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SECTION I

FOREWORD

This Summary Report describes the Engineering and
Production of Movement Assembly, MTI', 90 Second, T3EZ2,

T4C1l and TSEl for Mechanical Time Bomb Fuzes., The work
performed by the contractor, Hairspring Vibrating Co.,
covered the engineering of the movement assembly to
effect a self-starting unit, minimize costs, reduce lead
time, assure the production rate of 100,000 units per
month and a sufficient quantity of test samples were
fabricated to prove out the engineering performed.

Our approach was to strengthen the weak areas of
both the R&D and partially production engineered version
and to eliminate the extreme manufacturing difficulties
encountered by producers of the R&D models. Sketches and
models were made. Frequent engineering conferences were
held with the arsenal representatives to evaluate contractor
sketches, models, test results and recommendations. Draw-
ings were revised to reflect the conclusions arrived at.

Bodies of both the R&D T3 and the partially pro-
duction engineered TSEl were modified to accept the new
components proving the respective re-design. Following
the test and prototype phases, Government owned tooling
was modified and complimented with the manufacture of

auxiliary Jjigs and fixtures.
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Since the "Scope" did not include hard tooling, only
soft tooling was used to make the tust samples proving out
drawing changes. No hard tooling was made for the subsequent
fabrication of the 25 Pilot Lot and 250 Production Quantity.

Difficulties were resolved in the areas of gearing,
mainspring specification and testing, measurement of surface
roughness and waviness, escapewheel manufancture and
lubrication. Closing documents consisted of Final Drawings,
Specification Draft, Notes on Development Type Materiel,
Inspection Equipment Concept Sketches, Sequence of Operations,

Final Summary Report and a Lubrication Study.
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SECTION 1I

SUMMARY OF SPECIFIC ENGINEERING MODIFICATIONS BY AREA

I ESCAPEMENT

A. A detached pin and lever escapement was used to
replace the R&D Yunghans type escapement virtually
eliminating torque and position sensitivity, and greatly
increasing cycle completion reliability.

B. Torque sensitivity was eliminated by the inherent
insensitivity of the pin and lever design.

C. Position sensitivity was eliminated by dimension-
ing the pallet and components of the balance assembly to
locate the center of gravity on their respective axis, by
maintaining minimum pivot/bearing looseness of the balance
assembly and by designing minimum mass with a maximum
balance inertia.

D. Various escape wheel teeth profiles, tolerances and
impulse face surface finishes were tested to effect good
performance with minimum cost yet maintaining isochronism.,

E., Attachment of.the hairspring was simplified
providing a secure lock yet permitting beat rate adjustment
when needed in the final assembly,

F. All parts and assemblies of the escapement were
ruggedized to withstand the higher than normal torque trans-

mission and rough handling tests.
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II TORQUE TRANSMISSION

A. Torque delivery was increased through a redesigned
winding mechanism and center arbor, thus providing additional
space for a larger mainspring. Torque delivery was held at
a more constant delivery by a symmetrical distribution of
the pillar posts.

B. Difficulty in obtaining correlation of mainspring
torque measured by various testing apparatus resulted in
the design of a simple test fixture for use in acceptance
of mainsprings from subcontractors.

III GEARING

Both cycloidal and involute tooth form gearing were
tested. Cycloidal was chosen for the final design.
IV  MOUNTING ERRORS

To assure proper alignment and ease of final assembly,
the ideal or basic relationship was established for each
mating component and held to tolerances consistent with
method of manufacture,

v MOUNTING PLATES

A. Minimum thickness of the plates consistent with
securely containing gearing and escapement sub-assemblies
during extremes of shock and vibration was accomplished by

proper positioning of supporting pillar posts.
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B. Tests were conducted to determine the effect of
pivot bearing surface micro-finish and countersinking of
the pivot holes on the beat rate.

VI STAKING OF SUB-ASSEMBLIES

Staking operations were given careful study with
regard to withstanding torque, loads and rough handling.

VII LUBRICATION

The original intention to design an unlubricated
movement assembly was abandoned when a loss of beat rate
at -65°F occurred. An intensive study of available
lubricants resulted in the use of a dry lubricant in the

final design.
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SECTION IIX

NARRATIVE OF SPECIFIC ENGINEERING PERFORMED BY AREA

I ESCAPLEMENT

A. General Discussion
The main change which was proposed to increase
functioning reliability and reduce manufacturing difficulties
of the R&D designcd movement assembly was to replace the
Yunghans type escapement with a detached pin and lever
escapement. The advantages over the R&D designed escapement

are as follows:

R&D Design P.E. Design

Torque sensitive Relatively torque

insensitive
Position sensitive Relatively position
insensitive
Requires impulse starter Self~starting with high
starting reliability

Poor timing accuracy High timing accuracy

Poor cycle completion
reliability

Requires selective
assembly of pallet and
escape wheel

High cycle completion
reliability

No selective assembly
required

In order to determine the general design of the

escapement, a Meylan ¥10 second fast beat stop watch was used,

the following parts of which were modified to fit the R&D
and partially production engineered movement assemblies:

a. The escape wheel was fitted to the R&D pinion.
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b. The pallet lever was bent to fit the curvature
of the R&D plates and a new pallet/balance center distance
was located.

c. A new balance shaft with rugged .016 inch
diameter straight shank pivots was madé and fitted to the
Meylan balance.

d. The Meylan safety roller was modified to fit
the new balance shaft,

e. The Meylan roller jewel was replaced with a
012 inch diameter rugged, steel, straight shank impulse pin.

f. A series of graduating strength hairsprings were
experimentally selected from our large range of stock sizes.

The hairspring strength was gradually increased
until its restoring torque was equal to the force exerted by
the draw angle of the escape wheel, At this point, oscilla-
tion of the balance was maintained at a high amplitude. The
beat rate of the balance was then steadily increased through
the use of stronger hairsprings and lighter balances.
Various beat rate testing apparatus and a means of directly
reading the rps of the output shaft were used to determine
the beat rate as well as its consistency. The final
configuration of the balance was a spoke having a small mass
at each end.

Having ascertained that inertial restraints would

pose no serious obstacles to proving our "approach",
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theoretical studies were conducted to determine the geometry

needed to ensure a balanced pallet lever to fit the TOEl
| movement bodies.
| A range of beat rates were experimentally deter-
mined which, when used with the available gearing from the
previously partially production engineered TS5El movement
assembly, would perform satisfactorily under extremes of
temperature and vibration. A beat rate of 235 beats per
second was chosen as the best to use as relating to the
reduction gearing ratio and the required output shaft rps.
Report No. 6 shows the test results obtained from these
modified movement assemblies. The balance amplitude ranged
from 180° to 530° for input torques ranging from 4 to 40
ounce inches,

As finally designed, the average torgue-amplitude
test results at various input torque levels using the final

designed 23 0z. in. mainspring were:

Rev.from Output Shaft Balance

full wound Torque (o0z.in.) Amplitude (deg) change
o) 23 3/4 370 -0~
1/2 23 360 1 -0-
1 22 360 -0-
11/2 21 1/2 360 =0=-
2 20 1/2 350 -0-
2 1/2 19 1/2 350 +.005
3 18 1/4 340 +.01
3 1/2 17 1/2 340 O
4 16 1/4 320 +.05
4 1/2 15 1/2 290 +,10
5 12 3/4 270 +.19
5 1/2 12 220 +.27




ELECTRONIC

=\~

ff/ ./r%/ 74 {{y VIIBRATING co.

q
Div of
MEEH A CAl # TORQUE CONTROLS. INC.

B. Torque sensitivity

Torque sensitivity was at no time a problem due to
the detached nature of this pin lever escapement, 1In this
design the escape wheel pulses the pallet lever which in
turn pulses the balance and spring as the balance mass is
passing through its neutral position. In this position of
greatest balance velocity, frequency of oscillation is
independent of the driving force. The balance then is in a
free swing and coils the hairspring to which it is attached.
The recoil action of the hairspring returns the balance un-
locking the pallet from the escape wheel. The pallet lever
then receives a pulse from the escape wheel and in turn
pulses the balance and the cycle is repeated. The actual
timing control (the balance) is in contact with the pallet
lever less than 5% of the time and therefore friction is
minimized. Thus, the main reason for torque insensitivity
is that the pulse is applied over the neutral portion of the
arc of the oscillating balance, with maximum force and
maximum velocity.

Torque sensitivity in the R&D designed escapement
is attributable to the fact that impulses do not average
about the neutral position of the pallet lever. Locking
impact occurs when the pallet lever is farthest from its
neutral position adding friction to the pallet pivots.
Slight friction added to a deep escape-pallet lock will stop
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the lever motion. With essentially no free swing and a
great deal of friction, the timing accuracy is much more
dependent upon the pulse force than is the detached pin
lever escapement. Because of the gearing up of timing
mechanisms, the actual power transmitted to the escapement
is only a fraction of that which the mainspring delivers.
Any friction in the bearings, gearing and escapement detracts
from torque available from the power source. As the main-
spring unwinds the available power decreases, the rate of
the applied pulse force decreases due to the opposing slid-
ing frictional force between the pallet and escape wheel.
The sliding frictional force increases as the pulse rate
decreases, thereby an increasing opposing force is applied
and the timing inaccuracy multiplies. Only if the available
power remains constant at the escapement can the Yunghans
escapement be torque insensitive and have good accuracy.
With the P.E. hairspring fastened to the post, the
balance pivot, when not more than ,050" from its bearing
hole, will be isochronous i.e., the balance will perform
each oscillation in near equal time throughout the run of
the mainspring. The worst possible condition, which could
escape visual detection after assembly, has no significant
effect upon the critical first 1 1/2 revolutions from full

wound. Contributing to this isochronal effect are the

13
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properties of the mainspring, gearing, concentricity of
mounting, balanced ballet and balance and Ni Span "C"
hairspring material. Most important, however, is the design
relationship of the outer hairspring end (fastened at the
post) to the inner end (fastened to and generating from the
hairspring hub). This accomplishes an equalization of the
hairspring '"recoil force", symmetrically unlocking the
escapewheel on either side. The escapewheel reciprocates
with a symmetrical pulse through the pallet pins to the
balance. Thus the periodic times of each swing are
symmetrical notwithstanding loss in both mainspring torque
and related balance amplitude,
C. Position Sensitivity

The P.E. balance and hairspring assembly is
inherently torque insensitive due to the fact that its
center of gravity is essentially concentric with its axis of
oscillation. The high balance inertia also contributes to
its cyclic regularity. The pallet lever when assembled with
its various components, is essentially a balanced assembly.
Its center of gravity was both theoretically computed and
experimentally adjusted thereby avoiding possible position
sensitivity.

In the R&D designed escapement the pallet is not
balanced and its low inertia is easily influenced by chang-

ing pivot stresses in various positions,

14
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D. Escape iftheel

An escape wheel tooth profile designed to impart a
constant rate of acceleration to the balance showed no improve-
ment over the standard constant velocity profile. Various
draw and impulse angles and surface finishes of the
standard constant velocity design were tested to obtain the
optimum perfo~mance. During the testing, it was found that
the small area presented by the escapewheel 1lift angle
resulted in difficulty in measuring its surface finish.
Local Testing Laboratories had no means for a direct micro-
finish measurement of such small areas. As it was necessary
to support experimental results with objective data, as
opposed to questionable psychophysical visual inspection, a
search for adequate instrumentation resulted in the selection
of a Micrometrical Manufacturing Company Proficorder, the
only standard instrument available.

As a result of this testing, it was concluded that
none of the tested conditions significantly improved or
detracted from the results obtained using escapewheels to
the original specified dimensions. A considerable lessening
of tolerances and surface roughness and waviness resulted.
These wider tolerances opened the way for the manufacture of
a die stamped part, thus reducing costs. Such a die was
fabricated, stamped escapewheels were incorporated into test

movements, and the performance was most satisfactory,

15
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E. Attachment of Hairspring

A means of attaching the outer end of the hairspring
required careful study since we intended to design a "free
sprung" spring-mass assembly. "Free-sprung" simply means
that the spring-mass breaks away clean, free from error
introducing e.acumbrances e.g., a conventional type regulator.

The final design is simple, inexpensive, allows
for final adjustment when necessary and provides a rigid
secure fastening which is not affected by vibration or
rough handling. This was accomplished through the use of a
slot across one pillar post to receive the hairspring, and
a milled flat surface with a tapped hole to hold a die
stamped hairspring lock.

F. Ruggedizing

It was first thought that conical or cylindrical
pivots supported by olived jewels and supporting end stones,
as are found in all known accurate timers, would have to
be used to obtain the required accuracy. This approach,
however, was abandoned early in the project after tests
proved their inability to withstand shock. Tests on straight
shank pinion and Balance Shaft pivots established that the
added friction had no adverse affect upon performance at
the planned high beat rate, yet provided a considerable
margin of safety in shock and pivot/bearing load carrying
ability. Pinion and Balance Shaft pivots were designed to

16
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have adequate load carrying and shock resistant capabilities
and yet have their shoulders present a minimum rubbing
surface area on the supporting plates to minimize friction.
Torque transmitting pins were designed with a large rigid
base thus providing ample shock and load carrying capabilities.
The Balance Shaft was redesigned to eliminate the
separate part "Safety Roller"., These two parts are now one
component resulting in economies of manufacture and assembly
as well as providing an improved quality. This new Balance
Shaft was further improved by providing a shoulder or seat
for the Balance. This not only provided a greater support
for the Balance, but also eliminated the need for special
"controlled depth assembly fixtures".
The Hairspring Hub was then designed with an
extension on one side to seat directly against the balance
thus also being supported by the Balance Shaft shoulder.
The coiled hairspring is secured to the Hairspring
Hub by a 90° circular crimp which provides adequate resistance
to rough handling. When assembled to the balance and
securely fastened to the hairspring pillar post, the balance
mass is sufficiently supported and pivot friction is minimized.

I1 TORQUE TRANSMISSION

A. The torque delivery was increased and held at a
more constant output by enlarging the mainspring and by a

symmetrical distribution of the pillar posts.,

17
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The symmetrical positioning of pillar posts effects
a more concentric unwinding of the mainspring. Frictional
losses due to mainspring inter-coil friction and arbor
pivot side thrust were considerably reduced.

B. In order to assure that the performance of the
movement assemblies fabricated during the contract will be
duplicated, it was necessary to include a mainspring test
in the specification draft.

Mainsprings procured from different subcontractors
with the same stated torque requirement did not reproduce
the "under load" beat rates when assembled and tested in
movement assemblies. It was found that when the same spring
was tested in different torque testing machines, different
results were obtained. Therefore, a torque testing fixture
was designed, built and satisfactorily proven to be repro-
ducible and capable of assuring mainspring conformance to
the torgue requirements specified on the drawing. The main-
spring drawing was also revised to reflect required material
mechanical properties after heat treatment.

III GEARING

Both cycloidal and involute gearing were tested
and found satisfactory. The cycloidal was the British
Standard 978 Part 2, the involute a 20° pressure ancle long

and short addendum.

19
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Since the government furnished tooling from the
previously partially production engineered movernent assembly

included dies for stamping the cycloidal tooth form gears,

theoretical studies were conducted and compared with measure-
ments of samples made with these dies. The measurements met
the calculated results,

Conforming cycloidal pinions were fabricated from
drawn pinion stock, the teeth of which were found to be too
soft and deformed under the high input torque of the main-~-
spring. Additional pinions were fabricated from a heat
treatable drawn pinion stock, but these were found to lack
sufficient beam strength. The pinion teeth were then
modified by increasing the tooth width and utilizing a 1/2
ogive to relieve tip interference.

The center arbor was also redesigned to accommodate
a center gear with a .0350 inch face width in lieu of the
government furnished .025 inch face width center gear in
order to distribute the input torque over a greater pinion
tooth area. No wear or failures occurred after these changes.,

Involute tooth form gears were also considered for
use, as involute profile cutting tools are standard "off-the-
shelf" items whereas cycloidal cutting tools are always a
special order. Therefore if a manufacturer chose to cut
the gears rather than stamp them, the tooling lead time would

be less for the involute tooth form.

20
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After careful study of the maze of confusion which
shrouds gearing for small mechanisms, theoretical involute
data was calculated, gears were cut and pinion stock was
drawn. Tests of these manufactured parts, however, showed
that drawn pinion stock could not be held to the tolerances
required by the action of involute teeth. Acceptable gear
trains using drawn pinion stock could only be obtained by
selective assembly,

Large scale drawings were made of the involute form
to determine the limits of lock-up at one extreme and
insufficient engagement at the other. Pinion center distances
were adjusted accordingly. Pinion blanks were then manufac-
tured and a standard involute cutter used for cutting the
pinion teeth to the required close tolerances. Movement
asse@blies fabricated utilizing the cut pinions performed
satisfactorily. The conclusion arrived at is that closer
radial tolerances are required for involute action than for
cycloidal action. Due to the "bulby" nature of a drawn
pinion, true involute action 1is not possible and the cost
saving feature of drawn pinion stock cannot be realized.

Cycloidal gearing was chosen as the final design
because of the following:

a. The involute tooth form must be fabricated to

tighter tolerances.

21
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b. Satisfactory involute tooth form pinions cannot

be fabricated from drawn pinion stock.

c. Although the initial lead time of obtaining
involute tooth cutters is less than that to obtain either
cycloidal tooth drawing tooling, the actual production time
to produce the involute pinions is greater than that re-
quired to produce the same guantity of cycloidal pinions,
The cycloidal pinions can be fabricated from drawn pinion
rod, but the involute pinions must be fabricated by the
slower, more costly, individual tooth milling (hobbing)
method. The only advantage of the involute tooth is if the
gears were cut instead of being stamped, as there is no
standard stamping tooling available for the precision
required. Further, the lead time involved is for the gear
and pinion tooling only and would not affect the overall
lead time for the movement assembly.

d. Involute gearing is more susceptible to jamming
due to foreign matter in the tooth root.

IV MOUNTING ERRORS

To assure proper alignment and ease of final

assembly, the ideal or basic relationship was established

for each mating part and sub-assembly. A careful study of

the tolerances that could reasonably be held by average good

screw machine, jig borers and stamping operations, etc. was
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conducted. The sum of the rclated tolerances was distributed
by either trimming or increasing the basic size as required
for the ideal final alignment,

Allowing for standard machine hunting and cycling,
the following type of fit was established and strictly
maintained:

Gear/Pinion (Ring Stake)

Fit: .0002 inch minimum interference to
«0015 inch maximum interference

Escapewheel/Pinion (Pressfit)

Fit: .0005 inch minimum interference to
0017 inch maximum interference.

Pillar Post/Plate (Roll-over Stake)

Fit: .00l inch maximum clearance to
.0002 inch maximum interference.,

Balance Shaft/Balance Mass (Pressfit)

Fit: «0006 inch minimum interference to
0018 inch maximum interference.

Pinion and Arbor Pivots/Plate Pivot Holes (Clearance)

Fit: L,0007 inch minimum clearance to
0019 inch maximum clearance.

Impulse Pin/Balance Mass (Pressfit)

Fit: «0004 inch minimum interference to
+0014 inch maximum interference.

In like manner, space was provided between adjacent
components allowing more clearance for parts which either
function or are free to move axially e.g., the click and the

hairspring,

23
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After establishing the ideal tolerances and
clearances, proof sheets were prepared for each mating sub-
assembly. These proof sheets, which contained a sketch of
the fit being analyzed and computations used to prove the
established end results, were bound in one volume and sub-
mitted with Report No. 9.

v MOUNTING PLATES

A. After repositioning the pillar posts as
previously explained, varying plate thicknesses and pillar
post configurations were subjected to a 6, 8 and 10 foot
free fall on a 1/4 inch steel plate backed up with 2 inches
of concrete. Various types of staking were also used.

To avoid difficulties of corrosion and plating
and to minimize difficulties in stamping the plates, only
brass plates and posts were planned for final use and there-
fore was the only material tested.

A plate thickness of .032 inch withstood the shock,
but plates with a thickness of .025 inch became distorted at
the post locations. For a margin of safety, and being
reminded of the inadequate support resulting from the
previous contractor, it was decided to use .040 inch thick
material for the balance of the planned testing.

The second phase of this series of tests was to

determine the best post dimensions and type of stake. It

was found that properly executed, the type of stake made no
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significant difference under the conditions specified for
the standard five foot free fall drop test.

B. A series of tests were conducted to determine
what affect countersinking and surface micro-finish of the
pivot holes would have on the beat rate. It was found that
neither poor surface finish nor countersinking had any
significant affect. These results were reflected in the
drawings by the loosening of the required surface finish
and making pivot hole countersinking advisory rather than
mandatory.

Although die stamped pivot holes were not tested
due to the lack of funds, .0l5 inch diameter holes have been
satisfactorily pierced in .025 inch brass stock with an 8
finish. Completely stamped plates are recommended.

VI STAKING OF SUB-ASSEMBLIES

Although all types of staking punches proved
satisfactory, the continuous, as opposed to the interrupted
stake, was found to be the least complex to design and manu-
facture, required less aligning or registering in both tool-
ing and performance and, in our study, had the lowest reject
level.

The types of stake employed (by assembly) were:

(1) Plate No. 1 and Post Assembly - Continuous
roll-over stake,

(2) Pinion and Gear Assembly - Continuous ring
stake.
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(3) Pallet Lever Assembly - Continuous ring stake.

(4) Arbor and Center Gear Assembly - Interrupted,
registered stake.

(5) Plates No. 1 and 2 Assembly - Continuous ring
stake.

(8) Plates No. 1, 2 and 3 Assembly - Continuous
roll-over stake.

(7?) Disc Assembly - Interrupted stake.

Where possible, a dual operating hold-down and
stake method was used. This method provides a press down, a
hold down, then the stake. Not one failure was found from
among 10,000 stakes made using this method. Concentricity
and perpendicularity requirements were also easily maintained.

VII LUBRICATION

The original intention was to design an unlubricated
movement assembly. However, test results from tests con-
ducted on the preliminary engineering test samples indicated
a loss in beat rate at -65°F, Although the loss was still
within the required accuracy, it was decided to minimize
the loss if not eliminate 1it,

If was first thought that the problem would be solved
by changing the mainspring torque, hairspring material,
pivot hole center distances and the surface finish of some
or all of the bearing surfaces. Different surface finishes,
mainspring torque and hairspring material were tested under
low temperature conditions. Also, contraction of the parts

due to their respective temperature coefficients was
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calculated and center distances changed. However, the loss
of beat rate persisted.

These failures prompted a study of various lubricants.
The first indication that the lack of lubricity was the
cause of the beat rate loss was obtained during tests of a
newly fabricated self-starting and operating torque test
fixture. Repcated tests of unlubricated movement sub-
assemblies in this fixture indicated a beat rate pattern
which approximated those obtained at -65°F. Apparently,
metal to metal contact resulted in an increased galling
action at successive tests of the same movement assembly.
An intensive study of available dry and wet lubricants and
various plating materials resulted. A dry lubricant,
* "Vydax" AR, a flourocarbon telomer dispersion, was found
to be the most satisfactory lubricant considering function-
ing, ease of application, and shelf life and was specified
on the final design. The lubrication study is contained in

Section VII of this report.

* "Vydax" is a registered trademark of E, I. DuPont de Nemours
and Co., Inc., Wilmington 98, Delaware.
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SECTION 1V
DIFFICULTILS ENCOUNTERED AND HOW RESOLVED

DIFFICULTIES ENCOUNTERED

l. Balanced pallet lever

2. Mainspring torque

3. Gearing

4., Manufacture of escapewheel and center arbor

5. Objective measurement of small area micro-finishes
6. Staking of center arbor assembly

7. Lubrication

HOW DIFFICULTIES WERE RESOLVED

l. Balanced pallet lever. After theoretically com-

puting the center of gravity for the pallet lever as well
as making large scale wood and brass models, the actual
final assembly still required experimental trimming. This
was accomplished by the .087" radius which theoretically
was a .100" radius.

Due to extreme assembly difficulties encountered,

this pallet die was modified to incorporate the guard lever
and various changes in radii were needed to again achieve
a balanced assembly.

2. Mainspring torque. Procurement of mainsprings

with the required "actual" torque output was found difficult

without specifying all parameters directly on the drawing
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e.g., physical dimension, heat treat procedure and final
mechanical properties.

Unprecedented is a timer which is unaffected by
intermittent 9 oz. in loading. Since the mainspring is an
essential factor and conflicting test results were obtained,
a mainspring torque testing fixture was designed and built.
This fixture is included in Test Equipment Concept Sketches.

3. Gearing. Although both involute and cycloidal
gearing proved satisfactory, this project was not without
its gearing difficulties. Cold flow out the tip of the tooth
was encountered with the cycloidal form during the first phase
of finding limits of torque carrying ability. The material
was changed from carbon stcel to a heat treatable 416 S/S.
Although cold flow stopped, fracture resulted due to in-
sufficient beam strength. The cycloidal tooth was then
modified by adding width and reducing tip interference by
introducing a 1/2 ogive. These modifications coupled with
a simply obtained hardness of 42 to 48 RC showed no signs of
failure in 2,000 pinions used.

In the search for improved load carrying ability
of paired gears, the involute long and short addendum system

was tried. Although this profile is a more substantial tooth,

the advantage is lost by the need for a higzher precision,

Gears were a precision 1, pinions were both made
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from drawn stock and cut from blanks. Drawn pinions were
separated in the commercial ranges of 2, 3 and 4 and the cut
pinions were precision l. Due to the bulby nature normally
found existing in drawn pinion stock, however, satisfactory
involute action was unobtainable. When centers were reduced
there was jamming or lock-up, when centers were increased,
there was insufficient depth of engagement. The involute
precision 1 gears and pinions performed most satisfactorily.
Involute versus cycloidal beat rate results are shown in
Report No. 14. As cut pinions are much more expensive than
drawn pinions, cycloidal gearing was chosen for the first
design.

The main features of the two gear types are:

Cycloidal

The curvature of one tooth rolls on the outside of
another (epicycloid), the curvature rolls on the inside of
another circle (hypocycloid). The theory being that the
circumference of one circle rolls, without slippage, over a
curved surface. Thus the min. max. torque phase variation
in cycloidal gearing is less than that which is inherent in
involute action.

The cycloid form allows considerable backlash or
clearance between teeth. For a uni-directional gear train

such as this, backlash does not influence functioning.
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Involute

Involute profiles slide upon each other over their
entire path of engagement. The "sterling quality" of this
system is that a change in center distances will not effect
the velocity ratio. During the operation of involute gear
trains, the periodic coincidence of cumulative errors causes
a constant cycling of min. max. torque phases due to the
resulting friction. In conventional '"gearing down"
applications there is unlimited power to overcome such
frictions as well as the resistance due to viscous drag of
a wet lubricant. In mainspring driven "gearing up"
applications, however, power may be inadequate to overcome
cumulative friction in addition to overcoming inertia.

Starting failures, arising from improper involute
profile which is normal in gears having less than 21 teeth,
can be avoided by increased pinion diameter and either a
corresponding decrease in the gear diameter or an increase
in center distance.. This addendum correction is less
efficient when "gearing up" because, due to friction, the
resultant line of thrust is inclined toward the driven
member and could be self locking.

These are added reasons for our conclusion that
the generous clearances inherent in cycloidal design would
impose fewer problems for mass production than would the

small clearances inherent in involute gearing.
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4. Manufacture of escapewheel and center arbor.

Extreme difficulties were encountered in the manufacture of
the escapewheel until the need for the conventional close
tolerances was studied. As a result of this study the
following tolerances were relaxed.

tooth width .0226 - .0004 to .0224 - .00l12

draw angle 5° + 2° to 6° + 4°

surface micro-finish 16 to 32

This relaxing of tolerances suggested the feasability
of a die stamped part. This approach was pursued and proven
satisfactory by test as shown in monthly Report No. 21.

Manufacture of the center arbor protrusion which
engages the mainspring was attempted both from a swaging and
shaving approach. Swaging, although inexpensivza, left much
to be desired as a margin of safety against fracture from
unrelieved stresses and plastically deformed crystal grain
structure. Shaving was accomplished in sections to avoid
distortion or scoring of the supported arbor. The protrusion
or dog remains entirely unstressed with no danger of fracture
when placed under maximum stress conditions,

5. Objective measurement of small area micro-finishes.

At the urging of Picatinny engineers, emphasis was placed upon
a careful study of surface micro-finishes to expedite
inspection. Tests showed that considerable relaxing could be

tolerated with safety However, relaxed tolerances could be

dangerous if supporting objective instrumentation were

33




ELECTRONIC

- i

";ﬁ*/ W)
t//r’%f//eywenmwe co.

'F /f o
/l\ Div of
ikiiadedabod o S o S TORQUE CONTROLS, INC.

unavailable for confirmation of visual data. The supply of
adequate instrumentation is scarce but our difficulties
were resolved when our search uncovered a Micrometrical
Proficorder. No difficulty is encountercd whcn measuring
small areas.

6. Staking of center arbor assembly. Staking tech-

niques studied early in this project went far toward avoid-
ing staking difficultics during the various manufacturing
phases. Staking and registering of the click to the center
arbor was the only staking difficulty encountercd. Registra-
tion of the stake in each corner of the click is necessary to
prevent slippage or backlash which could influence the rate
of the output shaft.

The cause of the difficulty was that insufficient
metal was cold-flowed over the click and the hold was
insecure. This was corrected by reducing the arbor cliesarance
inside the punch and by decreasing the angle of the eight
stake interrupted punch from 30° to 15°. Proper registering
was accomplished through the use of alignment studs for the
gear. The alignment studs provide recepticles for the four
click drivers. By means of a keyway, the interrupted punch
is registered to these four gear alignment studs.

7. Lubrication. Although unlubricated movements meet

requirements within the first 1 1/2 revolutions, much was

desired as a margin of safety due to loss of beat rate at
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~-65°F, The result in an intensive wet and dry lubrication
study was the finding of a most satisfactory dry lubricant,
"Vydax" AR, a flourocarbon telomer dispersion, thereby
achieving a considerable margin of safety.

Lubrication test results are included in a special
document called "Lubrication Study", which is contained in

Section VII of this report.

35




(YU viswans co
= o ;A..‘.‘ ™y Divof
cre oot AR BN S "’ITUROUE CONTROLS. INC.

SECTION V

TEST DATA

The following data are the results of tests conducted
on a typical P.E. TSEl Movement Assembly: The output was
regulated to 96 seconds per revolution to emphasize

deviations at successive turns from full wound.

Mainspring Driven

Rev. from Amplitude Output Rate

full wound deg/beat sec/rev
0 185 96 .00
1/2 180 96.00
1 180 96,00
1 1/2 180 96,00
2 175 96.00
2 1/2 175 96.00
3 170 95.99
3 1/2 170 95.97
4 160 95.95
4 1/2 145 95.90
S5 135 95.82
5 1/2 110 95.74

* Test data of typical movements tested over the temperature
range -65 to + 160°F are reported in, Lubrication Study
Section VII of this report.

37




. J/IW/Z/'%VIBRATING co.

B i \ y ) Divof
. H EMICAL
e L TORQUE CONTROLS, INC.

This regulated movement had the mainspring removed
and a one inch radius pulley was fitted to the output shaft.

Using a string and weights the following data resulted.

Weight Driven

Torque Ampli tude Output Rate

ounce inches deg/beat sec/rev
4 90 95.79
6 110 95.84
8 125 95.85
10 135 95.89
12 165 95.89
14 170 95.88
16 185 95.88
18 190 95.86
20 200 95.85
22 210 95.81
24 215 95.80
26 220 95.78
28 225 95,77
30 230 95.76
32 240 95.75
34 250 95.73
36 255 95,72
38 260 95.71
40 265 95.69
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The effect of various loads upon the beat rate at
various revolutions from full wound was studied on a
movement which had completed many cycles during the

lubrication study. Results are listed below,

Load Tests
Rev, from Applied Output Rate
full wound load oz, in. sec/rev
1 ¢ 95,87
9 935.87
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