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COMPLETE SPECIFICATION

Electromagnetically Actuated Mechanical Oscillators particularly for
use in Electronic Timepieces

We BuLova Watca Company, INC., a
corporation organized under the laws of
the State pf New York, one of the United
States of America, of 630 Fifth Avenue,
City and State of New York, United States
of America, do hereby declare the inven-
tion, for which we pray that a Patent may
be granted fo us, and the method by which
it is to be performed, to be particularly
described in and by the following state-
ment:—

This inventipn relates generally to elec-
tromagnetically actoated oscillating struc-
tures,

In British Patent Specification Nos.
854196, 955559 and 981014 there are dis-
closed eclectronic {imepieces including a
self-sufficient timekeeping standard consti-
tuted by a tuning fork whose vibrations are
sustained by two electromagnetic trans-
ducers operating in conjunction with a
battery-energized {ransisior circuit. The
vibratory action of the fork is converted
intp rotary motion to turn the dial pointers
of the timepiece.

In timepieces made in accordance with
the above-listed patents, each clectromag-
netic clement attached to the end of the
of the fork, the transducer including a mag-
netic element attached to the end of hie
agsociated tine and vibrating therewoth, The
magnetic element on one tine moves back
and forth with respect to a first drive coil
section occupying a fixed position, and that
on the other tine moves back and forth
both with respect to a second drive coil and
a sensing coil, these coils aiso being fixed.
The first and second drive coil sections are
connected in series to the output circuit of
the transistor, the sensing coil being con-
nected to the input thereof, whereby alter-
nating voltage induced in the sensing coil
renders the transistor conductive to produce
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current pulses in the drive coil sections for
magnetically actuating the tines,

The physical arrangement of timepieces
made in accordance with the above-listed
patents is necessarily such that the trans-
ducer coils are supporied on the framework
of the timepiece on either side of the fork,
the transistor as well as the resistor and
capacitor circuit elements associated there-
with also being mounied on the framework,
connections being made between the cpils
and the circuit elements. In designing a
highly compact electronic watch using the
tuning-fork principle, the space requirements
for an arrangement of this type impose dis-
tinct limitations on the degree of compac-
tion which s attainable.

When a battery-operated timepiece is fo
be confined within a small watch casing or
in a miniature chamber of similar dimen-
sions where space is at a premium, it is
essenitial that the electrical and mechanical
efficiency of the sysiem be of an excep-
tionally high order. Otherwise any loss of
energy, which in a large-scale device may
be negligible, can give rise o serious draw-
backs in a more compact structure. It is
vital, therefore, that the transducer or trans-
ducers which actnate the fork operate at
optimum efficiency. for in this way, even
with a battery of small capacity, it is pos-
sible to sustain the vibratory action of the
fork for a prolonged period.

According to the preseni invention there
is provided a unitized electromagnetically
actuated oscillating structure comprising a
mechanical oscillator having a pair of os-
cillating members which oscillate in phase
opposition, a2 magnetic element secured to
one of the members and oscillating there-
with, the element having an air gap across
which extend magnetic lines of flux, and
an electronic circuit assembly secured to
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the other of said members, the assembly in-
cluding a drive coil and a sensing coil, both
of the coils being disposed in or extending
into the air gap, the circuit being arranged
to generate current pulses in the drive coil
to creafe a magaetic force imparting a first
or forward momentum to the magnetic ele-
ment and a second or backward momentum
to the electronic circuit assembly.

Further, the mechanical oscillator may
be, for example, a tuning fork, and the
magnetic element provided with a perma-
nent magnet structure having un air gap
across which extend magnetic lines of flux,
and secured to the end of one tine of the fork,
the coil and electronic circuit assembly be-
ing secured to the end of the other tine,
which assembly includes a drive coil and a
sensing coil, the coils being disposed within
said air gap, the sensing coil being con-
nected to generate the input and the drive
cpil being connected to receive the output
of said electronic circuit, whereby pulses
induced in the sensing coil cause the elec-
tronic circuit to feed current pulses, derived
from a battery external to the unitized struc-
ture, to the drive coil to create a magnetic
force imparting a forward momentum to
said magnetic element and an equal back-
ward momentum on said drive coil to cause
simultaneous deflectipn of the tines.

In the form shown in the accompanying
drawings, the elecironic circuit comprises
an NPN silicon tramsistor, together with a
capacitor and resistor consfituting biasing
means o maintain the transistor normally
in a quiescent or cut-off conditipn save for
that period, once each tuning fork cycle,
when the bias is overcome by the effect of
the voltage induced in the sensing coil,
thereby rendering the transistor conductive
and delivering a pulse of current Lo the drive
coil to sustain fork vibration. It is tp be
understood, however, that the particular
circuit configuration is by way of example
only and that other means of excitation
can be employed in conjunction with the
transducer,

In order that the invention may be more
clearly understood and readily carried into
effect, the same will now be described more
fully and by way of example with refernece
to the accompanying drawings, in which:

Fig. 1 is a perspective view of one em-
bodiment of a unitized electromagnetically
actuated oscillating structure including a
tuning fork;

Fig. 2 shows an arrangement diagram of
electrical components supported on one tine
of the fork:

Fig. 3 is a schematic circuit diagram of
the transistpr circuit associated with the
transducer coils;

Fig. 4 is an exploded view of the electro-
magnelic transducer elements and electronic

control circuit assembly borne by the tines
of the fork;

Fig. 5 is a longitudinal section taken
through the electromagnetic transducer and
¢lectronic control circuit assembly;

Fig. 6 is a sectional view showing another
form of electromagnetic transducer;

Fig. 7 schematically shows another elec-
tromagnetic transducer arrangement;

Fig. 8 illustrates schematically
another transducer arrangement; and

Fig. 9 schematically shows yet another
transducer arrangement;

Referring now tp the drawing, and more
particularly to Figs. 1 to 5, there are shown
components of an electronic timepiece em-
ploying a unitized electromagnetically actu-
ated oscillating structure as a timekeeping
standard. It is to be understood that while
the invention is illustrated in the context of
time-keeping, similar structures are usable
as frequency standards in optical modula-
tors, tuned filters, and in various other ap-
plications requiring high “Q” electromag-
netically-actuated tuning forks. It is also to
be understood that the invention is appli-
cable to other forms of oscillating devices
which are constituted by twp vibratory
members oscillating in phase opposition,
Such devices may take the form of a tor-
sional fork, a pair of torsional pendulums
or a pair of vibrating reeds.

The tuning-fork in this form comprises
a4 U-shaped tuning fork baving a pair of
flexible tines 10 and 11 and a stem 12 pro-
jecting from the base of the fork. The fork
is mounted by attaching stem 12 to the
framework or pillar plate of the timepiece.
The vibratory action of the fork is con-
verted into rotary motion by a mechanical
motion transformer constituted by an in-
dex finger 13 secured to and exiending
from a post on tine 10, the jeweled tip of
the finger engaging the ratchet teeth on an
index wheel 14 such that with each forward
stroke of the finger the wheel is advanced
one increment. Retrograde motion of the
wheel is prevented by a pawl 15, one end
of which is secured to a post mounted on
the pillar plate, the jeweled tip thereof en-
gaging the teeth of index wheel 14.

The rotation of index wheel 14 is at a
rate determined by the pperating frequency
of the fork and the ratio of this frequency
to the number of tecth on the wheel, this
motion being transmitted to a suitable gear
train for turning the dial pointers of the
timepiece. The tuning fork has no pivots or
bearings, and its timekeeping action is
therefore independent of the effects of fric-
tion. While a mechanical motion trans-
former is shown, it will be appreciated that
the fork structure may be combined with
magnetic escapements or other means to
convert the regulated vibratory action there-
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of into other forms of motion or cnergy.

A single transducer is employed to sus-
stain the tuning fork in vibration at its
natural frequency, the transducer being
constituted by a magnetic element secured to
the end of tine 10, and generally designated
by numeral 16, and a coil and transistor
circuit assembly secured fo the other tine
11, and generally designated by numeral
17.

Magnetic element 16 is constituted by a
generally cylindrical cup 18 of magnoetic
material, such us iron, and a permanent
magnet rod 19 coaxially mounted therein,
which may be made of Alnico or similar
material. Rod 19 is supported from the
end wall of cup 18 to provide a magnetic
circuit in which lines of magnetic flux ex-
tend across the annular air gap defined by
the inner rod and outer cup.

Cup 18 is slotted longitudinally along
diametrically opposed planes to form open-
ings 184 and 18/ which effect a substantial
reduction in the dimensions of the irams-
ducer with relatively little flux leakage.
These cut-puts also act to reduce the space
occupied by the cup as well as to prevent
so-called “dashpot effects” resulting {rom
air compression of the magnet and rod
structure. It will be seen that the end of
tine 10 is attached to the side of cup 18 at
the midpoint thereof, whereby the axis of
rod 19 is normal to the axis of the tine.

The cpil and circoit assembly 17 is sup-
ported on tine 11, this being accomplished
by means of a mounting ring 20 having a
rectangular cross section. Ring 20 is at-
tached at an upright position to the end of
tine 11, the center aXis of the ring being
aligned with the axis of rod 19. the outer
diameter of the ring being substantially the
same as that of cup 18 of the magnetic
element. Telescopically received within ring
20 and propjecting into the annular air gap
in magnetic clement 16, is a tubular carrier
21 formed of a suitable non-conducting
material such as plastic.

Carrier 21 has a relatively Iong forward sec-
tion 21a whose outer diameter is slightly less
than the inner diameter of ring 20, and a
short rear section 21h whose outer diameter
corresponds to the outer diameter of the
ring, thus forming a shpulder 21c which
rests against the flat end of the ring. Screws
22 passing through bores in rear section
216 and entering threaded bores in ring 20,
serve to secure the carrier to the ring. Alter-
natively, the carrier may be cemented or
riveted to the ring.

Forward section 2lg of the carrier is
received concentrically within the annular
air gap between rod 19 and cup 18 of the
magnetic element, a circumferential groove
being formed on the forward section fo
accommodate a drive coil 23 and a sensing

coil 24 wound thereabout. In praclice, sens-
ing coil 24 may be superposed above drive
coil 23 on the carrier, or they may be
wound in side-by-side relation. A bifilar
arrangement of sensing and drive coils may
also be used. Thus, it will be appreciated
that to mpunt these coils on the same time
eliminates a multiplicity of flexing electri-
cal leads which would otherwise be re-
quired.

Housed within the hollow rear section
21bh of the carrier are the components of
the electronic control circuit associated with
the coils. The components which are illus-
trated in block form in Fig. 2 and in
schematic form in Fig. 3, are a silicon trans-
istor 25 of the NPN type having an emitter
E, a collector C and a base B, a capacitor
26 and a resistor 27, all of the components
being cylindrical in form. The components
include pigtail leads, and these are used
to support the components within the car-
rier, the leads being connected {o terminal
posts 28 projecting from the annular end of
carrier 21. In practice these components
and the connections therebetween may
be in printed-circuit or micro-module form.

Power for the electromic circuit is sup-
plied by means of a battery cell 29, prefer-
ably of the mercury type (i.c., 1.3 volis),
yielding a constant voltage for almost the
full duration of its useable life. Battery 29
is placed at a suitable location within the
chamber or casing housing the tuning-fork
siructure, and in the circuit shown, is con-
nected between one end of drive coil 23
and collector C of the transistor.

Thus two comnections are called for to
complete the battery circuit. However,
since in practice the tuning fork is made
of conductive material and is secured to
the framework of the timepiece or pillar
plate by means of stem 12, one conuection
may be made without the use of a separate
conductor, by attaching the contact 30 for
the positive pole of the battery to the frame-
work,

Contact 31 for the negative pole of bat-
ery 29 must, however, be connected to drive
coil 23 supported on tine 11, and since the
coil vibrates therewith, it is essential that
this connection npt interfere with the vibra-
tory action of the fork. To this end, the
connection is made by a slender U-shaped
lead 32 of spring metal, one end of this
conductor being connected to contact 31
engaging the battery, and the other, to coil
23. Conductor 32 is preferably made of a
temperature - compensating  alloy whose
properties are the same as the alloy used
in fabricating the tuning fork.

The spring characteristics of resilient
conductor 32 are made such that its elastic
force is slight as compared to that of tun-
ing-fork tine 11, This fact, coupled with
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the fact that the temperature coefficient of
the conductor matches that of the fork, mini-
mizes the adverse influence of the spring
on the “Q” or efficiency of the fork. For
practical purposes, this influence is negli-
gible. Alternatively, a hair of highly flexible
wire could be used in lieu of the spring
lead.

The operating frequency of the fork is
determined not by the fork per se, but by
the combined mass of the tines and the ele-
ments mounted thereon. For highest oper-
ating efficiency, it is essential that sym-
metry exist as between the centers of gra-
vity of the two oscillating masses with re-
spect to the axis of symmetry of the fork.
In practice, therefore, magnetic element 16
on tine 10 is made such that its mass and
center of gravity substantially match that
of the coil and circuit assembly 17 on tine
11. To effect small corrections in operating
frequency, the expedients described in the
above-identified specifications may be used.

In the electircal circuit shown in Figs, 2
and 3, it will be seen that drive coil 23 is
connected at one end to emitter E of the
transistor, and at the other end through
battery 29 tp collecior €. Collector C is
connected through resistor 27 to base B of
the ftransistor, the base being connected
through capacitor 26 and sensing coil to
emitter E.

In operation, when transistor 25 is ren-
dered momentarily conductive, a current
pulse derived from battery 29 flows through
drive cpil 23, the resultant magnetic field
producing an axial thrust on magnetic ele-
ment 16, this action producing an equal
and opposite reaction in the coil and circuit
assembly 17. Since magnetic element 16 is
mounted on line 10 and assembly 17 on
tine 11, the tines are deflected in opposing
directions,

The movement of magnetic element 16
and coil circuit assembly 17 relative to each
other induces a back EMF in drive cpil 23
and in sensing coil 24, Since this recipro-
cation is in accordance with fork meotion,
the back EMF assumes the form of an
alternating voltage whose frequency corres-
ponds to fork frequency. The voltage in-
duced in sensing coil 24 is applied to the
base B of the transistor and overcomes a
bias imposed thereon by resistor 27 and
capacitor 26 to control the instant or phase
position in the course of each cycle when
the drive pulse is to be delivered to the
drive coil.

The back EMF developed in the drive
coil is in series opposition to the voltage
applied by battery 29 between emitter E
and collector C of the transistor. Battery
voltage has a constant value, whereas the
back EMF is a funclion of tine amplitude.

65 The operation of the transistor during its

conductive periods is controlled in accprd-
ance with the algebraic sum of the battery
and back EMF voltage applied thereto, and
the amplitude of fork vibration is thereby
regulated. The behavior of this and similar
circuits is explained more fully in the U. §.
patent specification 2,971,323,

It must be borne in mind that, at the
same frequency and amplitude of vibration,
the voltage induced in the single coil of the
present arrangement is the same as the sum
of the voltages induced in the two coils of
prior arrangements, provided of course that
like coils and magnets are employed for
both systems. This is because there is twice
as much relative motion between the coil
and magnet, where both are vibrating in
phase pppaosition.

The unitized oscillating structure, as
above described, has three important ad-
vantages over prior arrangements. It re-
quires less space and makes feasible highly
compact timepieces. The fact that the mech-
anical driving impulses on the tines are
exactly identical, optimizes tuning-fork
performance, while the simplified design of
the siructure effects significant economies in
produciion costs as well as affording greater
operating reliability.

In the form shpwn in Fig. 6, a single
transducer is again used to operate a tun-
ing fork, the transducer including a mag-
netic element 33 and a coil and circuit
assembly 34 attached to tines 10 and 11,
respectively. However, in this instance, the
magnetic element has a horseshoe configu-
ration and inclues a polepiece § and a
polepiece N, between which is an air gap,
the polepieces extending in planes perpen-
dicular to the axis of the tines.

Carrier 35 is reel-shaped, and includes
a circumferential channel 35z and an inner
well 35b. Drive cpil 23 and phase-sensing
coil 24 are wound about carrier 35 in
channel 35a, the carrier being supported
at the end of tine 11, whereby the coils are
disposed within the air gap between mag-
netic polepieces N and S. The electrical com-
ponents 25, 26 and 27 lie within well 355
and are connected to the coils in the man-
ner described in connection with Figs. 2
and 3. This form has the same advantages
as the form previously described.

In Fig. 6, only one portion of the cpils
23 and 24 lies within the air gap of the
horseshoe magnet. To increase the flux
linkage, Fig. 7 shows an arrangement where-
in the coils 23 and 24, mounted on tuning
fork tine 11, operate within two magnetic
air gaps, one being defined by a first horse-
shoe magnet 36 and the pther by a second
horseshoe magnet 37. The two magnets are
supported on tine 10 by a non-magnetic
yoke 38. The actual shape of these magnets
may be circular, as shown, or rectangular,
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as in Fig. 6. The electronic circuit is sup-
ported within the ccil form, very much as
m Fig. 6,

Alternatively, the two air gaps may be

5 {ormed, as shown in Fig. 8, by two bar
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magnets 39 and 40 in spaced parallel rela-
tion, held together by non-magnetic frame
members 41 and 42, the curved poles of
the bar magnets at either end defining the
air gaps.

In the arrangement shown in Fig. 9, the
iwo air gaps are formed from a single mag-
netic element 43 having slots cut there-
in at either end to define the air gaps within
which the coils are received. The slots may
be inclined or curved as mnecessary, to con-
form to the path of travel. Since the path
of a vibrating tine is arcuate, the actual
configuration of the air gaps in Figs. 7 and
8 will also be such as to suit the path of
travel. The transducer arrangements in Figs.
7. 8 and 9 operate essentially in the same
manner as those in the previous forms.,

It will be apparent that the present elec-
tromagunetically operated oscillators may be
constructed in other forms lying within the
scope of the follpwing claims,

WHAT WE CLAIM IS:—

1. A unitized electromagnetically actu-
ated oscillating structure comprising a
mechanical oscillator having a pair of os-
cillating members which oscillate in phase
opposition, a magnetic element secured to
one of the members and oscillating there-
with, the element having an air gap across
which exiend magnetic lines of flux, and an
electronic circuit assembly secured to the
other of said members, the assembly in-
cluding a drive coil and a sensing coil, both
of the coils being disposed in or extending
into the air gap, the circuit being arranged
to generate current pulses in the drive coil
to create a magneiic force imparting a first
or forward momentum to the magnatic ele-
ment and a second or backward momen-
tum to the electronic circuit assembly.

2. A structure as set forth in claim 1,
wherein the oscillator is a torsional fork.

3. A struciure as set forth in claim 1,
wherein the oscillaior is constituted by a
peir of tarsional pendulums,

4. A unitized electromagnetically aciu-
ated oscillating structure having ifs parts
constructed, arranged and adapied to opesr-
ate substantially as hereinbefore described
with reference to Figs. 2 and 3 zad Figs. 1,
4 and 5 or Fig. 6 or Fig. 7 or Fig. 8 or
Fig. 9 of the accompanying drawings,

5. A unitized electromagnetically actu-
ated oscillating structure as claimed in
claim 1, wherein the mechanical oscillator
consists pf a tuning fork having a pair of
vibratory tines, the magnetic element being
secured to ome of the tines and vibrating

65 therewith, the coil and electronic circuit

assembly being secured to the other tine
and vibrating therewith, the electronic cir-
cuit having an isput and an output, the
input being generated in the semsing coil
and the output being generaied in the drive
coil, whereby the a-c voltage induced in the

sensing coil in the course of its vibration.

renders the electronic circuit conductive
once each cycle to deliver a current pulse
to the drive coil to create a magnetic ficld
producing a mechanical acfion on the mag-
netic element and an equal and opposite
reaction on the assembly, causing the tines
to be simultaneously and identically im-
pulsed in opposing directions.

6. A structure as claimed in claim 5,
wherein the magoetic element has a horse-
shoe-shaped cpnfiguration and wherein the
coils are disposed in the air gap defined by
the poles of the magnetiic element.

7. A structure as claimed in claim 35,
wherein the magnetic clement is formed by
a cylindrical cup of magnetic material, and
a permaneni magnet rod coaxially disposed
therein to form a magnetic circuit having
an annular air gap.

8. A structure as claimed in claim 7,
wherein the assembly includes a carrier
which is tubular and is received concentri-
cally within the annular gap, the drive coil
and sensing coil being wound thereon.

9. A structure as claimed in any one of
claims § to 8, wherein the mass of said mag-
netic element substantially matches the
mass of said coil and electronic circuit as-
sembly,

10. A structure as claimed in any one
of claims 5 to 9, wherein the elecironic
circuit includes a resistor, a capacitor and
a transistor, all of which are attached to a
tubular carrier.

11, A timepiece including the structure
as claimed in any one of claims 5 to 10,
including means to convert the vibratory
action of at least one of the tines into rotary
motion for turning the dial pointers of the
timepicce.

12. A tmepiece as claimed in claim 11,
wherein the converting means is a mecha-
nical motion transformer including a finger
atfached to one of said iines and engaging
a ratchet wheel.

13. A timepiece including the structure
as claimed in any one of claims 5 to 10
or claims 11 or 12, further including a pillar
plate, means monnting the fork structure
on (e plaie, a batiery for energizing the
circuit borne on the other iine, one pole of
the batiery being connected to the circuit
through the plate and the fork, and a flex-
ible conductive lead connected between the
other pole of the battery and the circuit
whereby the other fine is free to vibrate.

14. A timepiece as claimed in claim 13,
wherein the fork is fabricaied of a tempera-

70

80

85

90

95

100

105

110

115

120

12>

130



6 1,186,065 6

ture-compensating alloy and the conductive substantially as hereinbefpre described with

lead is formed of the same alloy. reference to the accompanying drawings. 10
15. A timepiece as claimed in claim 13 HASELTINE, LAKE & CO.,
or 14, wherein the conductive lead has a Chartered Patent Agents,
5 resiliency characteristic which is slight in 28, Southampton Buildings,
comparison to that of said other tine. Chancery Lane,
16. A timepiece having its parts con- London, W.C.2,
structed, arranged and adapted to operate Agents for the Applicants.

Printed for Her Majesty’s Stanonerv Office by The Tweeddale Press Ltd., Berwick-upon-Tweed, 1970
Published at the Patenr Office, 25 Soumam%ton bBLﬂlOer:, London. W. C.2 2, from which copies may
e oblainad.
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