
Feb. 21, 1967 D. S. RATHJE ETA 3,304,705 
FLAMENT WINDING APPARATUS 

Filed Sept. 16, 1964 
3. Sheets-Sheet 

Reference Comparison Signal 
Network Generator 

1. 's 

42 

ifs.......... 

Herbert Baker, 
OOvid S. Rathje, 

NVENTORS 
BY 

Gove & Kleinberg, 
AT (R:) EYS. 

  



Feb. 21, 1967 D. S. RATHE EAL 3,304,705 
FILAMENT WINDING APPARATUS 

Filed Sept. 16, 1964 3. Sheets-Sheet 2 

- - - - - - 7 - Form Compensating - - - - - - - 
50 System 

R 

Compo rison 
Network 

40 38 Reference 
Signal 

Generator 

Fig. 2d 

-ierbert Baker, 
David S. Rathje, 

NWENTORS 
BY. 

Golove 8 Kleinberg, 
ATTCRNEYS. 

  



Feb. 21, 1967 D. s. Rathje ETAL 3,304,705 
FILAMENT WINDING APPARATUS 

Filed Sept. 16, 1964 3. Sheets-Sheet S 

From 
Mandre 
Drive 

Fig. 30. 
Axial 

Correction 

M. Mandre - Winding Head 
- Assembly Drive 

: a--- 17- ar 

2 

Servo Loop 
Geor 
Troin 

------- 

Herbert Baker, 
David S. Rathje, 

INVENTORS. 
BY. 

Gojove 8: Kleinue fo, 
AORNEY S. 

  

  

  

  

    

  

    

  
  



United States Patent Office 3,304,705 
Patented Feb. 21, 1967 

3,304,705 
FLAMENT WINDING APPARATUS 

David Shephard Rathje, 10820 Molony Road, Culver City, 
Calif. 90230, and Herbert Baker, 3218 Corinth Ave., Los Angeles, Calif. 90.066 

Filed Sept. 16, 1964, Ser. No. 396,903 
12 Claims. (C. 57-8) 

The present invention relates to a filament winding 
apparatus and more particularly to an apparatus for wind 
ing a helical coil on a core. 

Within the scope of the present invention, the term fila 
ment is to be considered to be composed of any material 
capable of sufficient flexibility to be wound on a core or 
other form of any given cross section. Although the 
invention has generally applicability, it is particularly di 
rected at apparatus for winding a wire helically about a 
core, the resulting product having utility as a wound elec 
trical resistance element. 
As taught in those patents, typical prior art coil winders 

include a rotating winding head, concentric and coaxial 
with a continuous form or mandrel. Rotatably mounted 
in the winding head is a concentrically mounted supply 
spool of filament which is to be wound about the mandrel 
or core. As shown in the prior art, filament is taken from 
a Supply spool, is directed to a mechanical tensioning ar 
rangement, and is wrapped about a mandrel or form. 
The winding head rotates at relatively high rotational 
velocities and the mandrel moves in the axial direction at 
a rate which is synchronized to the rotation of the wind 
ing head so that the filament is uniformly coiled in a helix 
about the mandrel. 

In prior art systems, the relatively simple friction or 
drag type tensioning systems utilized have not attempted 
to solve problems created by wide variations in winding 
speeds, trapped wire, non-uniform spool diameters, and 
variations in the free wire available from the spool. As 
the filament is unwound from the supply coil, the filament 
being taken from the reel moves axially which introduces 
changes or variations in tension due to the inertia of the 
spool which is otherwise free to rotate. 

Various mechanical linkage systems have been proposed 
to maintain filament tension but, at high speeds, the me 
chanical tolerances and speeds of response are such that 
the efficiency of the linkage system is not much better than 
that of drag tension systems. 
Another problem encountered in using prior art coil 

winding systems, especially in winding of extremely fine 
gauge wires on heavier gauge mandrels to produce preci 
sion resistance elements, has been the variation in turn 
to-turn spacing when wire is being wound at speeds 
approaching 5000 r.p.m. Although the problem is not 
severe with fairly heavy gauge wire filaments, diameters 
of approximately 1 mil or greater, it has been found desir 
able to attempt to maintain a relatively uniform spacing 
between adjacent turns to prevent shorting of adjacent 
turns and to maintain constant resistance per unit length. 
When very fine wires, less than 1% mils, are being wound 
on a mandrel at winding speeds of the order of 5000 
r.p.m., it has been discovered, that when friction tension 
ing systems are used, wide variations are noted in the 
turn-to-turn spacings. Consequently, spacings less than 
one mil are difficult, if not impossible to achieve uniformly 
on a long term basis. It is suspected that the cause of 
variation in turn-to-turn spacing may be due to the resil 
iency of the filament wire being wound and the effect of 
changes in tension upon the point at which the wire con 
tacts the mandrel. At relatively low tensions, the wire 
may extend in a substantial arc with a relatively large loop 
of wire disposed between the friction head and the point 
of wrap. Alternatively, when tension is relatively high, 
there is virtually no slack in the filament wire and the 
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2 
point of wrap is, for all intents and purposes, at a point 
tangent to a straight line from the tensioning mechanism 
to the mandrel. If the lateral motion of the mandrel is 
maintained at a constant speed, then changes in tension 
will change the point of attachment and, consequently, the 
turn-to-turn spacing will vary widely. 

In the past, therefore, to avoid wide variations in fila 
ment tension, to maintain relatively constant turn-to-turn 
spacing, to attempt to control the linear resistivity of the 
wound mandrel, and to attempt to overcome the effects of 
the inertia of the supply spool, filament wires of less than 
1-mil were wound at winding speeds substantially less 
than 5000 r.p.m., and the speed varied almost directly with 
the wire size, smaller diameter wires being wound at 
slower speeds. 

Further problems in maintaining filament tension are 
encountered when a filament is to be wound about a form 
of non-circular cross section. The conventional approach 
to this problem has been to hold the supply spool station 
ary and rotate the form, while advancing the form or 
spool laterally. In designing apparatus which does not 
rotate the form, but which advances it laterally only, 
revolving the winding head about the form, the problem 
of a point of wrap of non-constant length creates great 
variations in tension during each revolution of the wind 
ing head. Further, if such a non-uniform winding form 
also has variations in cross section that are cyclical with 
respect to lateral motion of the form, then still further 
changes in tension are produced during the winding opera 
tion. 

It has also been the practice in certain prior art winding 
machines, that the supply spool be arranged to run freely 
in the direction of winding head rotation at a rotational 
velocity slightly greater than that of the winding head. 
To arrange the supply spool oppositely so that, by rotation 
of the winding head, wire is taken from the spool, the 
spool would have to be driven substantially at the rota 
tional velocity of the winding head to prevent accumu 
lating a loop of wire with each rotation of the winding 
head. 

In other prior art machines, the supply spool is per 
mitted to run freely and tension is regulated by frictional 
drag members in the idler pulleys that direct wire travel 
from the take-off spool to the core or mandrel. Such an 
arrangement would, over a period of time, introduce 
changes in wire tension since, at start up, the inertia of 
the supply spool acts as a dead weight on the wire, result 
ing in a relatively high degree of tension until the spool 
came up to speed. The tension then decreases until only 
the frictional drag of the rotating spool results in tension 
in the wire. However, as the mass of the supply spool 
decreases with the utilization of wire, the spool may tend 
to speed up and equal or over-run the velocity of the wind 
ing head, resulting either in a completely slack supply or 
substantially reduced tension in the wire to the tensioning 
mechanism. 
Although the preferred embodiment of the present in 

vention is shown and described in conjunction with a 
machine for coiling resistance wire in a helix on a man 
drel, it is clear that the present invention has utility in 
other machines which are adapted to wind one or more 
filaments on a core of any sort. Further, although the 
preferred embodiment has been shown with a supply spool 
concentric with the winding head, it is well within the 
scope of the present invention to have one or more supply 
spools eccentrically, mounted and driven accordingly. 
Certainly, such would be the case in machines wherein 
filaments are wound upon a form whose diameter exceeds 
the inner diameter of the core of a supply spool. 

In order to maintain a constant tension in a filament 
being wound, and to overcome the problems inherent in 
prior art mechanisms, the present invention provides a 
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servo-controlled differential mechanism for driving the 
supply spool at a rotational velocity slightly greater than 
that of the winding head in order to feed wire, and yet 
at a controlled rate such that the tension in the wire is 
held constant at some desired, predetermined value. This 
is accomplished by interposing a tension sensing member 
in the path of filament travel which, in conjunction with 
a transducer, can signal the deflection of the interposed 
member and the tension in the winding proportional there 
to. The tension sensing member also introduces a slight 
'buffering effect in that it will yield under sudden inc"eases 
in tension, shortening the wire travel path. 
A reference voltage is generated which is carefully cali 

brated to provide signals corresponding to the signals pro 
duced by the sensing member throughout the desired range 
of tension. An error amplifier compares the reference 
signal and the sensing signal and generates an error signal 
to a servo amplifier which in turn controls a servo motor 
through a gear train into one input of a mechanical differ 
ential. The second input to the differential is provided by 
the rotation of the winding head and the two motions are 
additively combined in the differential output which in 
turn drives the spool. 
When tension in the supply wire exceeds the desired 

amount, the signal generated by the interposed member is 
greater than the reference signal and accordingly the error 
signal to the servo system energizes the servo motor in a 
sense that would cause increase in the rotational velocity 
of the supply spool. This rotational motion is applied to 
one of the inputs of the differential where it is additively 
combined with the rotation applied from the winding head 
drive and the combined, increased rotation is applied to 
the supply spool to increase its rotational velocity relative 
to that of the winding head, thereby decreasing tension in 
the wire or filament, 

In an embodiment of the present invention, provision is 
made to wind filaments, on non-uniform cores of other 
than circular cross section. In such a device, it will be 
readily appreciated that the point of wrap changes rapidly 
with the rotation of the winding head, and accordingly, the 
demand for the filament changes rapidly during a single 
revolution, which would require a response beyond the fre 
quency range of the servo system. Accordingly, a "cor 
rection' generator which, in one embodiment, includes a 
cam and follower arrangement is provided to generate a 
compensating motion for any particular elongated form 
of non-constant cross section in the axial direction. 
A mechanical differential is provided which now re 

ceives one of its inputs from the correction generator and 
the other from the servo motor and gear train which cor 
rects filament tension, as above. The output of this dif 
ferential which receives an input from the winding head 
and the additive sum of the motions is applied through the 
output to drive the supply spool. 

In yet another embodiment, if a filament is to be wound 
Fupon a core having a changing cross section in the axial 
direction, this too, can be compensated for, if the change 
is cyclical and repeatable. In this embodiment, a me 
chanical differential is provided receiving one input from 
the correcting device which may also be a cam and fol 
lower arrangement, and a second input from the apparatus 
driving the core or mandrel in the axial direction. This 
mechanical differential output can then be applied as an 
input to a differential whose other input is supplied by the 
servo system or, if it is a form of non-uniform cross section 
which is also varying in the axial direction, then the 
correcting differential for axial length of the mandrel 
can be included in the differential "train' So that the ulti 
mate drive to the suppy spool can be the sum of all of 
the applied inputs. 

Accordingly, it is an object of the present invention to 
provide an improved apparatus for maintaining tension 
in a filament winding assembly. 

It is further an object of the present invention to pro 
vide an improved apparatus that is responsive to correct 
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for rapid changes in tension in a high speed filament wind 
ing apparatus. 

It is yet another object of the invention to provide a 
tensioning system for a high speed filament winding ap 
paratus which includes a resilient member, interposed in 
the path of filament travel, that is connected in a servo 
loop to maintain a predetermined tension. 

It is an additional object of the invention to provide an 
improved tensioning apparatus which includes a servo con 
trolled differential mechanism for applying small changes 
in rotational velocity to the supply spool of a high speed 
filament winding apparatus. 

It is yet a further object of invention to provide a fila 
ment tensioning system in which a transducer interposed 
in the path of filament travel is connected to control a 
Servo loop including a differential mechanism for driving 
the Supply spool in a sense to compensate for tension 
changes. 

It is yet an additional object of invention of provide a 
filament tensioning apparatus in a high speed coil winder 
which compensates, through a differential mechanism, 
not only for changes in filament tension, but for predict 
able irregularities in the form of mandrel about which the 
filament is being wound. 

It is yet another object of invention to provide improved 
apparatus for winding extremely fine filaments at winding 
Speeds of over 5,000 turns per minute while maintaining 
turn-to-turn spacings of less than the diameter of the fila 
ment being wound. 

It is yet an additional object of invention to provide in a 
high Speed coil winding apparatus for winding precision 
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resistive elements, a wire tensioning system for correcting 
and driving the wire supply spool in a sense to maintain 
the tension at a predetermined value. 

It is yet an additional object of the invention to provide 
a high Speed coil winding apparatus for producing preci 
sion potentiometer cores having an extremely sensitive 
tensioning system for driving a filament supply spool at 
rotational velocities slightly greater than that of the wind 
ing head, yet controlled to maintain tension at a predeter 
mined value. 

It is still a further object of invention to provide a high 
Speed coil winding system having a tensioning system in 
cluding a transducer resiliently mounted in the path of 
resistance wire travel and connected in a servo loop driv 
ing a differential core correcting the rotational velocity of 
the Supply Spool to maintain tension in the resistance wire 
at a predetermined value at all times. 
The novel features which are believed to be characteris 

tic, both as to organization and method of operation, to 
gether with further objects and advantages thereof, will be 
better understood from the following description con 
sidered in connection with the accompanying drawings in 
which several embodiments of the invention are illustrated 
by Way of example. It is to be expressly understood, 
however, that the drawings are for the purpose of illus 
tration, and description only, and are not intended as a 
definition of the limits of the invention. 

FIG. 1 is a functional block diagram of one embodi 
ment of a filament tensioning system according to the pres 
ent invention; 

FIG. 2 includes FIGS. 2a and 2b in which FIG. 2a is a 
diagram partially in block form, of an alternative embodi 
ment of the tensioning system of the present invention 
modified for use in winding coils upon non-circular forms 
Such as shown in FIG.2b. 

FIG. 3 includes FIG. 3a and FIG. 3b in which FIG.3a 
is a partial block, partial schematic diagram of still another 
embodiment of the system of the present invention, and 
FIG. 3b is a partial side view of an alternative non-uni 
form mandrel or form about which the filament is 
Wrapped; 

FIG. 4 is a side view of a cantilever beam assembly for 
determining filament tension according to the present in 
vention; and 
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FIG. 5 is a front view of the apparatus of FIG. 4 taken 
along the line 5-5 in the direction of the appended 
aOWS. 

Turning first to FIG. 1, there is shown partially in block 
and partially in schematic form, a portion of a winding 
system that includes a tensioning system 10 according to 
the present invention. 
As illustrated, the tensioning system 10 includes a 

winding head assembly 12, a servo loop 14 and a supply 
spool drive train 16. 
A form or mandrel 18, about which a wire or filament 

20 is wrapped, is, in a preferred embodiment, coaxial with 
a winding head 22. The winding head 22 is driven by a 
high speed motor through suitable transmission assemblies 
for example, in a manner shown in U.S. Patent No. 
2,334,880, and is, in one embodiment adapted to rotate at 
speeds in excess of 5000 r.p.m. The filament 20 is taken 
from a supply spool 24 which, in this embodiment is con 
centric and coaxial with the mandrel 18 and is also con 
centric with the winding head 22. A supply spool drive 
shaft 26 is journaled in the winding head and provides 
means for independently rotating the supply spool 24 with 
respect to the winding head 22. 

Fliament 20 is taken from the supply spool 24 and is 
passed over an idler 28 which is supported by a trans 
ducer 30 that is adapted to detect and signal tension in 
the filament 20. In a preferred embodiment, the trans 
ducer 30 includes a cantilever beam 32 which introduces 
a right angle in the path of filament travel, and a second 
idler 34 which introduces a second right angle into the 
path of filament 20 travel, from whence it is applied to 
the mandrel 8. 
The transducer 30 is electrically connected to a power 

supply and signals from the transducer 30 proportional to 
and representative of filament tension are provided 
through a slip ring brush assembly 36. 
The slip ring brush assembly 36 is electrically con 

nected to the servo loop 14 which includes, as shown in 
block form, a reference signal generator 38 and a com 
parison network 40. In one embodiment the reference 
signal generator includes a precision potentiometer or 
other variable resistance means which is connected to the 
power supply. The reference signal generator 38 is de 
signed to produce a signal equivalent to that provided by 
the transducer 30 under different loads and which will 
be proportional to and representative of desired tension. 
Thus, by a suitable adjustment, the reference signal gen 
erator 38 can be calibrated directly in filament ten 
sion by applying measured tensions to the fila 
ment and comparing the output of the transducer 30 with 
that of the reference signal generator 38. After calibra 
tion, desired tension settings can be made directly to the 
reference signal generator 38. The output of the refer 
ence signal generator 38 is applied to a comparison circuit 
40, the other input to which is provided from slip ring 
and brush assembly 36 and an error signal will be gen 
erated having a magnitude and polarity corresponding to 
and representative of the difference between actual ten 
sion in the filament 20, as measured by the transducer 30, 
and the desired tension in the filament 20 as signalled by 
the reference signal generator 38. In one embodiment, 
positive error signals indicated greater than desired ten 
sion and negative error signals indicated less than desired 
tension. 
The output of comparator 40 is applied to a servo 

amplifier 42 whose output is applied to a servo motor 44. 
Servo motor 44 is a part of the supply spool drive train 16. 
The mechanical, rotational output of servo motor 44 is 
applied through a gear train 46, including appropriate 
reduction gears. The output of the gear train 46, is ap 
plied to one input of a two-input mechanical differential 
48, whose output is made to be the sum of the applied 
inputs. The second input is provided from the winding 
head 22 and the output of the differential represents the 
sum of the applied rotations. 
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6 
Any type of differential driving mechanism may be em 

ployed that will algebraically add the rotation of the servo 
motor gear train 44, 46, to the rotation of the winding 
head 22, and the output is applied to the supply spool 
drive shaft 26 to rotate the supply spool. 24. 

In operation, the apparatus is arranged so that the core 
or mandrel 18 is applied to pass through the winding head 
in the axial direction at a relatively slow rate of feed. 
The winding head is driven to wrap the filament 20 in a 
helix about the mandrel 18. The path of filament 20 
travel extends from the point of wrap on the mandrel 18 
to the second idler 34, the first idler 28 and over the canti 
liver beam 32 to the point of take-off from the supply spool 24. 
As the winding head 22 rotates, the rotational motion 

is applied to the second input of the mechanical differen 
tial 48. Assuming that no correction for tension is pres 
ent, then that rotational motion is directly applied to the 
supply spool drive shaft 26 and the supply spool will be 
driven at substantially the same rotational velocity as the 
winding head 22. 
As filament 20 is wound about the mandrel 18, addi 

tional filament must be drawn from the supply spool 24 
and, to the extent that a pull or tension is applied to the 
filament 20, the cantilever beam 32 will be deflected as 
the supply spool resists any increase in rotational velocity 
over that of the winding head 22. Accordingly, the ten 
sion will build up in the filament and a signal from the 
transducer 30 will be applied through the brush slip ring 
assembly 36 to the comparator 40 which then generates 
an error signal of a polarity indicating an increase in 
tension. 

This error signal is applied to the servo amplifier 42 
where it is amplified and applied to the servo motor 44 
and its connected gear train 46. The signal to the servo 
motor 44 and gear train 46 generates a rotation in the 
direction of the winding head motion and this is then 
added to the first input of the mechanical differential 48. 
The output of differential 48 then is the sum of the ap 

plied rotations and the drive to the supply spool is then 
increased, speeding up the supply spool 24. 
So long as the tension in the filament 20 is the desired 

tension, then the output of the transducer 30, when com 
pared to the output of the reference signal generator 38, 
in the comparator 40 will provide a small offsetting, or 
"Zero' error signal which is applied through the servo 
system to drive the supply spool at a slightly greater ve 
locity than the winding head, to permit the filament to 
unreel without setting up undesired oscillations in the 
servo part of the system as the result of overshoot in the 
correction. 

If the supply spool 24 speeds up and the tension de 
creases, the desired tension signal from the reference sig 
nal generator 38 will be the greater and the error signal 
will be of the opposite polarity. This error signal when 
amplified and applied to the servo 46, tends to apply a 
rotational input to the differential which is effectively sub 
tracted from the winding head input tending to slow the 
Supply spool 24 and thereby causing an increase in fila 
ment tension. 
An alternative embodiment is shown in FIG. 2 which 

includes, in addition to the systems elements of FIG. 1, 
a form compensating system 50 to permit uniform tension 
(on a filament that is being wrapped about a non-uniform 
form or mandrel. As shown in FIG. 2a, a rectangular 
bar 52 is shown as the mandrel, and as can be seen in 
FIG.2b, this shape imposes a non-uniform demand upon 
the filament supply system, which, if uncorrected, could 
result in wide variations in filament tension. 
To help compensate for this variation in demand, a 

Second mechanical differential 54 is provided. The sec 
ond mechanical differential 54 is connected to receive 
one output from, as shown here, a cam follower unit 
56 that includes a slotted cam 58 and a crank type fol 
lower 60, which is suitable for winding speeds of up 
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to 2000 rp.m. For higher winding speeds, a more so 
phisticated compensating system would be required such 
as a gear train utilizing elliptical gears, of perhaps a 
hydraulic servo system. The cam 58 is driven in syn 
chronism with the winding head 22 and provides a first 
input to the second mechanical differential 54. The sec 
ond input to the differential 54 originates from the servo 
motor 44 and the gear train 46 as described in connec 
tion with FIG. 1, above. The output of the second dif 
ferential 54 is applied to one of the inputs of the first 
differential 48. The second input to the differential 48 
comes from the winding head 22, and the combined out 
put of the first differential 48, is as before applied to the 
supply spool drive shaft 26, so that in this embodiment, 
the rotation of the supply spool 24 is the resulting sum 
mation of the rotational motion of the winding head 22 
and the corrections applied by the servo motor 44 and 
the gear train 46, and by the cam follower unit 56 
of the compensating system 50. 

In FIG. 3a, there is illustrated still another alternative 
embodiment for maintaining a constant uniform tension 
on a filament which is to be wound upon a non-uniform 
core 62 of cyclically varying cross section. For exam 
ple, FIG. 3b illustrates a portion of such a form 62 
which in this case is a rectangular continuous strip having 
a repeating saw tooth pattern 64. 

In this embodiment, a third mechanical differential 66 
is provided which receives as one mechanical input, the 
output of a second compensating or axial correction sys 
tem 68 which is driven by a connection to the form or 
mandrel drive mechanism which advances the mandrel 
through the winding head assembly 12. Typical man 
drel drives are shown in Marlowe, above. The compen 
Sating or axial correction system 68 may be substantially 
similar to the form compensating system 50, and may 
include a cam and follower arrangement. 
The third differential 66 has its second input connected 

to the output of the form compensating system 50. The 
output of the third differential 66 now serves as the 
input to the second differential 54 and the remaining 
elements of the system are connected as in FIG. 2a. 
The series of differentials can be considered, gener 

ally, as one form of compensating and correcting means 
which is wholly mechanical. Other embodiments would 
include combinations of electrical and mechanical ele 
ments, even all-electrical embodiments can be devised 
by one skilled in the art. 
A suitable transducer element 30 is shown in FIGS. 

4 and 5 which are a side and front view, respectively, 
of the cantilever beam member 32 of FIG. 1. As shown 
in more detail, the cantilever beam 32 has affixed to one 
face, a signalling element which, in a preferred embodi 
ment is a strain sensitive gauge 70, bonded to the body 
of the cantilever beam 32. Suitable electrical leads 72, 
74 connect through the slip ring brush assembly 36, to 
a suitable power supply and balancing network (not 
shown) so that the cantilever beam member 32 can 
provide signals which are proportional to the deflection 
of the beam. As will be clearly seen, the cantilever 
beam deflection is entirely due to tension in the fila 
ment 20 as it makes the turn from the supply spool 24 
to the second idler 34. 

It will be apparent to those skilled in the art that the 
particular circuits comprising the reference signal gen 
erator 38, the comparator 40, the servo amplifier 42 and 
servo motor 44 are well known in art and accordingly, 
no particular circuits have been set forth. Similarly, 
the details of mechanical gear trains 46 and mechanical 
differentials are equally well known and will not be dis 
cussed in detail herein. Further, the selection of a par 
ticular cam follower combination to compensate for non 
uniform cross sections or for a cyclically varying form 
are well within the skill of the artisan and need not be 
discussed in detail herein other than to state that such 
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8 
mechanical compensating systems are easily provided 
without the exercise of inventive skills. 

It is also within the skill of the art to provide suitable 
electrical compensating circuits whose outputs, when 
electrically combined with that of the servo amplifier 
42, would compensate for variations in the shape of the 
mandrel and for cyclical variations in the mandrel as 
a function of axial position of the mandrel. In such 
an embodiment, only a single mechanical differential 
need be provided, one input of which would be supplied 
by the servo motor and gear train, and other input of 
which would be the winding head. The output of the 
differential would be applied to drive the supply spool. 

Broadly, in operation, as the filament is wound about 
the form or mandrel, any tensions introduced by the 
movement of the point of wrap on the form can either 
be mechanically or electrically compensated and cor 
rected for, as a function of some combination of winding 
head rotation and mandrel movement. 
The tension in the filament resulting from the unwind 

ing of the filament from the supply spool is compensated 
for by a servo loop which continually senses the tension 
in the filament and compares the tension, represented 
by a signal from a reference signal generator. An error 
signal is then produced which, when applied to a servo 
amplifier-servo motor combination and gear train through 
a mechanical differential, continuously corrects the Sup 
ply spool drive to maintain the filament tension at the 
predesired value. Any tensions introduced by non 
uniformities in the mandrel or movement of the point 
of wrap on the form can be compensated for either 
electrically or mechanically and these compensations can 
be superimposed on the corrections already generated. 

Although the apparatus as described and shown is use 
ful in the winding of resistance wire in a helix to form 
a resistive element, similar apparatus could be used, 
using other types of filaments and cores for the winding 
of musical instrument strings. Also, in embodiments 
wherein the form or mandrel is of an unusually large 
cross section, larger than the inner diameter of a fila 
ment supply spool, the filament supply spool could be 
mounted eccentrically on the winding head. The drive 
to the supply spool would be reconnected accordingly, 
and might eliminate the need for the mechanical dif 
ferential, and the servo motor gear train could be 
mounted on the winding head to drive the supply spool 
directly. In this embodiment, if non-uniform cross Sec 
tion mandrels are used, electrical compensation would 
be preferable. In this case, the electrical output is ap 
plied directly to the servo loop of the supply spool. 

Thus, there has been shown a novel system for main 
taining a predetermined tension on a filament on a wind 
ing apparatus having several embodiments. The tension 
on the filament is sensed and, through suitable trans 
ducers, a signal is generated which can be used to cor 
rect for variations from desired tension by varying the 
rotational velocity of the filament supply spool through 
a suitable servo loop including an error generator, an 
error amplifier, a servo motor, gear train and mechani 
cal differential. 
What is claimed as new is: 
(1. In a high speed winding apparatus for winding a 

filament about a core, the apparatus having a winding 
head rotatable about the core, a filament supply spool 
rotatably mounted on the winding head and means for 
rotating the winding head at relatively high rotational 
velocities to form a coil about the core, apparatus for 
maintaining a predetermined tension in the filament com 
prising: 

tension sensing means coupled to the winding head 
and interposed in the path of filament travel and 
adapted to provide a signal proportional to and rep 
resentative of the tension in the filament being 
wound on the core; 
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tension reference means adapted to provide a signal 

proportional to and representative of a desired, pre 
determined tension in the filament; 

error sensing means coupled to said tension sensing 
means and said tension reference means for provid 
ing an error signal proportional to and represent 
ative of a deviation in measured tension from de 
sired tension; and 

servo correcting means connected to said error sensing 
means and operable in response to said error signal 
for changing the rotational velocity of the supply 
spool during rotation of the winding head to modify 
the filament tension in accordance with said error 
signal, whereby said servo means affects the rota 
tional velocity of the supply spool to change the 
filament tension in a sense tending to decrease the 
magnitude of the error signal. 

2. In a high speed coil winding apparatus for winding 
wire about a mandrel, the apparatus having a rotatable 
winding head coaxial with the mandrel, a wire Supply 
spool rotatably mounted on the winding head and means 
for rotating the winding head at relatively high rotational 
velocities for winding a helical coil on the mandrel, ap 
paratus for maintaining a predetermined tension in the 
wire comprising: 

tension sensing means coupled to the winding head 
and interposed in the path of wire travel and adapted 
to provide a signal proportional to and representa 
tive of the tension in the wire being wound on the 
mandrel; 

tension reference means adapted to provide a signal 
proportional to and representative of a desired, pre 
determined tension in the wire; 

error sensing means coupled to said tension sensing 
means and said tension reference means for provid 
ing an error signal proportional to and represent 
ative of a deviation in measured tension from desired 
tension; and 

servo correcting means connected to said error sensing 
means and operable in response to said error signal 
for changing the rotational velocity of the supply 
spool during rotation of the winding head to modify 
the wire tension in accordance with said error sig 
nal, whereby said servo means affects the rotational 
velocity of the supply spool to change the wire ten 
sion in a sense tending to decrease the magnitude of 
the error signal. 

3. In a high speed filament winding apparatus for wind 
ing filament about a core, the apparatus having a rotata 
ble winding head coaxial with the core, a filament supply 
spool rotatably mounted concentric with the rotating 
winding head and means for rotating the winding head 
at relatively high rotational velocities for winding a hel 
ical coil about the core, apparatus for maintaining a pre 
determined tension in the filament during winding com prising: 

tension sensing means coupled to the winding head and 
interposed in the path of filament travel and adapted 
to provide a signal proportional to and represent 
ative of the tension in the filament being wound on 
the core; 

tension reference means adapted to provide a signal 
proportional to and representative of a desired, pre 
determined tension in the filament; 

error sensing means coupled to said tension sensing 
means and said tension reference means for provid 
ing an error signal proportional to and represent 
ative of a deviation in measured tension from de 
sired tension; and 

servo correcting means connected to said error sensing 
means and operable in response to said error signal 
for changing the rotational velocity of the supply 
spool relative to the rotational velocity of the wind 
ing head to modify the filament tension in accord 
ance with said error signal; 
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10 
whereby a change in the rotational speed of said sup 

ply spool changes the filament tension in a sense 
tending to decrease the magnitude of the error signal. 

4. In a high speed coil winding apparatus for winding 
resistance wire about a mandrel, the apparatus having a 
rotatable winding head coaxial with the mandrel, a wire 
supply spool rotatably mounted concentric with the ro 
tating winding head and means for rotating the winding 
head at relatively high rotational velocities for winding 
a helical coil about the mandrel, apparatus for maintain 
ing a predetermined tension in the resistance wire dur ing winding comprising: 

tension sensing means coupled to the winding head and 
interposed in the path of resistance wire travel and 
adapted to provide a signal proportional to and rep 
resentative of the tension in the resistance wire being 
wound on the mandrel; 

tension reference means adapted to provide a signal 
proportional to and representative of a desired, pre 
determined tension in the resistance wire; 

error sensing means coupled to said tension sensing 
means and said tension reference means for provid 
ing an error signal proportional to and represent 
ative of a deviation in measured tension from de 
sired tension; and 

servo correcting means connected to said error sensing 
means and operable in response to said error signal 
for changing the rotational velocity of the supply 
spool relative to the rotational velocity of the wind 
ing head to modify the resistance wire tension in 
accordance with said error signal; 

whereby a change in the rotational speed of said sup 
ply spool changes the resistance wire tension in a 
sense tending to decrease the magnitude of the error signal. 

5. In a high speed filament winding apparatus for wind 
ing a filament about a core, the apparatus having a ro 
tatable winding head coaxial with the core, a filament 
supply spool rotatably mounted concentric with the wind 
ing head and means for rotating the winding head at rel 
atively high rotational velocities for winding a helical coil 
on the core, apparatus for maintaining a predetermined 
tension in the filament comprising: 

tension sensing means including a cantilever beam 
coupled to the winding head and interposed in the 
path of filament travel to be deflected in proportion 
to filament tension, deflection sensitive transducer 
means mounted on said cantilever beam and adapted 
to provide a signal proportional to and representative 
of the tension in the filament being wound on the 
core, and means for energizing said transducer 
means; 

tension reference means adapted to provide a signal 
proportional to and representative of said transducer 
means signal at a desired, predetermined tension in 
the filament; 

error sensing means coupled to said tension sensing 
means and said tension reference means for provid 
ing an error signal representing a deviation in meas 
ured tension from desired tension; and 

servo means connected to said error sensing means and 
operable in response to said error signal for chang 
ing the rotational velocity of the supply spool rel 
ative to the rotational velocity of the winding head 
to modify the filament tension in accordance with 
said error signal, whereby said servo means, by 
changing the rotational speed of the supply spool, 
changes the filament tension in a sense tending to 
decrease the magnitude of the error signal. 

6. In a high speed coil winding apparatus for winding 
resistance wire about a mandrel, the apparatus having a 
rotatable winding head coaxial with the mandrel, a wire 
supply spool rotatably mounted concentric with the wind 
ing head and means for rotating the winding head at rela 
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tively high rotational velocities for winding a helical coil 
mandrel, apparatus for maintaining a predetermined ten 
sion in the resistance wire comprising: 

tension sensing means including a centilever beam cou 
pled to the winding head and interposed in the path 
of resistance wire travel, strain gage means mounted 
on said cantilever beam and adapted to provide a 
signal proportional to and representative of the ten 
sion in the resistance wire being wound on the man 
drel and means for energizing said strain gage; 

tension reference means adapted to provide a signal 
proportional to and representative of said strain gage 
signal at a desired, predetermined tension in the 
resistance wire; 

error sensing means coupled to said tension sensing 
means and said tension reference means for provid 
ing an error signal representing a deviation in meas 
ured tension from desired tension; and 

servo means connected to said error sensing means and 
operable in response to said error signal for changing 
the rotational velocity of the supply spool relative 
to the rotational velocity of the winding head to 
modify the resistance wire tension in accordance with 
said error signal, whereby said servo means, by 
changing the rotational speed of the supply spool, 
changes the wire tension in a sense tending to de 
crease the magnitude of the error signal. 

7. In a high speed coil winding apparatus for winding 
resistance wire about a mandrel, the apparatus having a 
rotatable winding head coaxial with the mandrel, a wire 
supply spool rotatably mounted concentric with the wind 
ing head and means for rotating the winding head at rela 
tively high rotational velocities for winding a helical coil 
mandrel, apparatus for maintaining a predetermined ten 
Sion in the resistance wire comprising: 

tension sensing means including a cantilever beam 
coupled to the winding head and interposed in the 
path of resistance wire travel, strain gage means 
mounted on said cantilever beam and adapted to pro 
vide a signal proportional to and representative of 
the tension in the resistance wire being wound on 
the mandrel and means for energizing said strain 
gage; 

tension reference means adapted to provide a signal 
proportional to and representative of said strain gage 
signal at a desired, predetermined tension in the 
resistance wire; - 

error sensing means coupled to said tension sensing 
means and said tension reference means for providing 
an error signal representing a deviation in measured 
tension from desired tension; and 

servo means connected to said error sensing means and 
operable in response to said error signal for chang 
ing the rotational velocity of the supply spool rela 
tive to the rotational velocity of the winding head 
to modify the resistance wire tension in accordance 
with said error signal, whereby said servo means af 
fects the rotational speed of said supply spool to 
change the wire tension in a sense tending to decrease 
the magnitude of the error signal. 

8. In a high speed coil winding apparatus for winding 
resistance wire about a mandrel, the apparatus having 
a rotatable winding head coaxial with the mandrel, a 
wire Supply spool rotatably mounted on the winding head 
and means for rotating said winding head at relatively 
high velocities for winding a helical coil on the mandrel, 
apparatus for maintaining a predetermined tension in the 
resistance wire comprising: 

tension sensing means coupled to the winding head 
and interposed in the path of resistance wire travel 
and adapted to provide a first signal proportional to 
and representative of the tension in the resistance 
wire being wound on the mandrel; 

tension reference means adapted to provide a second 
signal proportional to and representative of a said 
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2 
first signal in response to a desired, predetermined 
tension in the resistance wire; 

error sensing means coupled to said tension sensing 
means and said tension reference means and oper 
able in response to applied first and second signals 
for generating an error signal having a magnitude 
and polarity representing the deviation in measured 
tension from desired tension; and 

servo means connecting the supply spool and said error 
sensing means and operable in response to said error 
signal for changing the rotational velocity of the 
Supply spool by an amount related to the magnitude 
of said error signal and in a direction related to 
the polarity of said error signal to modify the resist 
ance wire tension, whereby said error signal changes 
the rotational speed of said supply spool to change 
the wire tension to correspond to the desired pre 
determined tension. - 

9. In a high speed coil winding apparatus for winding 
resistance wire about a mandrel, the apparatus having a 
rotatable winding head coaxial with the mandrel, a wire 
Supply spool rotatably mounted concentric with the wind 
ing head, means for rotating the winding head at relative 
high rotational velocities for winding a helical coil on the 
mandrel, and means for feeding the mandrel at a preset 
Speed in an axial direction, apparatus for maintaining a 
predetermined tension in the resistance wire comprising: 

tension sensing means connected to the winding head 
and interposed in the path of resistance wire travel, 
and including strain gage means adapted to provide 
a first signal proportional to and representative of the 
tension in the resistance wire being wound on the 
mandrel; 

tension reference means including variable resistance 
means adapted to provide a second signal propor 
tional to and representative of the first signal pro 
duced by said strain gage means at a desired, pre 
determined tension in the resistance wire; 

error Sensing means coupled to said tension sensing 
means and said tension reference means including 
potential Source means for electrically energizing said 
tension Sensing and reference means for providing 
an error signal in response to applied first and second 
signals, having a polarity and magnitude represent 
ing a deviation in measured tension from desired 
tension; and 

Servo means connected to said error sensing means and 
operable in response to said error signal having a 
first polarity for increasing the rotational velocity 
of the Supply spool relative to the rotational velocity 
of the Winding head to decrease the resistance wire 
tension and operable in response to said error signal 
having a second polarity for decreasing the rotational 
Velocity of the Supply spool relative to the rotational 
Velocity of the winding head to increase the resistance 
Wire tension, the magnitude of the increase and de 
crease being proportional to the magnitude of the 
error signal, whereby said servo means affects the ro 
tational Speed of said supply spool to change the wire 
tension in a sense tending to decrease the magnitude 
of the error signal. 

10. In a high speed coil winding apparatus for winding 
resistance wire about a mandrel, the apparatus having a 
rotatable winding head coaxial with the mandrel, a wire 
supply Spool rotatably mounted on the winding head and 
concentric therewith, and means for rotating the winding 
head at relatively high rotational velocities for winding a 
helical coil of resistance wire on the mandrel, apparatus 
for maintaining a predetermined tension in the resistance 
wire comprising: 

tenson Sensing means coupled to the winding head, 
including strain gage means interposed in the path of 
resistance wire travel and adapted to provide a first 
signal proportional to and representative of the ten 
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sion in the resistance wire being wound on the 
mandrel; 

tension reference means adapted to provide a second 
signal corresponding to the signal resulting from said 
strain gage means in response to a desired, predeter 
mined tension in the resistance wire; 

error sensing means coupled to said tension sensing 
means and said tension reference means and operable 
in response to first and second signals to generate an 
error signal having a polarity and magnitude respec 
tively corresponding to the sense and magnitude of 
the difference between measured tension and desired 
tension; 

servo drive means connected to said error sensing means 
and operable in response to said error signal for pro 
ducing a rotational motion corresponding to a supply 
spool velocity increment sufficient to produce the de 
sired predetermined tension; and 

differental drive means having a first input coupled to 
the means for rotating the winding head, a second 
input coupled to said servo drive means and an out 
put coupled to apply rotational motion to the supply 
spool, said output being equal to the sum of the ap 
plied inputs, whereby said differential drive means 
modify the rotational speed of the supply spool to 
change the wire tension in a magnitude and direc 
tion tending to decrease the magnitude of the error 
signal derived therefrom. 

11. In a high speed coil winding apparatus for wind 
ing resistance wire about a mandrel of non-uniform cross 
section, the apparatus having a rotatable winding head co 
axial with the mandrel, a wire supply spool rotatably 
mounted on the winding head and concentric therewith, 
and means for rotating the winding head at relatively 
high rotational velocities for winding a helical coil of 
resistance wire on the mandrel, apparatus for maintaining 
a predetermined tension in the resistance wire compris 
1ng: 

tension sensing means coupled to the winding head, 
including strain gage means interposed in the path of 
resistance wire travel, and adapted to provide a first 
signal proportional to and representative of the ten 
sion in the resistance wire being wound on the 
mandrel; 

tension reference means adapted to provide a second 
signal corresponding to the signal resulting from said 
strain gage means in response to a desired, predeter 
mined tension in the resistance wire; 

error sensing means coupled to said tension sensing 
means and said tension reference means and operable 
in response to first and second signals to generate an 
error signal having a polarity and magnitude respec 
tively corresponding to the sense and magnitude of 
the difference between measured tension and desired 
tension; 

servo drive means connected to said error sensing means 
and operable in response to said error signal for pro 
ducing a rotational motion corresponding to a supply 
spool velocity increment sufficient to produce the de 
sired predetermined tension; 

mandrel compensating means connected to the winding 
head rotating means including apparatus for gen 
erating an output motion to compensate for the non 
uniformity of the mandrel cross section during each 
rotation of the winding head; 

first differential drive means having a first input coupled 
to said mandrel compensating means output motion, 
a second input coupled to said servo drive means 
and an output; and 

second differential drive means having a first input cou 
pled to the means for rotating the winding head, a 
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second input coupled to said first differential drive 
means output and an output coupled to apply rota 
tional motion to the supply spool, said output being 
equal to the algebraic sum of all of the applied in 
puts, whereby said first and second differential drive 
means modify the rotational speed of the supply spool 
to change the wire tension during each rotation of 
the winding head in a magnitude and direction tend 
ing to decrease the magnitude of the error signal 
derived therefrom and to correct for the non-uni 
form shape of the mandrel. 

2. In a high speed coil winding apparatus for winding 
resistance wire about a mandrel of non-uniform cross 
section cyclically varying in the axial direction the ap 
paratus having a rotatable winding head coaxial with the 
mandrel, a wire supply spool rotatably mounted on the 
winding head and concentric therewith, means for rotat 
ing the winding head at relatively high rotational velocities 
for winding a helical coil of resistance wire on the mandrel, 
and means for axially advancing the mandrel apparatus 
for maintaining a predetermined tension in the resistance 
wire comprising: 

tension sensing means coupled to the winding head, 
including strain gage means interposed in the path 
of resistance wire travel, and adapted to provide a 
first signal proportional to and representative of the 
tension in the resistance wire being wound on the 
mandrel; 

tension reference means adapted to provide a second 
signal corresponding to the signal resulting from said 
Strain gage means in response to a desired, predeter 
mined tension in the resistance wire; 

error sensing means coupled to said tension sensing 
means and said tension reference means and operable 
in response to first and second signals to generate an 
error signal having a polarity and magnitude respec 
tively corresponding to the sense and magnitude of 
the difference between measured tension and desired 
tension; 

Servo drive means connected to said error sensing means 
and operable in response to said error signal for pro 
ducing a rotational motion corresponding to a supply 
spool velocity increment sufficient to produce the de 
sired predetermined tension; 

compensating and correcting means having a first input 
coupled to the means for rotating the winding head, 
a second input coupled to said servo drive means, 
a third input coupled to the mandrel advancing means 
and an output coupled to apply rotational motion to 
the supply spool, said ouput modifying the rotation 
al Speed of the supply spool during each rotation of 
the winding head to change the wire tension in a 
magnitude and direction tending to decrease the 
magnitude of the error signal derived therefrom to 
compensate for non-uniformities in mandrel cross 
Section and to modify and correct the compensation 
with axial movement of the mandrel. 
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