Continuous Incremental Thickness Meas-
urements of Non-Conductive Cable Sheath

By B. M. WOJCIECHOWSKI
(Manuscript received August 5, 1953)

A method has been recently developed for measuring thickness variations
of a non-conductive cable sheathing, extruded over a grounded metal jackel.
The method translates direct capacilance increments, sensed by probes sliding
on the surface of the sheath, into thickness increments. The accuracy of the
system based on this method is sufficiently high that the electrical error,
which is of the order of a few thousandths of a puF, can be disregarded.
Experimental data indicale that accuracy of the new system for absolule
thickness measurements of homogeneous samples in stationary condilions is
of the order of 0.002".

The error caused by translaling capacilance to thickness depends on
manufacturing elements and process tolerances, and can be evalualed on a
statistical basis. Thus incremental measurements of the cable sheath thickness
on the production line yield accuracies of the order of 0.003".

Application of this method to absolute sheath thickness measurements
involves assumptions directly related to calibration and manufacturing process
control. These aspects are rather extrancous lo a measuring system per se,
and, therefore, are not within the scope of this paper.

1 INTRODUCTION
1.1 The New Cable

A type of telephone cable has been developed in which lead is replaced
with a polyethylene sheath extruded over a metal jacket. Since deserip-
tion of various aspects of this development can be found in the technical
literature," ** ** * only some details of the cable construction and pro-
duction that are pertinent to the understanding of the new measuring
system, will be briefly outlined here.

The cable core, Fig. 1, is covered with a thin layer of a highly con-
ductive metal, such as aluminum,’ or two layers of different metals, such
as aluminum and steel,’” ® sealed longitudinally. To achieve the desired
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mechanical properties, the metal jacket is corrugated circumferentially.
Between the metal layer and the plastic sheathing, a bonding viscous
thermoplastic compound is applied (Fig. 2). Normally, this compound
fills the depressions of the corrugations on the metal surface adjacent to
the surrounding polyethylene jacket.

The sheathed cable leaves the extruder with an essentially uniform
speed, under pulling force of a capstan. For various sizes of cables and
production settings, this speed may range from 30 to 80 feet per minute.
After leaving the extruder, the cable is cooled in a trough of water and,
before reaching the testing position, dried with compressed air.

F1a. 1 — Polyethylene sheath telephone cable.
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1.2 Measurement Difficullies

Some of the problems encountered in the manufacture of the new
cable were related directly to the lack of reliable methods for measuring
thickness of the plastic sheathing. Under manufacturing conditions,
where sheath thickness cannot be adequately controlled, excess material
must be used to assure meeting minimum thickness requirements.

Before the new method was developed, measurements were made by
destructive testing of end samples. One or two circumferential strips
were taken from each cable length and micrometer measurements were
performed on each strip, at four to eight points. Unfortunately, the
actual sheath thickness varies in a random way along the cable length,
even between points only a few inches apart. It was evident that a
method, based on a few point measurements, extrapolating long-cable
properties which are describable rather in statistical terms only, left
much to be desired.

1.3 Preliminary Considerations

The following methods of cable sheath measurements were considered :

A. Use of an X-ray machine.

B. Ultrasonic echo method (radar techniques).

C. Capacitance measurements.
For practical reasons as well as for anticipated lack of accuracy, the first
of these methods was rejected. The success of the second method was
judged doubtful, the main reason being the presence of corrugations and
of an irregular layer of the filling compound under the polyethylene
sheathing, obscuring delimitation of the reflecting boundary surtace. The
third method, at first, also had discouraging aspects. In the case under
discussion only grounded capacitance measurements are involved, since
the metal core cannot possibly be insulated from the corrugating and
forming machinery. The required long-time capacitance-to-ground sta-
bility and accuracy of the measuring system were estimated to be of the
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Fi1c. 2 — Block diagram of the polyethylene extruding process.
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order of 0.001 gul" and 0.003 uxF, respectively. Meeting requirements of
this order, even under controlled laboratory conditions, presents some
difficulties — and yet these requirements had to be met on a production
line, on moving cable in the climatic and operational conditions prevail-
ing in a large cable plant.

It was evident, therefore, that conventional grounded-capacitance
measurements would not be practical. For instance, a shielded cable
connecting the probes with the bridge circuit alone could produce wider
random capacitance variations than the capacitance inecrements under
measurement. Thus a new system which would meet all the necessary
requirements had to be developed.

2 CIRCUIT DESCRIPTION

The measuring system which was developed consists of an impedance
bridge, a phase sensitive detector, an unbalance indicator (recorder),
capacitance probes and associated auxiliary equipment (See Figure 3).

2.1 The Impedance Bridge for Grounded Direct Capacitance Measure-
ments.

The circuit shown on Fig. 4 employs a bridge having ratio arms’
magnetically coupled. An application of this type of circuit for capaci-
tance measurements has been known for some time.” Such a circuit is
capable of performing in one balancing operation direct capacitance
measurements while the center point (B) of the transformer ratio-arms
winding is grounded. In our case, the “D” corner of the bridge consists
of the metal covering of the cable core, which, as was mentioned above,
is necessarily at the ground potential. Therefore, the “B” corner cannot
be grounded. However, by connecting to this “B”-corner a shielding,?
surrounding the “A-D” and “C-D’ measuring arms, including cables
and probes, the following results can be achieved:

(a) Admittances from the measuring electrodes to the “B”-shielding
are not critical. These admittances appear across the transformer-arms
and, as a result of a close magnetic coupling realizable between these
arms, any loading effects across any one of them are symmetrically re-
flected at the “A” and “C” corners of the bridge, thus essentially not
affecting its balance.

(b) Stray admittances from the “B” shielding to ground appear across
the opposite corners of the bridge (detector diagonal). Therefore, they
also have no essential effects on the circuit balance.

(¢) As a result of the “B”-shielding, stray admittances-to-ground
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Fra. 3 — Measuring assembly.

from the measuring electrodes and from the connecting leads can be
reduced to insignificant quantities.

As a result of the desceribed circuit configuration, the bridge measures
capacitance quantities equivalent to direct capacitance, in a particular
case where one of two measuring electrodes is grounded. Realization of
the grounded direct capacitance measurements is made possible by
having within the measuring arrangement a three-electrode system in
which stray admittances from the third (ungrounded) electrode to either
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of the measuring electrodes do not affect the fundamental balance con-
dition of the bridge network.

By the arrangement described not only are the residual effective
capacitances between the measuring electrodes and ground reduced to
a desirable minimum (actually below one pul, including calibrating
capacitor and balancing networks), but also any adverse capacitance
effects of the cables connecting the bridge to the measuring probes are
practically eliminated, even though these cables are several feet long.

The calibrated grounded direct capacitance range of the bridge ex-
tends over 0.32 uuF in either direction off balance center position. Any
unbalances within the 4 0.25 uuF range can be read in increments of
0.005 upF per division on a recorder. Since covering such a limited
capacitance range directly by an adjustable capacitor could present
various practical difficulties, a network, dividing electrically the range
of a 100 wuF differential capacitor by the ratio of 150 (approximately),
has been applied. Using such a network facilitates calibration and ad-
justability and greatly reduces effects of the mechanical instability of
the variable capacitor. (Similar networks are applied for capacitance
and conduectance residual balance controls.)

Stationary unbalances of the bridge network can be measured directly
in a conventional manner by rebalancing the circuit with the calibrated
capacitor. For unbalances rapidly varying in time, however, this null
method could not be applied simply. Therefore, a proportional off-bal-
ance deflection method had to be used and various means to ascertain
overall linearity between incremental capacitance unbalances and indi-
cator deflections were provided, so that eventually variations in linearity
no larger than 0.4 db over periods of several days and 0.2 db over several
hours have been observed in the actual operating conditions.

Measurements with the bridge depend essentially on the calibrated
capacitor. To avoid necessity for frequent and quite elaborate calibra-
tion checking (within a few one-thousandths of a puF) of this capacitor
in a laboratory, a set of supplementary, high stability auxiliary standards
has been provided in the test set assembly. The capacitance values (1.05
pul; 1.20 ppl; 1.35 puF) of these capacitors are so chosen that differences
between any pair of them can be compared directly with the calibrated
capacitor in the bridge circuit. Reliability of this system is based on a
reasonably high probability that change in the calibrated value of any
single capacitor will be revealed in the process of mutually comparing all
four capacitors. It was felt that this method of ascertaining calibration
accuracy at the operating position was particularly recommended in the
case of this circuit as its sensitivity to incremental capacitance unhalances



INCREMENTAL SHEATH THICKNESS MEASUREMENTS 359

is actually higher than the sensitivity of the usually available laboratory
equipment.
The bridge network is supplied by a 10-ke ac power source.

2.2 Phase Sensitive Delector

For eccentricity measurements and control of the sheathing process
it is essential to register the direction of incremental deviations from an
arbitrary level. For this purpose a phase sensitive detector” ' has been
provided. Its simplified version is shown on Fig. 4.

By proper adjustment of the phase-shifter, the reactive component of
the bridge unbalance signal can be oriented to be in-phase with the
reference potential (b-a). In this condition, the capacitance unbalance
sensitivity of the discriminator is at its maximum, and for a certain
range of eapacitance unbalances, linearity of the indicator may be as-
sured. Also, when the above phase condition is fulfilled, the circuit is
not sensitive to limited conductance unbalances (this fact also renders
the circuit remarkably more stable than a similar circuit using a con-
ventional null detector).

The de output from the diseriminator is fed through a balanced output
stage (V2a and V2b), and an attenuator to a Leeds & Northrup zero-
centered recorder. At the operating sensitivity level, each of the 100
divisions of the recorder scale corresponds to 0.005 ppF, or approximately
to 0.001 inch of the incremental sheath thickness. The réle of the at-
tenuator is two-fold: it provides control of the over-all sensitivity of the
measurements (in steps of 0.2 db), and it introduces more than 20 db
attenuation into the dec output signal path. This loss is compensated by
an added gain within the feedback-controlled ac amplifier (AC-A) pre-
ceding the phase discriminator. The net result of this “ac for de gain-
trading” is a considerable improvement of the over-all circuit stability
since the range of random drifts, such as usually generated within the
phase-discriminator and its direct-coupled output stage, are materially
reduced.

2.3 Measuring Probes

As has been mentioned above, two arms of the bridge circuit consist
of a pair of admittances between the grounded metal core of the cable
(D corner) and the probes sliding on the surface of the plastic cable
sheathing. These probes are connected to the “A” and “C” corners of
the bridge, respectively, with two shielded flexible conductors (each
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about 10 feet long) and are maintained mechanically in the testing posi-
tion by the probe assembly (see Figs. 3 and 5(a)).

In the design of the probes and their assembly, various difficulties
had to be overcome. The probes operate on cables subjected to some
unavoidable swings and vibrations while moving with speeds up to 80
feet per minute. The capacitance from either of these probes to the metal
cable core, in equivalent conditions, should match each other within
approximately one-thousandth of a upF. This capacitance should not be
appreciably affected by limited displacements of the probes with respect
to the cable plane of symmetry, such as may occur in actual operating
conditions.

The first experiments with probes of a conventional design, having
flat, or nearly flat, contact surfaces, were quite discouraging. The probe-
to-core capacitances fluctuated to an intolerable degree as a result of
even minute cable displacements.

Eventually, probes were developed which met all the requirements.
Each of these probes is in the form of a cut-off segment of a toroid. The
major axis of the cut-off elliptical plane is oriented in the direction
essentially parallel to the cable axis, while the convex center part of the
probe slides on the cable sheathing. This form of probe has the advantage,
common with the spherical form, that the capacitance from the probe
to the cable core varies but little as a result of displacements and changes
of position caused by the cable motion. But the toroidal form has the
following advantages over the spherical: first, for the same residual
capacitance to the cylindrical cable core, the transverse dimensions of
the former are smaller; and, second, the capacitance of the toroidal form
with respect to a cylindrical cable core can be conveniently adjusted by
the simple expedient of twisting the probe element in a plane parallel to
the cable axis. (Adjustments with a precision exceeding one-thousandth
of a uuF were actually performed).

The probe electrodes, surrounded (except for the contacting face)
by the B-shielding, are mounted on mechanically balanced light alu-
minum arms [Figs. 5(a) and 5(b)]. There might be one, two, or four
probes to an assembly, which can be turned over 360° around the cable
axis. For eccentricity measurements two probes can be simultaneously
used, having a spacing of 180° (for measurement of eccentricity across a
diameter) or of 90° (for measurement of elipsoidal eccentricity). Also
for eccentricity or direct thickness investigations and process settings one
probe only may be used, with the other bridge measuring arm connected
to an auxiliary standard.
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F1ac. 5 — (a) Measuring probe assembly. (b) Probe element.
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The average capacitance from the probe element to the grounded
metal core varies from 1.1 to 1.3 uuT for cables measured.

3 EXPERIMENTAL RESULTS
3.1 Circuil Performance Under Stationary Conditions

Incremental capacitance sensitivity for grounded direct capacitance
measurements, in normal operating conditions with the probes in contact
with a cable sample: order of 0.001 uuF.

Cireudt stability and repeatability for periods over one hour duration:
+0.003 pulf.

Overall linearity of the unbalance indications, as read on the recorder
scale within the range of plus or minus 0.25 uuF off center-balance
position: = (3 per cent + 0.003 pul).

Mechanical Stability: Moving or twisting of the connecting leads has
no effect on balance stability. Swinging of the cable under measurement,
even beyond the limits encountered in actual working conditions, pro-
duces barely noticeable effects on the balance indication.

Capacitance measurements on flat polyethylene samples: One of the
measuring bridge arms was connected to the auxiliary standard of 1.20
wul". The other arm was terminated by the probe in contact with a flat
polyethylene sample placed on a grounded metal-plate. Thickness of
samples at the point of contact was measured with a micrometer to the
nearest 0.0005 inch. Capacitance unbalance readings were taken directly
on the recorder seale to the nearest 0.005 guF. In order to avoid notice-
able “air-gap” and “surface’ effects, which occur when stacking several
samples, in no case were more than two flat samples in a stack measured.
Under these conditions, repeatability of readings was within one recorder
division (0.005 pul), equivalent approximately to one-thousandth of an
inch. In a typical case shown on Fig. 6, of 38 measurements taken in the
thickness range from 0.052 inch to 0.168 inch, only three measurements
were off from the averaging curve by more than 0.002 inch. (Further
investigation disclosed that these three points, marked “A” on Fig. 6,
were all associated with a particular sample.)

Capacitance measurements on stationary cable samples. In order to
establish statistical reliability of measurements on actual cables by the
deseribed capacitance method, a number of cable samples were tested,
varying in core diameter, average polyethylene sheathing thickness and
mechanical construction.

A typical graph resulting from plotting capacitance increments versus
micrometer measurements of a cable sample is shown on Fig. 7. Out of
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Fic. 6 — Capacitance versus thickness measurements of polyethylene plate
samples.

25 measured points, 21 are contained within +0.003 inch limit off an
average curve. Three out of four remaining points (marked “A”) were
found to be from cable areas where application of the thermoplastic
cement was excessive (explanation for an extraneous position of the
fourth point had not been found by the time these measurements were
concluded).

On the basis of over 800 measurements it has been estimated that at
least 75 per cent of the plotted points are within the limits of +0.003
inch deviation from an average capacitance versus thickness curve, for
samples taken from the same cable. For samples taken from different
cables these deviations ranged sometimes up to =4=0.005 inch. A few
points (less than 5 per cent) showed deviations larger than 0.01 inch.
With some rare exceptions, these extreme deviations indicated larger
than actual sheath thicknesses, and in most of the cases they were
associated with areas where an excess of the flooding cement was present.

3.2 Incremental Capacitance Measurements on the Production Line

Experimental measurements on over 500 feet of cable length were
performed on the production line with one of the bridge arms connected
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to the probe, and the other arm to an auxiliary standard of nominal
value 1.20 ppF. The probe was placed on the surface of a cable moving
with a speed of approximately 50 feet per minute. The line, along which
the probe was sliding over the sheath, was marked for subsequent measur-
ing purposes. At discrete intervals, the angular position of the probe with
respect to the cable circumference was advanced by an angle of 90°.
The unbalance signals were traced on the recorder chart with a standard
sensitivity of 0.005 uuF per division. After completion of the cable run,
the sheath was stripped and washed (to remove flooding compound) and
micrometer measurements were taken along the probe route at points
six inches apart. Subsequently these micrometer measurements were
plotted in scales equivalent to the recorder chart.

A typical example of a measurement performed on a cable section ap-
proximately 250 feet long (a total of 500 measured points) is shown
on Fig. 8. The upper curve represents a photograph of the recorder
tracing. The lower curve was obtained by connecting point-to-point
actual thickness readings and plotting them on the non-linear vertieal
scale following the capacitance versus thickness function (similar to that
as shown on Fig. 6), to make both charts graphically equivalent.

From comparison of these graphs a few observations can be made. In
fact, these curves represent fundamentally different methods of deriva-
tion. The recorder indications are continuous average readings based on
an area having a definite width and a length of a few corrugation spaces
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while the micrometer readings are point measurements taken at discrete
distances at the bottom of the corrugation valleys in the polyethylene
jacket. Despite this fact, the statistical character of both graphical
results is closely similar (See Fig. 9). Assuming an average translation
factor of 0.005 uuF per 0.001 inch, and discarding tracing errors, the
agreement for incremental measurements between both methods can be
estimated to be of the order of 0.003 inch. This accuracy is ample for any
practical purpose of incremental thickness control of cable sheathing.

4 CONCLUSIONS

The method presented here for non-conductive sheath thickness meas-
urements yields sufficient stability and translation reliability to be con-
sidered an improvement in the art. In particular, the incremental
capacitance measurement accuracy of the order of 0.003 upF (equivalent
to less than 0.001 of an inch of incremental sheath thickness) is suffi-
ciently high to disregard, in practical applications, the error of the test
set itself. When measuring flat samples in stationary conditions ac-
curacies of the order of 0.002” for absolute thickness are obtainable.

Reliable differential measurements of cable sheathing on the produc-
tion line can be realized on a statistical basis. Accuracies of the order of
0.003 of an inch for incremental sheath thickness (eccentricity) measure-
ments were consistently attained in actual manufacturing conditions.

Extensive experience with the described measuring system indicates
that it can also be applied for absolute sheath thickness measurements
vielding desirable accuracies. This application, however, involves various
manufacturing and process control problems extraneous to the measuring
system per se. These aspects, therefore, are not discussed in the present
paper.*

* Development of techniques for absolute sheath thickness measurements,

using the deseribed system, is being conducted by W. T. Eppler of Western Elec-
tric Co., Inc., Kearny, N. J.



368 THE BELL SYSTEM TECHNICAL JOURNAL, MARCH 1954

5 ACKNOWLEDGMENTS

In carrying the development work described in this paper, I was helped
considerably by fellow engineers as well as men at various supervisory
levels of the Western Electric Company. In particular, I would like to
thank R. I. Neel for assistance in gathering experimental data at the
initial stages of this work, W. T. Eppler for his active part in confront-
ing operation of the system with production line conditions, and D. T.
Robb for encouragement and help given me during the development
work and in preparation of this paper. A special credit for providing a
mass of laborious statistical data concerning accuracy of the method in
actual manufacturing conditions belongs to J. L. O’Toole of Bell Tele-
phone Laboratories’ group at Kearny.

BIBLIOGRAPHY

1. R. P. Ashbaugh, Alpeth Cable Sheath, Bell Lab. Record, 26, pp. 441444,
2. R.NPO.V Ksll?l;lgﬁgh, Stalpeth Cable Sheath, Bell Lab. Record, 29, pp. 353-355,
3. F.Avlé’%-hlc??;.and R. B. Ramsey, Bell System Cable Sheath Problems and

Designs, Trans. A I.E.E,, 70, Pt. 1, pp. 1811-1816, 1951.

4. V. T. Wé].llzder, Polyethylene for Wire and Cable, Elec. Eng., 71, pp. 59-64,
Jan. 1952,

5. U. 8. Pat. 2,589,700, H. G. Johnstone (1952).

6. J. G. Ferguson, Classification of Bridge Methods of Measuring Impedances,
B.S.T.J., 12, pp. 452-468, Oct. 1933.

7. C. H. Young, Measuring Inter-Electrode Capacitances, Bell Lab. Record,
24, pp. 433-438, Dec., 1946.

8. L. Hartshorn, Radio-Freguency Measurements by Bridge and Resonance Meth-
ods, Chapter III, John Wiley & Sons, New York, 1940.

9. A. C. Selet%ky, Cross Potential of a 4-Arm Network, Elec. Eng., pp. 861-867,
Dee., 1933.

10. U. 8. Pat. 2,554,164, B. M. Wojciechowski (1951).



