foil on a 1 mil
platic base. The capacitor plates 46 and 48 are situated
in the centers of the two joined disks of film 44, with the
inductor in the form of flat coils 50 and 52 surrounding
the capacitor plates and connected by a foil neck 54.
The foil side of the circuit is covered with a very thin
insulating dielectric film. The two disks are folded over
onto each other to make a circular transducer, which
may be applied to any application, such as that shown in
FIG. 3. In the application of FIG. 3, the undersurface of
the flexible circuit transducer of FIG. 7 is attached
adhesively to a non-metallic disk element (not shown)
fastened at its periphery in the recess in the fastener
head. Operation is identical to that described previ-
ously.

Another flexible circuit configuration is shown in
FIGS. 8, 9 and 10, which has the advantage of having
Increased inductance and capacitance over the configu-
ration shown in FIG. 7, while having the same outer
diameter. The resonant frequency will thus be lowered
and the circuit “Q” increased, increasing accuracy and
reducing potential instrumentation problem areas. In
FIGS. 8 and 9, it may be seen that the circuit is two-
sided, with connections between sides being made
through plated-through holes. Three disks 56, 58 and 60
of flexible insulating film material are joined by integral
necks 62. Inductor coils 64 and 66 are etched on oppo-
site sides of disk 58 and an additional coil 68 is etched on
one side of 56. The other side of disk 56 has capacitor
plate 70 etched thereon while the side of disk 60 corre-
sponding to coils 66 and 68 has capacitor plate 72
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etched thereon. Foil strip connects one end of coil 64 to
plate 72 through plated hole 76. The center of coil 64 1s
connected to the center of coil 66 through plated hole
718, coils 66 and 68 are connected by foil strip 80, and the
center of coil 68 is connected to plate 70 through plated
hole 82. The flexible circuit device thus described 1s
folded on necks 62 around a nonmetallic disk element 84
as shown in FIG. 10, such that the three coil elements
are situated above the two capacitor plates. Movement
of the lower capacitor plate 72 relative to upper plate 70
will change the capacitance and the resonant frequency
of the transducer.

The transducer of FIG. 10 may obviously be
mounted in a bolt or the like in the manner shown in
FIG. 3.

An important characteristic of transducers having
etched foil inductors on the exposed top surface, such as
the transducers of FIGS. 6-7, and 8-10, is that the reso-
nant frequency may be “trimmed” by shorting together
a number of the exposed inductor turns. This capabulity
enables a fine adjustment of resonant frequency after
installation, to compensate for normally expected man-
ufacturing tolerances in products incorporating the
transducers. For instance, it is well known that large
variations in mechanical properties may be expected to
occur between different bolts having purportedly iden-
tical dimensions and materials. This causes a variation in
the deflection or elongation characteristics between
identical bolts stressed with identical tensile loads, and
therefore a resultant variation in the resonant frequency
of transducers applied to tension-indicating bolts. This
variation may be ‘“‘calibrated out” during the manufac-
turing process by applying an accurate tensile load to
each bolt after installation of the transducer, and mea-
suring the resonant frequency at that known load. If the
measured frequency differs from the desired design
condition, coil turns are successively shorted together
until the desired frequency has been reached. In this
manner, all tension-indicating bolts may be made to
have identical frequencies at the design load condition.

As previously mentioned, the resonant frequency of
the tuned-circuit transducers of this invention may be
determined through the use of a commercially available
“dip meter.” However, higher accuracy and more con-
venient operation will result from use of a more special-
ized measurement system, such as will be described.
Although the described systems are in reality quite
sophisticated, because of recent integrated circuit tech-
nology they are adapted to be incorporated into bat-
tery-powered hand-held instruments, comparable in
size to a pocket sized calculator. Such a measurement
system is shown in FIG. 11, being used to determine the
tensile load on a mine roof bolt 20 which incorporates a
microdisplacement transducer 86 applied, for instance,
as shown in FIG. 3. The measurement of the actual
tension will be shown in the following teachings to be
accurately and conveniently made within a few sec-
onds, by simply bringing the probe end 88 of the instru-
ment 90 near to, or touching the transducer 80 embed-
ded within the head of the bolt 20. As the probe is
withdrawn an accurate measurement of the displace-
ment state of the transducer, or in the case of this exam-
ple, the tensile load on the mine roof bolt will remain
displayed on the digital readout 92.

The basic principles of a measurement system which
determines the resonant frequency of a tuned-circuit
transducer completely automatically will be explained
with reference to the block diagram of FIG. 12. The
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electronic system shown in FIG. 12 will display the
resonant frequency of any resonant tuned circuit, such
as the transducers of this invention, which may be effec-
tively inductively coupled to the probe coil of the sys-
tem.

In FIG. 12 a free-running function generator 94 out-
puts a ramp or triangular waveform at a relatively low
frequency, say between 1 and 1000 Hz. The voltage
output of 94 is directed into a voltage-controlled oscilla-
tor 96, whose output is a radiofrequency sinusoidal
waveform at a frequency which is proportional to the
input voltage. Thus, the output of 96 is a swept radiofre-
quency signal sweeping from perhaps S to 15 MHz, so
as to completely bracket the frequencies at which the
tuned-circuit transducers would be capable of resonat-
ing. The output of 96 drives a probe coil 98, which may
be brought into proximity to tuned-circuit transducer
86. A portion of the output of 96 is directed into a track-
ing oscillator 100, which may be of the form of a phase-
locked loop circuit, the output of which normally tracks
and remains synchronized with the input frequency
from VCO 96. A signal proportional to the instanta-
neous power driving probe coil 98 is directed into dip
detector 102. This circuit generates an output pulse at
the minimum point of the “dip” response as shown in
FIG. 4, as the VCO frequency is swept. There are a
number of well-known methods for detecting this
“dip,” such as a differentiating circuit followed by a
zero-crossing detector. The pulse output of the dip
detector 102 is present only when a dip has been de-
tected, and then only at the minimum point of the dip
where the derivative is zero. This output 1s directed to
the tracking oscillator 100 to “freeze” its frequency of
oscillation at the input frequency at the instant that the
dip was detected. The same signal is used to gate a
frequency counter 104, which reads the output fre-
quency of 100 and displays the resultant count.

The system of FIG. 12 operates in the following
manner. The probe coil 98 is initially distant from a
resonant circuit 86 and no dip is detected by 102 as
VCO 96 is swept through its range. The digital display
of counter 104 is blanked as the system is initially acti-
vated, and remains blanked until a dip 1s detected. As
the probe coil is brought near enough to transducer 86
to become inductively coupled, that condition is re-
flected back into the probe circuit and a dip 1s detected
during each frequency sweep, which causes counter 104
display to update once per sweep. This count will vary
somewhat with distance between probe coil 98 and
transducer 86, due to the loading effect of the probe coil
on the resonant circuit of transducer 86. As the probe is
removed from the vicinity of transducer 86 the coupling
will decrease with distance until a dip can no longer be
detected by 102, and the last detachable frequency
count will remain in the display of counter 104. It 1s
well-known that the most accurate measurement of the
resonant frequency of a tuned circuit is produced when
the coupling between the probe circuit and the test
circuit is as “loose” as possible. This condition will
normally be achieved by the system of FIG. 12 when
used in the described manner.

A similar measurement system is shown in block
diagram form in FIG. 13, wherein the output of the
measurement may be displayed in engineering units
more convenient to the application of the transducer, as
in FIG. 11, rather than as a resonant frequency which
would have to be converted to the desired units. For
instance, if the tuned-circuit microtransducers were
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used in tension-responsive bolts, the tensile load on the
bolt may be displayed directly in kilopounds or kilo-
newtons.

A function generator 106 corresponds to 94 in the
previous figure, oscillates at a relatively low frequency 5
with a ramp or triangular waveform and causes voltage-
controlled oscillator 108 to sweep its output between,
say, 5 and 15 MHz. The output of 108 is directed to
probe coil 110 which may be inductively coupled to
tuned-circuit transducer 86, thus far exactly as in the 4
system of FIG. 12. A “dip” in the probe circuit power
due to a resonance condition between transducer 86 and
probe circuit 108 and 110 is detected as before by dip
detector 112. A sample-hold circuit 114 has an input
leading from the function generator voltage output, and
an output which corresponds to the input voltage at the
instant that a pulse is applied to the “sample” input. This
output voltage is then held at the constant value until
another pulse is applied to the “sample” input. The
output of 114 is directed into a linearizing and scaling
circuit 116 which removes the beforementioned square-
root dependence of the dip frequency and scales the
output such that the voltage output of 116 corresponds
to the tensile load on the bolt in the proper engineering
units. The output of linearizer-scaler 116 may be di-
rected into a voltmeter for an analog display, or prefera- 22
bly into digital voltmeter 118 which produces a direct
digital display of the bolt tensile load measurement.

While the foregoing descriptions relate to forms
wherein the resonant frequency of the transducer is
changed by moving capacitor plates relative to each 30
other it is to be understood that the same results could
be obtained by moving portions of a coil toward or
from each other to vary their coupling. It 15 to be noted
that in the form shown in FIG. 7 both plates 46 and 48
and coils S0 and 52 are movable toward and from each 35
other.

While a limited number of specific embodiments of
the invention have been shown and described, the same
are merely illustrative of the principles of the invention
and other forms may be resorted to within the scope of 4
the appended claims.

I claim:

1. In a strain-stress detecting system comprising:

an elongated integral fastener member subject to
elastic deformation when stressed wherein one 45
portion thereof moves relative to another portion;

a resonant circuit assembly carried by said member,
said assembly comprising a body of electrical insu-
lating material on said member;

an electrical coil on one surface of said body;

a first capacitor plate on an opposite surface of said
body and first means electrically connecting said
capacitor plate to one end of said coil;

a second capacitor plate adjacent and movable
toward and from said first plate and second means
electrically connecting said second plate to the °°
other end of said coil whereby said coil and plates
define a resonant circuit; and

one of said plates being fixed relative to one of said
portions of said member and the other plate being
fixed relative to the other portion whereby elastic 60
deformation of said member will vary the resonant
frequency of said circuit,

2. A system as defined in claim 1 wherein a film of

dielectric material is positioned between said plates.

3. A system as defined in claim 1 wherein said body is 65
a generally cylindrical bobbin having a circumferential
groove, one side of said groove and one end of said
bobbin comprising said one and opposite surfaces and

5

20

50

said coil comprising a coil of wire in said groove lying
against said one surface.

4. A system as defined in claim 1 wherein said body is
in the form of a flat disk, said coil being a spiral coil of
metal foil on one surface of said disk, said first plate
being a layer of metal foil on the other side of said disk
and said first means comprising conductive foil extend-
ing from the center of said coil through a hole in said
disk to said first plate.

5. A system as defined in claim 1 wherein said body 1s
a sheet of said electrical insulating material, said first
and second plate being layers of foil on different surface
portions of said body, said coil comprising separate coil
portions on different parts of said sheet and each being
a spiral of foil on the surface of said sheet, said sheet
being folded upon itself to bring said coil portions into
concentric juxtaposition and to bring said plates into
opposed relation.

6. A system as defined in claim 1 wherein said body is
a sheet of said electrical insulating material, said plates
comprise spaced metal foils on different portions of one
face of said sheet and said coil comprises a spiral foil
coil portion surrounding each of said metal foil plates
on said one face of said sheet, said sheet being folded
upon itself to bring said different portions of said one
face, said plates and said coil portions into adjacent
opposition.

7. A system as defined in claim 1 including, a longitu-
dinal bore in said member, a recess in one end of said
member in one of said portions, said bore extending
from said recess into the other portion, said assembly
being mounted in said recess and motion transmitting
means in said bore to transmit motion from said other
portion to said other plate.

8. A transducer comprising a foldable sheet of electn-
cal insulating material having at least one flat spiral
conductive coil on a surface thereof, a pair of conduc-
tive capacitor plates covering different surface areas of
satd sheet, said plates being respectively electrically
connected to opposite ends of said coil, and said sheet
being folded to place said plates in opposition to each
other with one of said plates being movable toward and
from the other plate by flexure of said sheet material to
vary the frequency of the tuned circuit defined by said
plates and coil.

9. A strain-stress detecting system comprising:

a fastener member subject to deformation when stressed
wherein one portion thereof moves relative to another
portion,

a resonant circuit assembly carried by said member and
having an inductor component and a capacitor com-
ponent, one of said components being secured in fixed
relation to said one portion of said member and the
other of said components having relatively movable
portions one of which is fixed relative to said one
portion of said member and the other of which is
secured to said other portion of said member whereby
deformation of said member changes the resonant
Jrequency of said circuit assembly; and

external means movable into proximity to said member
and having means for exciting said assembly into
resonance and detecting the resonant frequency
thereof.

10. A system as defined in claim 9 wherein said relatively
movable portions of said other component comprise ele-
ments of a variable capacitor. |

11. A system as defined in claim 9 wherein said relatively
movable portions of said other component comprise ele-

ments of a variable inductor.
* x ¥ L h
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