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This invention relates to a method of, and
apparatus for, winding precision resistors.and is
particularly applicable to the manufacture of ad-

justable resistors, such as voltage dividers and.

potentiometers of the type having an accurately
predetermined resistance characteristic over their
range of resistance adjustment.

. Heretofore, adjustable resistors have been
formed on elongated cards or forms of rectangu-
lar or cylindrical shape if a linear characteristic
is desired. If a nonlinear characteristic is de-
sired, the resistors have been formed on a rec-
tangular card and made up of short sections of
different but uniform resistance characteristics
or wound contfinuously on a properly tapered
form.

In all of the arrangements described, the ac-
curacy of the resistance characteristic depends
upon the uniformity of the wire and the form on
which the resistance wire is wound. ‘It has.been
difficult to fabricate resistors of precisely .pre-
determined characteristics due to lack of uni-
formity of the wire, such as uniformity in its
cross section and in its tempering, and the diffi-

culty of maintaining a constant tension during =

the winding process. TUtilizing the best obtain-
able wire and winding techniques developed, the

highest degree of accuracy has included devia-.

tions of +29% from the desired resistance char-

acteristic, even using carefully selected resistance g

wire. The usual commercial tolerance has been
within the range of +10% from the desired. re~
sistance characteristic. Furthermore, in the use
of sectionalized resistors to procure a non-uni-
form characteristic, the resultant characteristic
is stepped rather than continuous, resulting from
the series of uniform sections having different
unit resistances. In the latter type of resistor,
as the winding advances from section to section,
it has required the stopping of the winding ma-
chine and the changing of gears, which is in-
herently a tedious process. Furthermore, in the
sectionalized type of resistor, it has been the prac-
tice to form the junction by slotting the resistor
card and to overlap the windings. in the slot. to
form a mechanical joint. It has also been pro-
posed to pre-join several lengths of wire of dif-
ferent sizes and unit resistance. However, in
either type of constructions such junctions must

be accurately predetermined and the winding 3

machine stopped and the gears changed at each
junction.

It is an object of the present invention, there-
fore, to provide an improved method for wind-
ing precision resistors having an accurately pre-
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determined resistance characteristic which avoids
one or more of the disadvantages of the arrange~
ments of the prior art.

It is another object of the invention to provide
an improved apparatus for winding precision re-
sistors having an accurately predetermined. re-
sistance characteristic which avoids one or more
of the disadvantages of the arrangements of the
prior art.

In accordance with the 1nvent10n a method of
winding precision resistors having a resistance
characteristic accurately related to that of a ref-
erence standard comprises winding resistance
wire on a card to form a resistor, continuously
comparing the resistance value of the resistor
during winding with that of a corresponding
variable portion of the standard, continuously
modifying the unit dimensions, for example, the
winding pitch of the resistor, in response to devi-
ations in the resistance value thereof from that
of the portion of the reference standard with.
which it is compared, and introducing .a non-
linear factor into the comparison to impart a pre-

. determined resistance-displacement character-.

istic to the resistor. .

In accordance with another feature of the in-
vention, an apparatus for winding a precision
resistor having a resistance characteristic accu-.

.rately related to that of a reference standard

comprises means for winding resistance wire on
a card to form a resistor, means for continuously .
comparing the resistance value of the resistor
during winding  with that of a corresponding.

.. variable portion of the standard, means respon-

10

‘sive to deviations in .the resistance value of the

resistor from that of the portion of said reference
standard with which it is being compared for con-
tinuously controlling the action of the winding
means to modify a unit dimension of the resistor,
and cam means for modifying the action of the
comparing means to impart a predetermined re-
sistance-displacement charactenstlc to the re-
sistor. :
As used herein and in the appended clalms

the term “card” is intended to mean 2 form.

or support for resistance wire of any suitable in~
sulating material and of any desired configura- -
tion. The term “unit dimension’ as used herein
and in the appended claims is intended-to in-.
clude the pitch per turn of the resistor, or the
diameter or length of the turn; the cross-sec--
tional area of the wire, the resistance value of
the wire per unit length, or any parameter which-

determines the resistance value per unit length.

of the resistor.
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Tor a better understanding of the invention,
together with other and further objects thereof,
reference is had to the following description taken
in connection with the accompanying drawing
and its scope will be pointed out in the appended
claims.

Referring now to. the drawing, Fig. 1 is a sche-
matic representation of an apparatus for winding
a precision adjustable resistor which is capable
of operating in accordance with the method of
the invention; Pig. 2 is a view of a precision re-
sistor of a predetermined length embodying the
invention; Fig. 3 is a view of an alternate form
of precision resistor embodying the invention.

Referring now to Fig. 1 of the drawing, there
is represented an apparatus operating in accord-
ance with the method of the invention for wind-
ing a precision resistor having a resistance char-
acteristic accurately predetermined by that of a
reference standard, for example, identical there-
to. This apparatus comprises a winding mech-
anism consisting of a pair of holders {0 and ¢!

supported in bearings 12 and {3, respectively,’

adapted resiliently to hold an elongated resistor
card 14 of insulation material, the holder il
being biased into engagement with the card 4
by means of a spring {5. A manually operable
knob (8 is provided for initiating a few turns on
the card 14. The winding mechanism also in-
cludes a means for winding resistance wire on
the card {4 to form a resistor R and consisting
of a feed-wire holder {7 in which is mounted a
spool [8 carrying a supply of resistance wire 18,
the wire being passed through a guide and ten-
sioning element 28 constituting an extension of
the holder 1. The wire after passing through
the element 20 is fed to the resistor card i4 in
a conventional manner to form a resistor thereon.
The card {4 is adapted to be rotated at constant
speed by means of a suitable motor 21 and re-
duction gearing 22. Electrical connections ars

made to the resistor R during winding by means

of a sliding contact 20¢ atteched to guide 20
and bearing on the wire {9 as it is fed to card
{4 and a brush fla bearing on the conductive
holder Il which is connected to a terminal fda
on card {4 or other suitable connection to the
starting point of the winding forming the final
resistor R.

The winding apparatus also includes an ad-
vancing means for producing relative transverse
movement between the resistor card {4 and the
feed-wire holder {71 during rotation of the card
{4 to form a resistor thereon. This advancing
means comprises a feed screw 23 engaging a
threaded portion {Ta of the holder 7 and driven
by a followup motor 24 through reduction gear-
ing 25. The feed screw 23 is journalled in sup-
ports 26, 26 which also hold a guide rod 27 en-
gaging an extension {76 of the holder {7 to main-
tain steady transverse movement of the holder {7.

In order to impart to the resistor formed as
described a resistance characteristic accurately
predetermined by that of the reference standard,
the apparatus includes means for contintously
comparing the resistanece value of fhe resistor
during the winding operation with that of a cor-
responding variable portion of a reference stand-
ard resistor. In the system ilustrated, the
reference standard resistor 38 is provided with
an adjustable contact 31 mounted on a2 conduc-
tive guide 32 and provided with terminals 33 and
34 ineluding in their circuit the adjustable por-
tion of the resistor 38 to the right of the con-

tact 31, as represented in the drawing. 'The por- ‘
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tion of the resistor wound on the card (4 at any
moment is compared with the portion of the ref-
erence resistor 30 described by means of an elec-
trical bridge including as two adjacent arms the
corresponding portions of the reference resistor
30 and the resistor R and as the other two arms
resistor elements 35 and 3& of predetermined
relative resistance valués, the bridge being con-
nected to compare these two resistors by electri-
cally balancing them against each other in the
bridge circuit. To this end, one secondary wind-
ing 87 of a supply transformer 38 is connected
across one diagonal of the bridge circuit de-
scribed, while the other diagonal of the bridge
circuit is comnected to the input circuit of a
servo-amplifier unit 28. The unit 39 may be of
any conventional type of servo-amplifier but ap~
plicant has found particularly useful for this
purpose the proportional servo-amplifier de-
seribed in United States Patent No. 2,147,674,
Howard A. Satterlee. The power supply circuit
40 of the amplifier unit is energized from & sec-
ond winding 4i of the supply transformer 3§,
while the output circuit of the amplifier 39 is
connected to energize the follow-up motor 28

" which produces a relative transverse movement

between the wire-feed apparatus and the resistor
card 41,

In order to sweep the adjustable contzet 31 of
the reference standard resistor 30 over its range
of adjustment for continuously varying the re-
sistance value of the standard during the wind-
ing operation, there is provided a cam means
driven by the winding mechanism comprising s
cam 42 and a follower 43 biased into engage-
ment with the cam by means of a spring 44, the
follower 43 being connected to actuate the con-
tact 3i and operating in a guide 45. The cam
42 is driven by the follow-up motor 24 through
a bevel gearing 4§ and a worm gearing 47, the
gear ratios being such that the cam 42 makes
substantially one complete revolution while the
wire holder 17 completes its transverse move- .
ment.

The motor 21 is energized from a secondary’
winding 48 of transformer 38, while a switch 49
included in the primary circuit is effective simul-
taneously to energize and de-energize the several.
circuits of the apparatus to start and stop the
winding operation.

Referring now to the operation of the ap-
pbaratus of Fig. 1 described above in performing
the method of the invention for winding pre-
cision resistors, it will be assumed that the re-
sistor card 14 is placed in the holder and a few.
turns wound thereon by means of the monually
actuated knob 16 until the wire reaches the ter-
minal {4a or other equivalent connection to the
starting point of the winding. It is assumed
that, at this point, the adjustable confact 3i.
is at the extreme right-hand limit of its move-
ment, in which position all of the resistor 30
is cut out of the bridge circuit. Assuming that
at this point there is a small amount of resist-
ance, which may be inherent cireuit resistarnce
with or without am added resistance element and
is represented by dotted-line resistor Rp, in cir-
cuit with the reference resistor 3§ partlally to.
compensate for the resistance of the wire be-
tween the contact 20a of the feed-wire holder {7
and the card {4, the value of resistance in the
bridge arm including resistor R slightly exceeds
that in the bridge arm including master resistor
30, and the bridge circuit comprising elementq
R, Ro, 35, 36 is slwhtly unbalanced 'I'he un-
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balance voltage is applied to the amplifier 39, is
amplified therein, and applied to the follow-up
motor 24, initiating transverse movement of the
feed-wire holder 7 to start the formation of
the resistor R on the card 14. At the same time
the follow-=up motor 24, through the gearing 25,
46, 47 rotates the cam 42 in a counter-clockwise
direction, the spring 44 biasing the follower 43
into engagément with the cam 42, which is effec-
tive to move the adjustable contact 31 of resistor
30 to the left to include continuously increasing
portions of the resistor 30 in the bridge circuit.

When the apparatus described- has reached =
state of equilibrium, there will be a substantially
constant difference in resistance hetween the
portion of the reference resistor 232 included in
the bridge circuit and the potrtion of the resistor
wound on card 14, this difference being only the
small amount required to maintain the unbalance
of the bridge circuit sufficient to actuate the
follow-up motor 24 for advancing the feed-wire
holder {7 relative to the resistor card (4. That
is, the bridge circuit, servo-amplifier unit 39, and
controlled follow-up motor 24 comprise means
responsive to deviations in the resistance value of
the resistor R and the corresponding adjustable
portion of the reference resistor 28 or any elec-
trical unbalance therebetween for continuously
controlling the relative transverse movement be-
tween the feed-wire holder {7 and the card (£
continuously to modify the unit dimensions of
the resistor R, specifically, continuously varying
the transverse speed of the feed-wire holder i1
to modify the pitch of the resistor, from end to
end during the winding operation.

‘The resistance characteristic of the resystor R
is accurately predetermined by that of the ref-
erence standard 30. If the throw of the cam
42 changes at a uniform rate with respect. to
angular displacement and the resistors 35 and
36 are of equal values, the resistance charac-
teristic of the resistor R will be identical to that
of the reference standard 3. However, in prac-
tice, it will generally be more feasible to adopt a
reference standard having a characteristic which
need only approximate that desired and then to
shape the cam 42 according to the measured
calibration curve of the reference -standard.
Furthermore, by selecting resistors 35, 36 with
values in a predetermined ratio, the value of re~
sistor R will bear this same ratio to that of the
reference standard 38. If the resistance char-
acteristic of the standard 30 is nonlinear, the
speed of transverse movement of the feed-wire
holder (7T and the winding pitch of ‘resistor R
varies continucusly as the resistor is wound from
end to end, thereby securing a substantial match-
ing of the two resistor characteristics.

By the use of the resistor winding apparatus
of Fig. 1 operating in accordance with the
method of the invention, a number of advantages
are obtained. In the first place, the resulting
precision resistor can be formed of ordinary re-
sistance wire, thereby avoiding the requirement
of specially selected wire with minimum  toler-
ances for cross-sectional area and specific re-
sistance.

By continuously comparing the resistance of
the unit being wound with the reference standard
by continuously electrically balancing it in the
bridge circuit from the starting point, any errors
in the system tend to be self-compensating rather
than cumulative. It is found that the accuracy
of the resulting .characteristic of the resistor is
substantially - independent’ of  variations of the
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wire characteristics, the tension on the feed wire,
the dimensional errors of the resistor card, and
the like, but is determined almost entirely by the
accuracy of the winding apparatus and its con-
trol mechanism, the only practical limit on which
is the economic factor. If the variations in the
resistance or in the resistance wire are beyond
the limits of accuracy of the machine, it has been
found that the apparatus stops winding, which
is automatically an indication of a defective re-
sistor. This is also true in the event of a failure
of the Wheatstone bridge comparison circuit or
the servo-amplifier 39, in which case the motor
24 is deenergized, arresting the lead screw 23
and wire holder 17 so that the wire would pile
up at one spot on card {4, clearly indicating that
the winding apparatus is not functioning
properly.

Furthermore, in the production of resistors of
nonlinear characteristic, by the use of the present,
invention, any -desired resistance characteristic
can be obtained exactly rather than merely ap-
proximated by means of a series of uniform sec-
tions of different unit resistances, which results
in a stepped resistance characteristic. As. a
corollary, the shut-down of the winding mech-
anism and the change of its set-up for each of
the several sections of the prior art precision re-
sistors of nonlinear characteristics is avoided.
In using the apparatus and method of the in-
vention, it is also possible to prejoin lengths of
wire of different sizes or different unit resistance
or both, the lengths of the individual sections
of - which need not be precisely determined so
long as they fall within certain wide limits.

The resistor R formed by the apparatus of
Fig. 1 has a predetermined constant length and
continuously varying unit dimensions from end
to end, that is, continuously varying pitch which
is proportioned. to provide the predetermined
resistance characteristic. As explained above,
the variation in pitch of the resistor R-is deter-
mined by a number of factors: the resistance-
displacement characteristic of the reference re-
sistor 30; the shape of the cam 42, and the rela-
tive values of resistors 35 and 36. Such a re-
sistor R is represented in Fig. 2 where the wind-
ing of resistance wire 28 on the elongated in-
sulation card {4 is of progressively increasing
pitch from the terminal 28a to the terminal 28b.

There is illustrated in Fig. 3 a resistor R’ in
which the elongated card 50 is tapered to- obtain
approximately the desired resistance character-
istic but is made of resilient material, such as
semi-vulcanized rubber or thermo-plastic resin.
In the winding of the resistor R’, the tension of
the wire is continuously controlled during the
winding operation in accordance with the un-
balance between the resistance of the reference
standard and that of the resistor being wound
so that the winding 51 is embedded to a greater
or lesser degree to procure the exact proportion-
ing of the effective diameter from end to end to
obtain - the desired resistance characteristic and
there results a certain bulging of the elastlc card
50, as indicated.

In an alternative method of winding precision
tapered resistors, the speed of advance of the
wire along the card may be maintained constant
and the speed of rotation of the card varied in
accordance with the unbalance of the resistance
of the reference standard and that of the re-
sistor being wound.” The resulting resistors have
a constant number of turns but lengths varying
with variations in the constants of the resistance




2,830,864

wire and the card, as contrasted to the resistors
formed by the system of Fig. 1 which are of con-
stant length but have numbers of turns variable
in accordance with the variations in the con-
stants of the resistance wire and tha card.

Thus, in the embodiments specifically de-
seribed, the unit dimensions which are continu-
ously modified during winding are the pitch of
the winding, Fig. 1, and the diameter of the
card or length of turn, Fig. 3. However, it will
be apparent that other parameters which de-
termine the resistance value per unit length of
resistor, may be continuocusly modifled during
the winding operation to obtain the desired char-
acteristic; for example, the cross-sectional area
of the wire may be varied by grinding or abrad-
ing or the resistance per unit length may b=e
varied by utilizing a composite wire formed cf
two elements of different unit resistance and
varying their relative effectiveness as by de-
positing or abrading ons of the component ele-
ments.

While there have been described what are at
present considered to be the preferred embodi-
ments of this invention, it will be obvious to
those skilled in the art that various changes and
modifications may be made therein without de-
parting from the invention, and it is, therefore,
aimed in the appended claims to cover all such
changes and modifications as fall within the true
spirit and scope of the invention.

What is claimed is:

1. Apparatus for winding a precision resistor
having a resistance characteristic accurately pre-
determined by that of a reference standard com-
prising, means for winding resistance wire on a
¢ard to form a resistor, cam means driven by said
winding means and an adjustable contact acti-
ated thereby for continuously varying the re-
sistanee value of said standard, an electrical
bridge including said resistor and said standard,
and means responsive to an unbalance of said
bridge for continuously controlling the action
of said winding means to modify a unit dimension
of said resistor.

2. In a potentiometer winder of the type hav-
ing a master potentiometer and resistance com-
parison means for adjusting rate of axial traverse
to rotational speed of a potentiometer being
wound, means for varying the resistance of the
master potentiometer in response to traverse of
wire along the potentiometer being wound, and
a replaceable cam interposed in said master po-
tentiometer varying means, said cam having a
contour for introducing a predetermined func-
tional relationship in resistance variation of the
master potentiometer as the potentiometer is
being wound.

3. In a potentiometer winder, lead screw means
for traversing wire to be wound axially along a
winding form, a master potentiometer with a
driving connection between the lead screw means
and the master potentiometer, and a cam and
cam follower linkage interposed in said driving
connection, said master potentiometer having a
linear relationship between its resistance and
the driving motion imparted thereto and said
cam having a contour such as to introduce a pre-
determined functional relationship in the re-
sistance variation.

4. A potentiometer winder comprising in com-
bination, a rotatable winding form support
adapted to carry a winding form on which re-
sistance wire is to be wound, movable lead screw
means for feeding resistance wire to the wind-
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ing form as it is beirig’ rotated, means for driv-
ing both the rotatable winding form support and
the lead screw means with an adjustable spsed
ratio, a master potentiometer with resistance
varying means driven by the lead screw means,
a resistance comparator responsive to the rela-
tionship between the resistance of wire wound
upon the winding form and the master poten-
tiometer resistance for varying said speed ratio
adjustment to vary the pitch with which wire is
wound on the winding form for correcting devi-
ations between the resistance function of the
wound wire and that determined by the master
potentiometer, and a linkage having a desired
functional relationship interposed between said
lead screw means and said master potentiometer
for causing a predetermined functional variation
between resistance of said master potentiometer
and movement of said lead screw means in order
to introduce such functional relationship into the
resistance function of wire wound on said winding
form.

5. A potentiometer winder comprising, in com-~
bination, a rotatable winding form support
adapted to carry a winding form on which re-
sistance wire is to be wound, movable lead screw
means for feeding resistance wire to the wind-
ing form as it is being rotated, a master poten-
tiometer means for driving the rotatable wind-
ing support and the lead screw means with an
adjustable speed ratio, and means connected to
be automatically responsive to said master po-
tentiometer means for varying the speed ratio
adjustment to produce potentiometers with a
predetermined resistance function.

6. Apparatus as in claim 5, in which resistance
measuring means is connected with said master
potentiometer and with said winding form re-
sistance wire.

7. In a polentiometer windeér having means
for rotating a winding form, means for travers~
ing the wire along the winding form and means
for adjusting the ratio of rotational speed to axial
traverse, a master potentiometer, means for
measuring the resistance of the wire being wound
to form the potentiometer, and means responsive
to the relative resistances of said master poten-
tiometer and that of the wire wound for con-
trolling the ratio adjusting means.

8. In apparatus for winding wire to form a
potentiometer, means for continuously making
electrical connection to a portion of wire which
has already been wound into the potentiometer,
a master potentiometer, and means for continu-
ously comparing the resistances of said master
potentiometer and that of the vortion of wire
already wound.

9. A forming machine comprising, in combi-
nation, a rotatable support atapted to carry a
device being formed, movable lead screw means
for feeding material to the support as it is being
rotated, means for driving the rotatable support
and the screw means with an adjustable speed
ratio, a master variable element driven with said
screw means for varying a characteristic of the
master element, and a comparator responsive to
the relationship between magnitudes of the pre-
determined characteristics of the master ele-
ment and the device being formed for varying
said speed ratio adjustment to vary the form of
the device being formed for correcting deviations
between magnitudes of the characteristics of the
device being formed and the master element,.

10. A potentiometer winder, comprising a

. winding form support, wire feeding means, means
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~for. imparting relative - rotation between said
support and said feeding means, and means for

imparting relative. traversing motion ‘between

-said support and said feeding means, master
-potentiometer means and means responsive to
said master potentiometer, means for varying
the speed ratio of said motions to produce a pre-
determined resistance function of wire wound
on the winding form.

-11. A potentiometer winder comprising in com-
bination, a support adapted to carry a winding
“form on which resistance wire is to be wound, a
device for feeding resistance wire to a winding
form carried by said support, mechanism pro-

‘ducing relative rotation between said support-and 1

.said wire feeding means, lead screw means. for
.producing relative traversing motion between the
winding form support and the wire feeding means,
‘means for driving both.the winding mechanism
-and the lead.screw means with an-adjustable
speed ratio, s master potentiometer with resist-
ance varying means. driven by the lead screw
means, and g resistance comparator responsive to
the relationship between the resistance of wire

wound upon the winding form and the master 25

potentiometer resistance for varying said speed
ratio adjustment to vary the pitch to which wire
is wound on the winding form for correcting de-
‘v1at1ons between -the resistance function of the
wire.wound and- that determmed by the poten-
‘tiometer. - - --

12. Apparatus as in clalm 11 wherein a link-
age having a desired functional relationship is
interposed between the lead screw means and the
master potentiometer for causing a predeter-
mined functional variation between the resistance
of the master potentiometer and operation of the
lead screw means in order to introduce such func-
tional relationship into the resistance function
of wire wound on the winding form.
© 13. In a coil winding machine, means for wind-
ing a wire on a support to form a resistance
element, means for testing the resistance of the
winding as the winding operation proceeds, and
means controlled by said testing means for auto-
matically changing the turn spacing to compen-
sate for variations in the resistance of said wire.

14. In a coil winding machine, means for wind-
ing a wire in a predetermined winding space on
a support to form a resistance element, means
for testing the resistance of the winding as the
winding operation proceeds, and means controlled
by said testing means for varying the number of
turns put in said winding space in accordance
with the resistance of the wire.

15. In a coil winding machine, means for wind-
ing a wire on a support to form a resistance ele-
ment, means for testing the resistance of the
winding as the winding operation proceeds, said
last means including a bridge circuit in which
said winding forms one arm of the bridge, and
means responsive to an unbalanced condition of
said bridge circuit for automatically changing
the spacing of the turns of said winding to com-
pensate for variations in the resistance of said
wire.

"16. In a coil winding machine, means for wind-
ing a wire on a support fo form a resistance
element, means for testing the resistance of the
winding as the winding operation proceeds, said
last means including a bridge circuit in which
said winding forms one arm of the bridge, a
resistance the value of which increases linearly
during the winding operation forming the oppo-
site arm of said bridge, and means responsive to
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an unbalanced condition of said bfidge circuit
and sensitive to the direction of unbalance ‘for
increasing or decreasing the spacing of the turns
of said winding depending on whether the resist-
ance of said wire is too high or too low.

17. In a coil winding machine, means for wind-
ing a wire on to a supporting element to-form a
coil thereon, and means for spacing the turns of

-said coil apart as the coil is wound, said means

including an element which ‘is adapted to pro-
duce g predetermined varying spacing and which
is readily interchangeable with a similar element

‘adapted to produce a different predetermmed

varying spacing.

18. In a coil winding machine, means for wmd—
ing a wire on to a supporting element to form
a coil on the element having a plurality of turns,
wire guiding means for delivering the wire to
said element, means for producing a relative

-movement between saii element and guiding

means to space said turns, and means including
a cam for controlling said movement, said cam
having an operative contour which is effective to

‘prodiice a spacing which varies from turn to turn

according to a predetermined law.

19. A method of winding a precision res1stor
having a resistance characteristic accurately
predetermined by that of a reference standard
comprising, winding resistance wire on a-card

‘to form. a- resistor, continuously comparing the

resistance value of at least a portion of said
resistor during winding with that of a correspond-
ing variable portion of the standard, continu-
ously modifying the unit dimensions of said re-
sistor in response to deviations in the resistance
value of said portion thereof from that of said
portion of the standard, and introducing a non-
linear factor into said comparison to impart a
predetermined resistance-displacement charac-
teristic to the resistor.

20. Apparatus for winding a precision electrical
element having an electrical characteristic accu-
rately predetermined by that of a reference stand-
ard comprising, means for winding a conductor
to form an electrical element, means for con-
tinuously comparing the value of said electrical
characteristic of at least a portion of said element
during winding with that of a corresponding vari-
able portion of the standard, means responsive to
deviations in the value of said characteristic of
said portion of said element from that of said
portion of said standard for continuously con-
trolling the action of said winding means to
modify the unit dimensions of said element, and
cam means for modifying the action of said com-
paring means to impart a predetermined electri-
cal resistance-displacement characteristic to
the element.

21, Apparatus for winding a precision resistor
having a resistance characteristic accurately pre-
determined by that of a reference standard com-
prising, actuating means for winding resistance
wire on a card to form a resistor, actuating
means including an element for deriving from
said reference standard an effect representative
of resistance from point to point thereof, means
for continuously comparing said effect with a
corresponding effect derived from the resistor
during winding, means responsive to the differ-
ence of said effects for continuously controlling
the action of said winding means to modify the
unit dimensions of said resistor, and cam means
for modifying the action of said comparing means
to impart a predetermined resistance- dlsplace-
ment characteristic to the resistor,
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22. Apparatus for winding a preecision resis-
‘tor having a resistance characteristic accurately
predetermined by that of a reference standard
comprising, means for winding resistance wire

on a card to form a resistor, means for cen-

tinuously comparing the resistance value of at
least a portion of said resistor during winding
with that of a corresponding variable portion
of the standard, means responsive to deviations
in the resistance value of said portion of said
‘resistor from that of said portion of said stand-
.ard for eontinuously controlling the action of
said winding means to modify a unit dimension
of said resistor, and cam means for modifying
the action of said comparing means to impart a
predetermined resistance-displacement echarac-
teristic to the resistor.

23. Apparatus for winding a preecision resis-
tor having a resistance characteristic accurately
predetermined by that of a reference standard
comprising, actuating means for winding resist-
ance wire on a card to form a resistor, actu-
ating means and an adjustable contact actuated
thereby for eontinuously varying the resistance
value of said standard, an eleefrical bridge in-
-cluding said resistor and said standard, means
responsive to an unbalance of said bridge for
continuously controlling the action of said wind-
ing means to modify a unit dimension of said re-

sistor, and cam means included in one of said 30

actuating means for imparting a predetermined
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resistance-displacement characteristic to the re-
sistor,

24, Apparatus for winding & preeision resistor
having a resistance characteristic aceurately pre-
determined by that of a reference standard com-
prising, a winding mechanism including means
for winding resistance wire on a card and ad-
vaneing means for producing relative transverse
movement between said card and said feeding
means to form a resistor, means for eontinuously
comparing the resistanee value of at least a por-
tion of said resistoer during winding with that of
a corresponding variable portion of the standard,
means responsive to deviations in the resistance
value of said portion of said resistor from that of
said portion of said standard for developing a
control effect, and means responsive solely to said
control effect for actuating one of said winding
mechanism means, whereby upon failure of said
contral effect, normal winding of a resistor is in.
terrupted. s

HENRY ERWIN HALE.
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