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Orthocyclic winding is a method developed by Philips for obtaining coils whose turns are

stacked in the most compact fashion possible. Such coils have certain particularlv good proper-
ties including good heat conduction, even distributiori of electric field strengths, and the highest
possible space factor (which means that the coil dimensions, and hence also the suuisiical
spread therein, are reduced to a minimum).

Any device exploiting electromagnetism contains
one or more coils or windings made of insulated
copper wire. The performance of the device and cer-
tain of its more important characteristics, such as
size, weight and price, are to some extent dependent
on the success with which the basic ingredients of
coil design have been mixed. We are referring to
the number of turns, the gauge of the wire, the shape
and volume of the coil and the method employed for
winding it. This hetrogeneous collection of variables
opens the door to a great variety of coil properties.
The range of possibilities becomes even greater where,
as is usually the case, the magnetic flux produced

*) Radio, Television and Record-playing Apparatus Division,
Philips, Eindhoven.

by the coil passes through a ferromagnetic material,
since the magnetic properties of these materials
differ considerably and there is further a wide choice
in the dimensioning of the magnetic circuit.

One aim that is generally striven for in the coil
design is to get the highest possible space factor. In
this context the space factor F means the ratio
between the aggregate cross-sectional area of the
turns inclusive of insulation and the area of the
rectangle enclosing them (ABeD in jig. 1). F is
dependent on the shape of the wire (though we shall
only concern ourselves here with round wire) and
on the way in which it is wound. Inevitably there
are interstices between the turns, and these repre-
sent wasted space, so that F is less than unity even
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Fig. 1. Cross-section of irregularly wound coil.

in an ideal coil, though it may be only very little
less. In a non-ideal coil, in other words in an irreg-
ularly wound one (fig. I), F is considerably smaller
than unity. The theoretical maximum space factor
can actually be attained with a winding method
which has been worked out at Philips and which
we call the orthocyclic method. The method and its
applications form the subj eet of the present article.

But first of all the importance of a high space
factor will be demonstrated: let us take as example
a telephone relay or selector embodying a coil which
has not been wound by the orthocyclic method, and
which provides a required number of ampere-turns
at a certain rated voltage. Now let us suppose it
proves possible, by adopting a better winding method
to accommodate (say) 1.7 times as many turns of
the same wire in the same space; the adoption of
orthocyclic in place of "wild" winding does in fact
result in an improvement of this order. The resist-
ance of the new coil is 1.7 times that of the old;
at the same voltage, the current is lj1.7 I:::::! 0.6 times
what it was before. The number of ampere-turns
remains the same, so that this design requirement
continues to be satisfied; but the power consump-
tion of the new coil is only 0.6 times that of the old
one. In a telephone exchange, where the number of
relays and selectors is large, theresulting economies
are appreciable: less power-supply capacity is re-
quired, lighter-gauge wiring and cables can be used,
and less energy is dissipated as heat,

Coils wound "wild" and coils with interleaved insu-
lation

We shall first discuss two common ways of wind-
ing coils. Fig. 2 shows a coil with the first layer com-
pleted: the turns cross the axis of the coil at an
angle 90° - a. They have been' wound from left
to right, and form a left-handed helix. The second
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layer will run from right to left; it cannot be wound
with the same neatness as the first. It ought to form
a right-handed helix. In' practice, however, its
regularity will continually be disturbed because
the wire has a tendency to lie in the grooves be-
tween the turns of the first layer, but since the two
helices do not interlock, the wire of the second layer
can only follow the grooves for short distances.
Hence the irregularities will become ever greater
as the winding of the coil proceeds, to such a point
that it is soon no longer possible to distinguish one
layer from the other. It is for that reason that we
call this "wild winding".
The advantages of this primitive coil-winding

method are that it is quick, that it can be done on a
very simple machine, and that little time need be
spent on the training of the operator. But examina-
tion of fig. 1, which represents' a section through a
coil wound by the "wild" method, will soon make it
plain that this procedure has the following draw-
backs:
1) The coil has a much smaller space factor than a

neatly wound coil.
2) There will be a considerable random variation

in the space factors of such coils. In order to
reduce the number of rejects, the design will
have to be based on almost the lowest space
factor likely to be obtained. The variation in the
space factor is associated with a variation in
the average length of wire constituting a turn,
and hence in the resistance of a coil.

3) Once the winding process starts to "run wild",
some turns, particularly those at the sides, will
inevitably end up nearer the axis than they
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Fig. 2. Single-layer coil wound from left to right and having
the form of a left-handed helix. The turns cross the axis of
the coil at an angle of 90°- u. Irregularities will develop when
the second layer is wound from right to left, and it will not
be long before the winding process "runs wild".
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ought to be, so that there will be relatively high
voltages between turns lying in close proximity.
In consequence of (3) there is no way of knowing

Un, the highest voltage arising between contiguous
turns of an irregularly wound coil with a voltage U
across its ends; nor, therefore, is there any way of
assessing the risk of breakdown in a coil carrying
AC and of corrosion in a coil carrying DC. If the
coil were regularly wound, all this would be known:
for a winding consisting of Zlayers,

Un = 2 UIZ.

( Un is the voltage between the first turn of one
layer and the last turn of the next.) Fig. 1 illustrates
the worst case that can arise, that being when the
last turn (N) lies on top of the first one (1).

To overcome these difficulties, it is a common
practice to lay a strip of paper or other insulating
materialon each layer as it is completed; sometimes
the insulation is inserted every two layers. This
can be done automatically, so no loss of time is
entailed. The great advantage of using interleaved
insulation is that even and uniform layers are ob-
tained; the paper prevents the layer which is being
wound from being disturbed by the pattern of the
layer underneath. The effect is as if a new start is
made with each layer. Eq.
(1) holds in this case and,
moreover, the interleaved
paper improves the break-
down voltage. Yet the
space factor remarns
small: the gain obtained by
regularity is cancelled out
because the paper takes
up some space, and be-
cause spaces also have to
be left on either side of
the coil (fig. 3). If the
layers were wound over
the whole breadth of the
paper, the end turns would
be liable to slip off.

Orthocyclic coils

We have seen that in
"wild" coil winding it is
impossible for regularity
to be maintained after
the first layer. The reason
is that the tendency of
the wire to lie in grooves
formed by the preceding
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Fig. 3. Cross-section of coil with interleaved insulation. The
turns are arranged in an orderly manner but the space factor
is still small because the insulation takes np some space, and
because some space has to be left free on either side of the
layers.

layer conflicts with the need for adjacent layers to
have opposite helical configurations. The condition
relating to orientation can be expressed in another
way: if the turns of the first layer lie at an angle
of 90° - a to the coil axis (fig. 2), then those of the
second layer should lie at an angle of 90° + a.
It follows that the difficulty disappears if a can be
reduced to zero, in other words, if the first layer can
be wound in such a way that each turn, or at least
the greater part of each turn, crosses the axis
orthogonally.

Fig. 4 shows the pattern the first layer would
have to assume in this case. Now, with a little care
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Fig. 4. A round orthocyclic coil at the stage where the first layer and a few turns of
the second layer have been wound. Over about 900/0 of its length, each turn crosses the
axis orthogonally. The remaining, inclined portion is known as the crossover; together
the crossovers of one layer form a crossover line. Except for their crossover portions,
the tnrns of the second layer lie neatly in the grooves formed by those of the first layer.
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Fig. 5. Section revealed by sawing through an orthocyclic coil wound with copper wire
of diameter 50 Vm; the photograph on the left is 48 times, that on the right 600 times actual
size. In virtue of the perfect orderliness and extreme compactness of the stacking pattern,
the highest possible space [actor has been achieved.

and ingenuity it is in fact possible to wind the first
layer in this fashion, and it has been found that
thcreaftcr no difficulty is encountcred in stacking
succeeding layers evenly; this optimum stacking is
the characteristic feature of what we call orthocy-
die winding, by reason of the fact that the turns
must lie orthogonal to the axis. The remarkable
regularity and compactness of orthocyclic coils will
be evident from the photographs (fig. 5) of a section
revealed by sawing through a coil of this kind.

Crossovers

Obviously, the orthogonality requirement cannot
he satisfied over the whole length of the turn. We
use the term crossover to denote that section of each
turn which lies out of the orthogonal (see fig. 4).
Together, the crossovers of one layer form a cross-
over Zine.
In coils with a circular cross-section the crossover

occupies about 10% of the total turn length. The
crossover lines run through the coil in a zigzag fash-
ion and their ends, as seen in the cheek of a finished
coil, form an Archimedes' spiral (fig. 6). In coils
with rectangular cross-section, crossovers in the
lowest layers occupy one side of the rectangle
(fig. 7).

Coil thickness and space factor

The thickness of orthocyclic coils IS slightly
greater in places where crossovers have been made.

Let us first consider the places where no crossovers
are present. Here it is only the first layer that con-
tributes the full diameter of the wire d to the
thickness of the coil. Because they lie in the grooves
of the preceding layer, all layers other than the
innermost contribute only tV3d (fig. 8). Accord-
ingly, the crossover-free portion of an orthocyclic
coil comprising 1 layers has a depth of

[1 +tV3(Z-1)]d,

Fig. 6. Round orthocyclic coil. The ends of the crossover lines
form an Archimedes' spiral in the cheek of the coil.
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which, for a large number of layers, is roughly
t jl3ld = 0.871d.
In considering the portion in which crossovers

are present, round and rectangular coils must be
dealt with separately. In round coils, the number
of successive layers whose crossovers overlap does
not exceed three; the local increase in coil thick-
ness due to crossovers does not therefore exceed
3(1 - tV3)d = 0.4d. Whether this is important or
not depends entirely on circumstances. In rectangu-
lar coils the length of the crossovers, those of the
lower layers at least, is the same at that of the side
on which they lie (fig. 7b). Here, then, the crossovers
are stacked one above the other, and the increase
in thickness they occasion will be greater than the
corresponding increase in a round coil with the same
number of layers.
We shall take the symbol Fo to denote the "pure"

space factor of an orthocyclic coil, in which no
account is taken of the crossovers and of a second
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Fig. 7. Two faces of a rectangular orthocyclic coil, (a) that
on which the crossovers are made, and (b) one of three faces
on which the turns lie orthogonally.

d

Fig. 8. Section through three contiguous turns in an ortho-
cyclic coil wound with wire having an outside diameter d.
If the crossovers and the "edge effect" be neglected, the space
factor is the proportion of triangle ABC occupied by the
hatched areas, i.e. 91%.

effect that will he dealt with below. Fo is easily
calculated: it is the ratio of the total area of the
three hatched sectors in fig. 8 to the area of the
equilateral triangle ABC:

*xind2 n---- = -_ = 0.9l.iV3 d2 2V3
But so far we have ignored the fact that certain
turns of the coil are not completely surrounded by
other turns; the grooves in the innermost and
outermost layers and in the cheeks of the coil are
not utilized. The magnitude of this "edge effect" _
to which, of course, non-orthoeyclic coils are also
subject _ depends on the shape of the coil's cross-
section. Itmay be important in the case of long, thin
coils (in which the number of turns per layer is
large relative to the number of layers) and still
more so for Hat, disc-shaped coils (in which the
number of layers is large relative to the number of
turns per layer). Still, even in the latter case, the
true space factor F is unlikely to fall short of Fo
by more than one or two percent.
Because the space factor remains much the same

from one coil to another, orthocyclic coils exhibit
a particularly small random variation in external
dimensions. The size of the coils is determined
entirely by the outer diameter of the wire, the num-
ber of turns per layer and the number of layers.

The coil mandrel

Generally coils are wound on a former or bobbin
made of impregnated paper or plastic; the bobbin
affords mechanical proteetion and additional elec-
trical insulation. Such bobbins are not as a rule
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up to the standard of dimensional exactitude re-
quired for orthocyclic winding. That greater pre-
cision is called for by this coil-winding method will
be clear from the fact that each layer must consist
of exactly the same number of turns n; the distance
between the cheeks of the coil former must there-
fore be (n + t)d, and experience has shown that
deviations from this dimension must not exceed
±0.2d. This requirement is a severe one, particu-
larly where it is a matter of winding very thin wire
(with a diameter of 50 fLm,for example).
Orthocyclic coils are not wound on a bobbin, then,

but on a rigid metal mandrel that has been carefully
machined to close tolerances. It is only after re-
moval from the mandrel that the completed coil
IS mounted on a bobbin and provided with
additional insulation.

The wire

In fig. 4 it has been tacitly assumed that in ortho-
cyclic winding no clearance is left between turns of
the same layer. This tight packing means that d
must remain within particularly close limits. For
example, if at a certain point in the wire its outside
diameter should increase by 1%, only 50 turns later
it would be riding on top of a turn in the preceding
layer, instead of lying in the groove; the next turn
would slip off the turn beneath, leaving a gap of
td. Thus disturbed, the regularity of the coil
would be irremediably lost, and the disorder would
worsen progressively.
The above tolerance of ±0.2d for the layer breadth

imposes a tolerance of ±0.2dln for the outside wire
diameter. If for example d is nominally 100 fLmand
there are n = 120 turns per layer, then 0.2dln =

0.17 fLm. In wire manufacture, the bare copper is
reduced to the desired gauge by drawing through
a die. Consequently the spread in the diameter of
bare copper wire on a given reel is negligibly small 1).
An "enamel" covering is the only kind of insulation
suitable for wire that is to be used for orthocyclic
coil winding. The deposition of the "enamel"
(which is really a type of varnish) is an easily dis-
rupted process which must take place under strictly
defined electrical, chemical and mechanical condi-
tions 2). It may be regarded as something of an
achievement that ways and means have been found
of keeping the spread in d to within ± 1% for a

1) Slightly bigger differences of diameter can naturally be
expected in wire from different reels, which has been drawn
through different dies.

2) R. J. H. Alink, H. J. Pel and B. W. Speekman, Manufac-
ture and testing of enamelled wire, Philips tech. Rev. 23,
342-351, 1961/62 (No. 11).

given reel of enamelled wire. Yet this is still six
times more than the tolerance required in the above
example.

There are two expedients whereby enamelled
wire with an excessive spread in d can nevertheless
be utilized for orthocyclic winding: a clearance can
be left between turns, or the wire can be redrawn.
1) The variation in d can be allowed for by winding

the first layer with a small clearance between
the turns. It has been found in practice that the
clearance must not exceed 0.03d, otherwise the
turns of the second layer will push those of the
first layer too far apart. As can be imagined, the
maintenance of an inter-turn clearance of a
few microns calls for a rather complicated wind-
ing machine which accurately controls the pitch
of the winding. We shall return to this problem
later.

2) Wire exhibiting an excessive spread in d can
be rendered suitable for orthocyclic winding
without inter-turn clearances by redrawing it,
i.e, by passing the enamelled wire through an-
other die. The aperture of the die used must have
a diameter equal to the minimum value of d,
so that all thicker portions of the wire arc re-
duced to this particular outside diameter.
Redrawing involves a perhaps somewhat surpris-

ing phenomenon: the variations in d are transferred,
with a change of sign, to the copper core; in places,
then, the diameter of the core is reduced in the same
proportion as the outside diameter of the enamel
covering (fig. 9), and this has two undesirable
consequences:
a) The copper hardens on account of plastic de-

formation and so loses some of its pliability;
consequently the crossovers tend to lengthen,
and it is less easy to control their positioning.

Fig. 9. Schematic representation of enameled wire undergoing
the redrawing process. The aim is to get insulated wire whose
outer diameter is everywhere the same. Besides producing
the desired effect, redrawing transfers to the copper core the
variations that were originally present in the outer diameter.
1 represents the wire still to be redrawn, which has a constant
core diameter but exhibits variations in outer diameter, 2 is
the drawing die, and 3 is the redrawn wire, which has a con-
stant outer diameter but exhibits variations in core diameter.
The thickness of the insulation and the variations therein
have been exaggerated for the sake of clarity.
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b) Since the diameter of the copper has been re-
duced in all the places where d was in excess,
the electrical resistance per metre will have
increased; if d was on average a% too large,
the resistance increase will be about 2a%.

Attention is being devoted, in wire manufacture,
to making the spread in d even smaller than it is
at present, so that redrawing will involve less de-
formation, the above-mentioned disadvantages of
the treatment thus being minimized.

In consequence of the variation in the core dia-
meter of redrawn enamelled wire, orthocyclic coils
wound from such wire exhibit a certain variation in
resistance values. This, however, is generally smal-
ler than the variation in the resistance of coils
wound by the "wild" method. In the latter case
the lack of uniformity in coil resistance is due, as
stated above, to the considerable spread in the space
factor and hence in the totallength of wire that goes
into the coil.

Orthogonal wire feed arrangements tri coil winding

As we have seen, the characteristic feature of an
orthocyclic coil is that the greater part of each turn
lies in a plane at right angles to the axis. Accord-
ingly, feed arrangements for the winding machine
must be such that the wire coming off the reel
likewise remains at right angles to the coil axis,
at any rate within close limits. This aim might be
achieved by dispensing the wire via a sheave wheel
set up at a sufficient distance from the machine;
in practice, the wheel would have to be a goodmany
metres away. Apart from the inconvenience of the
set-up, vibration in the long stretch of wire between
the sheave and the machine could interfere with
the regularity of the winding process. For that
reason we make use of a guiding sheave which is
free to move laterally, and which maintains the
orthogonal feed direction automatically without
having to be set up at a considerable distance from
the machine. The device is shown schematically
in Jig. 10.

"Thermoplac" unre

The finished orthocyclic coil would fall apart on
removal from the winding mandrel if it were not
for the fact that "Thermoplac" wire 3) is used in
orthocyclic winding. The insulation of this wire has
a thin thermoplastic coating. Before the coil is
taken off the mandrel, it is warmed in order to fuse
and bond the coatings on contiguous turns. Cooling

3) See the article cited in footnote 2), p. 347.

results in a sturdy self-supporting coil. The thermo-
plastic film need only be about 2 [Lmthick. It can
withstand the drawing process.
All the following methods are suitable and are in

fact employed for heating the coil while still on the
mandrel.
a) Baking in an oven.
b) Induction heating in an HF magnetic field (most

ofthe heat is generated in the mandrel and passes
to the coil by conduction).

c) Heating the coil by passing through it a current
from an external source.

d) Short-circuiting the coil and inducing in it an
alternating current (normally ofmains frequency).

In methods (c) and (d), as against (b), heat is
developed in the coil itself and the mandrel acts
as a sink. It is therefore necessary, if either of these

Fig. 10. Automatic arrangement to ensure that wire coming
off a reel (not shown) will at all times be orthogonal to the
coil axis, irrespective of the position of the turn being wound.
The coil 1 is being wound on a mandrel turning about axis 2
and fed with wire 3 via a sheave wheel4 on an arm 5 pivoting
on a pin 6 that is orthogonal to 2. Wire from the reel goes to 4
via a fixed sheave 7. The point at which it leaves 7 is in line
with 6. By reason of the tension in the wire, sheave 4 auto-
matically takes up position 4' when a new layer is started, and
moves to position 4" as the layer is completed. If the small
deviation due to the finite length of arm 5 be discounted, the
wire dispensed to the mandrel remains orthogonal to axis 2
as it repeatedly passes from position 3' via position 3 to
position 3".

An extension to arm 5 carries a vane 8 which is immersed in
an oil bath 9. The oil provides enough damping to prevent
transverse oscillations of the arm.
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two methods is used, to ensure adequate heating of
those parts of the coil which are in contact with the
mandrel while guarding against overheating of the
remainder. In practice this means that the desired
temperature must he attained within a few seconds.
This is quite feasible with method (c) provided the
resistance of the .coil is low enough; fast heating of a
coil having a high resistance would require a voltage
involving the risk of breakdown between the first
and last turns via the metal mandrel. Method (d)
does not endanger the insulation of the coil because
the terminals are shorted. It does, however, neces-
sitate a core carrying a primary winding marry-
ing with the type of coil being manufactured, and
the cost of this will only be acceptable if the coils
are to be turned out in sufficient quantity.

A closer look at certain aspects of orthoeyclic winding

The exact manner in which orthocyclic winding
can best be done depends on various circumstances,
among these being the shape of the coil (round or
rectangular) and the batch size (a small number of
coils or enough to justify continuous production).
Here we shall divide orthocyclic coil-winding pro-
cedures into two classes, those in which the first
layer is wound and the pattern established by hand,
and those in which this initial phase is done by
machine. The two classes correspond more or less
to the two cases of production on a small and on a
large scale respectively.

Patterning the first layer by hand

If done by hand, orthocyclic patterning of the
first layer calls for a certain amount of skill on the
part of the operator. This is not a serious drawback
so long as the number of coils to be made is small.
However, only redrawn wire can be used, since it
would be impossible, by hand, to maintain the small
inter-turn clearance that is necessary when winding
with wire whose outside diameter has not been
corrected.

In these circumstances a simple winding machine
will suffice, consisting of a spindle running easily in
good bearings, a source of mechanical power and a
revolution counter. The mandrel must have one
fixed and one movable flange, the position of which
can be accurately adjusted; the whole must have been
carefully machined. Orthogonal wire feed arrange-
ments are necessary (fig. 10). Redrawing of the
wire can be combined with the winding operation.

Once the first layer has been wound and,the mov-
able flange correctly set, winding .can be continued
mechanically; it has been found in practice that the
subsequent turns automatically adopt the correct

"lie", the same regular pattern repeating itself from
layer to layer. But care must he taken to see that
the regularity of the winding process is not disturbed
by incidental troubles such as vibration in the wire
coming off the reel and - when very thin wire is
being wound - the intrusion of dust particles.
Insofar as it is not limited by such interfering effects,
the winding speed can be stepped up to about
10 900 turns per minute from the second layer
onward.

Forming the.pattern mechanically

Mass-production requirements have led to the
mechanization of the process whereby the ortho-
cyclic pattern is established in the first and repeated
in subsequent layers of the coil. The resulting wind-
ing machine is considerably more complicated, as
will be clear from the account that now follows.

The separation of the mandrel flanges is so ad-
justed that there is just enough room for the pre-
scribed number of turns per layer when the wire has
its maximum diameter. By leaving a small clearance
between turns it is possible to achieve even distri-
bution, over the same breadth, of wire which has
not been redrawn and whose diameter is (say) 3%
below the maximum value. Even spacing of the
turns is effected automatically by a shuttle arrange-
ment that moves intermittently along a line parallel
to the axis of the coil.

During the winding of the first layer, the shuttle
is motionless for part of each revolution of the
mandrel; it is during this interval that the ortho-
gonal portion of the turn is produced. Oversimplifying
for a moment, we can say that immediately a cross-
over is due to begin, the shuttle moves abruptly
over a distance s equal to the wire diameter d plus
the inter-turn clearance t.

This simplified description only holds good for a
shuttle that is close to the mandrel - between its
flanges, in fact. But if this was so in practice it
would be impossible for the layer to extend from
flange to flange, since the breadth of the greave
must necessarily be greater than the diameter of the
wire it guides on to the mandrel. Accordingly, the
distance between the shuttle and the mandrel axis
must be at least half the mandrel flange diameter.
But if it is placed further away from the mandrel,
each time the shuttle advances it must temporarily
overstep its cumulating displacement s = d + t by
an amount Se; seefig.ll, which shows the crossovers
on a rectangular coil. If the shuttle did not travel
this extra distance it would pull the wire against
the preceding turn, the inter-turn clearance would
be locally reduced to zero (along a line running
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transversely over the layer), and this part of the
layer would be "waisted", the desired regularity
thus being lost. The result, in a round coil, would
be that the crossover became longer with every
successive winding; in a rectangular coil with all
the crossovers on one side of the rectangle, the layers
would be narrower along one edge than along the
other three.

5 Se s:d+t
I I I: : :
I I I__ .--_.--_.--_: .~.--_.~.--_.---
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Fig. 11. Winding of the first layer of a coil with an inter-turn
clearance t, Shuttle movement takes place alonglineG.Each
time a crossover is begun, the shuttle, having undergone dis-
placement through an interval S = d + t, must continue its
forward movement, advancing over a further distance Se,

through which it will return as soon as the crossoveris com-
pleted.

On completion of each crossover the shuttle must
move back over the distance Se.

There is no need for this extra shuttle displace-
ment during the winding of the second and subse-
quent layers, the "lie" of their turns being deter-
mined by the grooves in the preceding layers.
While winding each turn of the innermost layer,

then, the shuttle has to perform a somewhat corn-
plicated movement. The time available for its per-
formance is the time taken by the mandrel to turn
through the angle within which the crossover is
made. This sets a limit to the winding speed. The
crossover angle is 90° for square coils, and rather
more or rather less for rectangular coils, depending
on whether the crossovers are being made on the
long or short side of the rectangle; for round coils

the crossover angle is only 30° to 40°. It follows
that the first layer of rectangular coils can be wound
more quickly than the first layer of round ones.

Reasons why crossovers in rectangular coils must be
confined to one side of the rectangle

Fig. 4 shows how the crossover lines run in zigzag
fashion over the surface of a round coil. In rectangu-
lar coils the crossover lines have a tendency to do
the same thing; but it is necessary to confine them
to one side of the rectangle, as in fig. 7a, for other-
wise the coil cannot remain orthocyclic. This is due
to the fact that the length of the crossover, and
hence also the inclination of the crossover line with
respect to the coil axis, is dependent on the radius
of curvature of that part of the turn which consti-
tutes the crossover. Ifthe crossover line should turn
the corner, as it were, invading an adjoining face
of the coil, it would do so at a point where the radius
of curvature of the wire changes abruptly, and the
angle of the crossover line with respect to the axis
would also alter. The effect is as ifthe crossover line
is bent by the corner of the rectangle, With the result
that one turn is missed out. Starting at this point,
the irregularity worsens progressively as further
layers are added. Finally the winding process
"runs wild".
There is a second reason why it is desirable to

keep all crossovers on one face of a rectangular coil.
Take for example the winding of a transformer with
a core made up of E and I-shaped laminations:
two sides of the rectangular winding, which we may
call A and C, have to be accommodated inside the
openings in the core, and the winding depth should
therefore be as small as possible on these two sides.
The endeavour will accordingly be to confine the
crossovers to B or D, the sides of the rectangle
lying outside the core.
A special winding mandrel, designed to provide

effective control of crossover lines, enables all cross-
overs to be confined to one side of rectangular coils.
The ends of the crossover lines form a pattern in
the cheek of the coil, revealing whether the cross-
overs do in fact lie on one side of the rectangle, or
whether they have invaded an adjoining side. They
have done so in coil a in .fig. 12, but not in coil b.

On sides A and C the winding -- we still have a
transformer coil in mind -- will bulge slightly,
to an extent dependent on the t~nsion in the wire
coming off the reel, and will therefore take up more
space than necessary in the core openings. The
bulge can be evened out by compressing the sides
in question either during or after the heat treatment.
There is no risk of damaging the insulation because
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Fig. 12. Rectangular orthocyclic coils. The patterns tra eed in the cheeks of the coils by
the ends of crossover lines reveal that in coil a the crossovers have "turned the corner",
but in the case of coil b have been confined to one side.

b

sides A and C are free of crossovers. Coil a in Jig. 13
has not been compressed; coil b has been squared
up on three sides.

Orthocyclic coils compared with types wound by
other methods

The foregoing will have made it clear that ortho-
cyclic coils possess two big advantages as compared
with other kinds:
1) In orthocyclic coils the space factor attains the

theoretical maximum value. In consequence, the
random variation in the space factor, and hence
in the overall dimensions of the coil, is ex-
tremely small.

2) Since each turn of an orthocyclic coil lies in its
appointed place, the voltages between given
pairs of turns are well defined; moreover, the
greatest voltage between contiguous turns is as
given by eq. (1). It is therefore possible to
ascertain in advance whether Un will be too high
for the wire-covering and whether, accordingly,
interleaved insulation will have to be used (in
which case there will not of course be any point
in winding the coil orthocyclically).

Further important properties which distinguish
orthocyclic coils from other kinds will now be enu-
merated.

3) Permanence of shape

Thanks to the thermoplastic bonding agent the
turns of an orthocyclic coil coalesce into a very

a

sturdy unit,much stronger
than a coil that has been
wound "wild" out of wire
having a thermoplastic
coating of the same thick-
ness. This greater robust-
ness is due to the fact that
the turns bind one another
over their whole length,
and it enables ort.hocyclic
coils to withstand consid-
erable mechanical stresses
without loosening of the
turns. In virtue of this
property orthocyclic coils
are particularly suitable
for applications in which
they are subject to severe
vibration, as is the case
with the rotor windings
of electric motors and
moving coils for loud-
speakers. We shall revert

to the subj eet of orthocyclic loudspeaker coils
below, when dealing with individual applications.

770'1

4) Good heat conduction

The heat developed in a coil has to be dissipated
via its outside surfaces. There is therefore a temper-
ature gradient in the coil. With an eye to the life
of the insulation, a ceiling must be fixed for tem-
peratures ansmg in the coil."}; but normally the
point where the highest temperature prevails is

c
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Fig. 13. Rectangular orthocyclic coils in which crossovers have
been confined to one side of the rectangle. The faces of coil a
bulge slightly. The three faces of coil b not con taining cross-
overs have been pressed flat, with some saving of space as a
result.

4) In regard to the connection between life and temperature,
see for example T. Hehenkamp, The life of ballasts for
gas-discharge lamps, I. Transformers and chokes, Philips
tech. Rev. 20, 59-68, 1958/59.
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inacessible for measurement, and in practice, by
way of compromise, the average temperature is
determined, this being worked out from the easily
measured increase in electrical resistance resulting
from the warming-up of the coil. The highest tem-
perature arising in the interior of a non-orthocyclic
coil may easily be 10°C above the temperature of
the outside surface and 5 °C above the average
temperature.

Orthocyclic coils conduct heat so well that in
normal use no perceptible difference of temperature
arises between the interior and the outside. The
thermal conductivity of orthocyclic coils, measured
perpendicular to the wire, was found to be 1 W /m2
per °C/m (or 0.85 kcal/mh°C), which is 20 times
the value for coils with interleaved paper insulation.
Hence, if a non-orthocyclic coil exhibiting the tem-
perature differences just cited is replaced by an
orthocyclic coil, the insulation of the latter will not
be endangered if its temperature is allowed to rise
5 °C above the average temperature of the first coil.
That higher temperatures are permissible in ortho-
cyclic coils is fortunate in view of the fact that, on
account of their better space factor, they occupy
a smaller volume and are thus likely to have a smal-
ler surface area than non-orthocyclic coils. By reason
of better heat conduction an orthocyclic coil is
warmer on the outside than a non-orthocyclic coil
with the same internal temperature, and is thus
able to dissipate heat at a given rate through a
'smaller surface area.

5) High quality factor

A direct consequence of the high space factor of
orthocyclic coils is that less wire of a given gauge is
needed to wind a coil with a given number of turns.
On account of the smaller winding length the ratio
of resistance R to inductance L is smaller than in
non-orthocyclic coils; the quality factor Q = wLJR
is therefore relatively high.

6) Small variation in inductance and self-capacitance

In orthocyclic coils each turn has its exactly
defined position, and in consequence of this the
inductance and self-capacitance differ very little
from the nominal values. This is of importance in
connection with centre-tapped transformers, which,
in telephony and other fields, have to satisfy high
standards of electrical symmetry. If such trans-
formers are wound by ordinary methods, exact
balance can only be achieved by having recourse to
trimming capacitors. These are generally super-
fluous if the transformer has been wound by the
orthocyclic method.

Disc-shaped coils, consistmg of narrow layers
stacked to a considerable height, are called for in
cases where very low self-capacitance is essential.
The random variation in the resistance of the coils

has already been mentioned (page 371).

Applications of orthocyclic coils

Our factories have now been employing the ortho-
cyclic winding method for several years. In the
early days, of course, knowledge of certain factors
affecting the product - tolerances for wire thick-
ness and mandrel dimensions, the correct pattern
for the first layer, and the like - was still incom-
plete. Because these matters had not yet been fully
investigated, more had to be asked of the coil-
winder in the way of skill and insight into the process
than was required by the old, familiar method. For
that reason a long training period was necessary,
output was inclined to be small, and the rejection
rate was sometimes high. As a consequence, at that
time orthocyclic coils were comparatively expensive
to make, and there could be no question ofproducing
them in quantity. Initially, then, applications ofthe
technique were limited to a few products in the
professional class. At present all factors influencing
the orthocyclic winding process are well under
control, so much so that the method is being adopted
in mass production.

A few examples of applications in both categories
will now be given.

Professional applications

1) The 600 MeV CERN synchrocyclotron at
Geneva is equipped with a modulator that causes
the frequency of the accelerating voltage to sweep
periodically (55 times per second) over a range
extending from about 29 to 16.5 Mc/s. The fre-
quency-modulating device is a gigantic "tuning
fork" that acts as a vibrating capacitor 5). The fork
is excited by the field of a set of orthocyclic coils
carrying current with a frequency of 27.5 cis. The
whole assembly is in a vacuum.

The main reasons for choosing orthocyclic coils
were their high space factor (space was very limited),
good heat dissipation and ability to stand up to
vibration. During evacuation of the vacuum cham-
ber it was found that the coils released very little
gas, the pumping time thus being particularly short.
2) In incandescent lamp manufacture, the bulbs

are filled with gas via an electromagnetic valve.

6) B. Bollée and F. Krienen, The CERN 600 MeV synchro-
cyclotron at Geneva, Ill. The tuning-fork modulator,
Philips tech. Rev. 22, 162-180, 1960/61 (No. 5). - The ex-
citation system is shown in figs 11 and 12 of that article.
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For constructional reasons it was highly desirable
that the magnet dimensions be reduced to a mini-
mum; an orthocyclic solenoid- was therefore indi-
cated.

3) For monitoring steam turbines, electronic
equipment has been developed which keeps a con-
tinuous record of vibration amplitudes' and the
dimensional changes affecting various parts of the
turbine 6)7). For example, the eccentricity of the
shaft is measured with the aid of a displacement
pick-up working on the inductive principle, as
illustrated in jig. 14. The pick-up windings form

Fig. 14. Inductive pick-up for the continuous detection of
eccentricity in a turbine shaft 6). A disc E of nickel-iron alloy
is mounted on the shaft. On either side of the disc is an iron
yoke carrying windings that form part of an AC bridge circuit.
Provided the two pairs of windings have the same resistance,
the signal originating in the bridge will be proportional to the
eccentricity of the shaft. A disparity in their resistances, due
to temperature differences,gives rise to a measuring error. The
higher the Q factor of the windings, the smaller this error is,
and that is one of the reasons why the windings are made by
the orthocyclic method.

part of an AC bridge circuit. For zero eccentncity
the bridge should be in balance; any deviation from
dead true running should give rise to a signal pro-
portional to the eccentricity of the shaft. It often
happens in practice, however, that the temperatures
and hence also the re sist anc es of the different wind-
ings differ considerably. Consequently the bridge
circuit is not always exactly in balance for zero
eccentricity, and the signal it yields is not depen-
dent; on shaft eccentricity alone. The lower the
resistance of coils having a given inductance value -
the higher their Q factor, in other words - the smal-
ler the error. In this respect, as we have seen,
orthocyclic coils and windings have the edge over
non-orthocyclic ones.

6) C. von Basel, H. J. Lindenhovius and G. W. van Santen,
Electronic equipment for the continuous monitoring of
turbines, Philips tech. Rev. 17, 59-66, 1955/56.

7) C. von Basel, Messanlage zur Überwachung von Dampf-
turbinen, Arch. techno Messen V 8232-2, 221-224, October
1956.

The same considerations apply to other inductive
types of displacement pick-ups used on turbines
(see figs 9 and 10 of the above-mentioned article 6)}.
4) Focusing coils for travelling-wave tubes. In

this form of electron tube - one of the kinds used
to generate or amplify centimetre waves - an
electromagnetic wave propagates itself along a
metal helix, through the centre of which passes an
electron beam focused by a magnetic field 8). The
field must possess a certain distribution in the axial
direction, and it must satisfy stringent requirements
in regard to rotational symmetry. In most travelling-
wave tubes the field is supplied by permanent mag-
nets. However, in some high-power types a very
strong field is required, extending over a consider-
able distance along the axis, so that an electromag-
net is the only practicable means of focusing the
beam. The desired distribution of field strength
along the axis can be obtained by setting up three
differently shaped coils side by side, two disc types
being placed at either end of a long tubular coil.
Besides offering the familiar advantages of small
dimensions with a negligible statistical spread, round
orthocyclic coils, by reason of their regular structure,
satisfy the rotational symmetry requirement much
better than do coils wound by the "wild" method.

Mention may be made here of one of the few
cases in which orthocyclic winding was not a success.
During design studies for a large X-ray apparatus
in which the HT transformer was to he combined
with the tube in a single block, it became evident
that a smaller and lighter transformer would be
desirable. Accordingly, the secondary winding with
its interleaved paper insulation was replaced by an
orthocyclic winding. However, this secondary had
the drawback of excessive self-capacitance. It is
true that this difficulty could be got over by sub-
stituting for the single secondary a set of flat
orthocyclic disc windings connected in series, but
the voltage between neighbouring windings was
then so high (of the order of 10 kV) that corona and
flashover gave rise to further difficulties. Adequate
insulation between the disc sections would have
meant spacing these so far apart as to cancel out
completely the gain obtained by winding them ortho-
cyclically.

Applications in mass production
Over recent years our coil winders have acquired

such a degree of expertise in the orthocyclic tech-

8) J. G. van Wijngaarden, A travelling-wave tube for the
frequency band of 3800 to 5000 Mc/s, Le Vide 15, 36-40,
1960.
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nique that there is a grow-
ing tendency for it to be
employed on a large scale
III mass production. A
few examples will now
be given.

1) Selectors for tele-
phone exchanges. The
type U 4sa high-speed uni-
selector (jig. 15), made by
N.V. Philips' Telecommu-
nicatie- Industrie, Hilver-
sum 9), embodies one elec-
tromagnet which couples
the contact wipers to a con-
tinuously rotating shaft,
and another which arrests
them at the desired place.
Both the coupling and
the stopping magnets are
energized by orthocyclic
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Fig. IS. Type U 4,5a high-speed uniselector 9), Both coupling magnet X and stopping magnet Y
embody orthocyclic windings.

windings, which, as we
saw at the beginning of this article, have the great
advantage of saving power and so reducing the
amount of heat developed, the numerous selectors
and relays usually being the main source ofunwanted
heat in telephone exchanges.

2) Moving coils for loudspeakers are wound on a
miniature bobbin that is subsequently glued to the
cone. Thin-walled as the bobbin may he, it still
takes up a certain amount of space in the air gap
of the magnet, where even fractions of a millimetre
count. Furthermore, the dimensioning of the gap
has to allow for the deviations from exact circular
shape which are exhibited by most bobbins in con-
sequence of their lack of rigidity in the radial
direction.
Thanks to a method which has been developed

for attaching self-supporting coils to loudspeaker
cones, and which provides a particularly strong
bond between the two, an immediate advantage of
winding the moving coils by the orthocyclic tech-
nique is that the bobbin can be done away with.
If the coil consists of several layers, as it is bound
to do if destined for a high-impedance speaker 10),
then orthocyclic winding will also reduce its thick-
ness appreciably. In addition, the radial rigidity
of orthocyclic coils is much greater than that of
coils of older design. For various reasons, then, a

9) ]. M. Unk, A high-speed uniselector for automatic telephone
exchanges, Philips tech. Rev. 18, 349-357, 1956/57.

10) ]. Rodrigues de Miranda, Audio amplifiers with single-
ended push-pull output, Philips tech. Rev. 19, 41-49,
1957/58.

narrower air gap suffices for an orthocyclic moving
coil, and this pays off either in enhanced efficiency
or in reduced magnet size. Another advantage is
that orthocyclic coils are better able to stand up to
vibration.

3) Self-supporting (but non-orthocyclic) moving
coils have long been used in electrodynamic micro-
phones. If thc moving coil is wound orthocyclically
the air gap can be narrowed, with a resulting
increase in the sensitivity of the microphone.

4) In the winding of field coils for moving-iron
voltmeters and ammeters, the change-over to the
orthocyclic technique has allowed so many addi-
tional turns to be accommodated that the sensitivity
of the meters is 2 to 2.5 times as great as before,

5) Being battery-fed, portable electronic products
must be small in size and have the lowest possible
power consump tion. When an electric motor for
battery gramophones and tape recorders was being
designed, it was found that an orthocyclic rotor
winding saved so much space that a much lighter
rotor could be made if the "wild" method were
abandoned in favour of the orthocyclic one. Also,
because less iron was present, losses due to eddy
currents were smaller, resulting in a good 250/0
saving in power consumption. A second advantage
of orthocyclic rotor windings is the negligible varia-
tion in their weights, in virtue of which they are
unlikely to be responsible for unbalanced distri-
bution of rotor masses. Fig. 16 shows the rotor with
its three orthocyclic windings.

6) Ballasts for "TL" lamps in aircraft. By reason
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Fig. 16. Rotor of the electric motor incorporated in battery-
operated portable gramophones and tape recorders. Employ-
ment of the orthocyclic technique for the three armature
windings has allowed the size of the motor and its power con-
sumption to be reduced.

of their high efficiency tubular fluorescent lamps
are being employed more and more in the public
transport sector 11), including aviation. Passenger-
carrying aircraft can now be equipped with (say)
twenty 40 W "TL" lamps. In common with every-
thing else that goes to equip aircraft, the weight of
the ballasts must be cut to an absolute minimum.
Employment of the orthocyclic technique for wind-

Fig. 17. Ballast for a 40 W "TL" lamp to work on the standard
aircraft supply of 115 V at 400 cis. Altogether, the choke coil
and associated capacitor weigh only 195 g. Below, left, the
orthocyclic choke coil.

11) L. P. M. ten Dam and D. Kolkman, Lighting in trains and
other transport vehicles with fluorescent lamps, Philips
tech. Rev. 18, 11-18, 1956(57.

ing the choke coil has made it possible to bring
down to 195 grams the weight of the ballast (con-
sisting of a choke coil and a capacitor) for a 40 W
lamp, rated for 115 V at 400 cis, the standard air-
craft electricity supply. The ballast in question
may be seen in fig. 17.

7) Electromagnetically-controlled air valves. A

A

1

p

Fig.18. a) Air cylinder A and associated pneumatic equipment.
5 piston valve, E,-E2 solenoid-operated air-control valves,
V,- V2 adjustable bleed cbokes. Compressed air enters the
system from pipe P. When the pistons in valve 5 occupy the
positions indicated by fully-drawn rectangles, the space in A
to the left of the main piston is connected to P, and the air
to the right of the main piston can escape via V2• In these
circumstances the cylinder piston is at the extreme right of
its stroke. Spaces 1 and 2 in 5 are connected (by ducts not
shown in the diagram) to space 3, the pressure in which is at
all times that of the compressed-air supply. So long as control
valves E, and E2 are closed, then, the air in 1 and 2 is at the
same high pressure as that in 3.

To shift the cylinder piston to the left, control valve E2

is opened, whereupon air escapes from 2, the valve pistons
move into the positions indicated by the broken-line rectangles,
compressed air from P is free to pass via 3 into the space on
the right of the cylinder piston and the air in the left-hand
side of A exhausts through V" The speed with which the
cylinder piston travels to the left can be regulated by adjust-
ing V" To return the cylinder piston to the right, E2 is closed
and E, is opened.
b) In the new system, control of air cylinder A is effected solely
by means of El, and E12' two "Electrojet" valves made by
the Martonair Company. These supersede air control valves
E, and E2 as well as piston valve 5, and accordingly their bore
must be at least as great as that of 5 in (a). Having adjustable
outlets, the "Electrojet" valves are fnrther able to take over
the function of bleed chokes V, and Vz' They embody ortho-
cyclic coils, these having been chosen on account of their small
size and good heat dissipation.
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favourite practice in machine building is to fit an
air cylinder to supply mechanical power for certain
movements which, as a rule, are initiated by switch-
ing an electric circuit. Until recently the air cylinder,
essentially a simple device, had to be used in con-
junction with a pneumatic circuit comprising, in
addition to a filter and lubricating unit, a piston
valve controlled by one or two solenoid-operated
air control valves, one or two adjustable bleed
chokes and the associated piping and fittings. An
example of a circuit of this kind (many variations
are possible) is given in fig. IBa.
These arrangements can be greatly simplified by

using the "Electrojet" system designed and marketed
by the Martonair Company of Amsterdam. Fig.
18b shows the "Electrojet" version of the circuit
in fig. 18a: it will be noted that in addition to the
air cylinder itself, only two electromagnetic valves
of the new type are necessary, 'these having taken
over the functions of the piston valve, the two air
control valves and the two bleed chokes. The overall
dimensions of the "Electrojet" valve-are no greater

.... J J.

than those of the air control valve in the original
circuit. The new valve must however have a much
bigger bore in order to do the work of the piston
valve, and the electromagnet actuating it must
therefore develop a stronger pull. One of the ways
in which increased pull has been obtained is by
using an orthocyclic solenoid which, thanks to
good heat conduction, can be heavily loaded without
overheating, and is thus able to su):ply the required
higher number of ampere-turns. . .

The bore ofthe "Electrojet" valve is large enough
for most of the air cylinders on machines used at
Philips. It passes enough air at 5 atm to displace
a 4" diameter cylinder piston at a speed of about
17 cmls against a force of 300 'kg, or to enable a
I!,' piston to travel at about 170 cmls while over-
coming a force of 30 kg.

The above examples will doubtless have sufficed
to demonstrate the advantages of the orthocyclic
winding method, and to illustrate the variety of its
applications. It need hardly be added that the
method can profitably be employed in many other
cases.

Summary. The term "orthocyclic" is applied to a coil-winding
method whereby the greater part of each turn is made to lie
ortliogonallywith respect to the coil axis. Provided the correct
pattem is established in the first layer and certain precautions
are taken, subsequent layers will automatically fall into the
sarne regular pattern, each turn fitting into its appointed place,
a groove in the layer beneath. The turns are stacked in the
most compact fashion possible, in consequence of which (1)
the space factor attains its theoretical maximum value, (2)
the highest voltage existing between contiguous turns is fully
defined, and (3) the dimensions, inductance and self-capaci-
tance of individual coils of the same type fall within very close
limits. It is possible by winding with "Thermoplac" wire to
obtain strong self-supporting coils which have invariable
dimensions and stand up well to vibration. The thermal
conductivity of orthocyclic coils is so high (1 Wim °C, or 20

. times that of coils with interleaved paper insulation) that they
• display no appreciable temporature gradient, and their tem-
perature can safely rise to a value higher than the average
permissible in non-orthocyclic coils. In conclusion, various
applications of orthocyclic coils(to focusing coilsfor travelling-
wave tubes, electromagnet windings in uniselectors, field
coils in moving-iron meters, rotor windings in small motors,
etc.) are discussed and the resulting benefits enumerated.
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J'lz.EAU J'luNGE:S \Jtl:-)ERV~1J WITH AN INTERFERENCE MIRth._

a

b

When a monochromatic beam of light is directed upon an interference mirror (consisting
of thin dielectric layers of alternate high and low refractive index) which is placed a short
distance from a half-silvered mirror, a pattern of relatively sharp interference fringes
(Fizeau fringes) can be seen in transmission. These fringes represent lines of constant
(optical) thickness of the space between the mirrors, and can therefore in general never
intersect, even when several wavelengths are used.

The above photographs show the fringes for several different wavelengths at the same
time (a: cadmium lines 4678-4800-5086-6438 Á; b: green mercury line 54,61 Á, and yellow
mercury doublet 5770-5791 Á) in the neighbourhood of the edge of an interference mirror,
where the layers gradually taper to zero thickness (see drawing). It can be seen that here
the fringes for different wavelengths intersect. This remarkable effect can be explained in
terms of the wavelengths dependence of the phase with which a multilayer mirror reflects
the light (phase dispersion). For further particulars see: G. Bouwhuis, A dispersion
phenomenon observable on dielectric mnltilayer mirrors, Philips Res. Repts 17, 130-132,
1962 (No. 2).
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