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Foreword

During the last twenty or thirty years, precision engineering, albeit not
a separate field such as, say, naval architecture or aeronautics, has neverthe-
less emerged as a technology in its own right, involving methods and concepts
different from those of conventional engineering.

No clear definition of what is meant by precision engineering can be given.
The view that this covers all those sectors of technical activity in which
artificial aids are employed as extensions of the senses can no longer be
upheld.

The question of what is to be regarded as a precision mechanism can
best be settled by summarizing a number of devices which qualify for this
description. Generally, they are small devices ranging from the unique to
the mass produced.

The term precision mechanism may well be a misnomer as applied, say,
to a watch, since an ordinary watch, although small, is a relatively crudely
toleranced instrument, whereas the.drive of an observatory telescope, a
massive piece of equipment, is constructed to operate with the utmost
precision. Examples of precision engineering in the sense in which the term
is employed in this handbook are: telecommunications equipment; optical
apparatus such as cameras, projectors, but also such instruments as micro-
scopes, comparators, etc.; office machines such as typewriters, accounting
machines, calculating machines, etc.; technical construction kits, marketed
as toys, in view of the often ingenious constructions and highly sophisticated
tool designs employed; electric shavers, electronic equipment for use in the
home, etc. Many other examples could be added to this list.

Both in the precision engineering industry and in education, there is a
need for a handbook providing ready access to all the different subjects
involved in this branch of engineering. Although in most cases these subjects
are not new in themselves, there is much to be gained from a review of them
which places special emphasis on those aspects which have a specific bearing
on precision mechanisms and which provides information of possible use
to designers, manufacturers and users of products in this category.

The authors, specialists in their field, do not claim either to have covered
every aspect of the subject dealt with in their chapter, or to have included
all the details in the limited space available. What they have tried to do is to
describe the essentials as thoroughly as possible, whilst providing an extensive
list of references to the international literature as a source of detail.

The handbook has been divided into twelve parts. Part 1 deals with the
general principles upon which the design of a product should be based,
whilst Part 2 discusses the materials required. They contain both theory and
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practical information of interest to the designer and the engineer. Methods
and technical processes of production are discussed in Parts 3 to 5 and 8 to 10.
Here, production engineers will find full information on production methods
and the machines involved.

The remaining parts (6, 7, 11 and 12) cover the construction of precision
engineering products and equipment, together with components for same.
Designers, manufacturers and users will all find useful data in them.

This handbook is published as a sequel to the first two parts of the
Handbook of Precision Engineering, produced as long ago as 1957 by the
Cosmos Publishing Company.

The authors take this opportunity to thank all those who have assisted
in its production.

Eindhoven, 1968 A. Davidson
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Introduction
A. DAVIDSON

The construction of precision engineering products differs from the
conventional engineering of machines, steel structures and so on, not only
because it involves a particular design philosophy, as emerges very clearly in
mass production projects, but also because of the problems it presents in job
production and batch production processes. Tolerances, and the proper
choice of material, are of the utmost importance.

The greater part of the present volume is devoted to descriptions of
structural elements. Although essential information concerning permanefit
joints has already been given in Volume 5, all the possible forms are described
here for the sake of completeness. Many of the detachable fastenings have
been standardized. Information concerning them is to be found in Part 1,
as well as in the present volume. Guides, bearings, etc., although mentioned
in various other parts of the Handbook, are nevertheless discussed at some
length. The same applies to gear wheels and gear trains. Other mechanical
components, such as locking devices, springs, couplings, friction clutches and
so on, are reviewed in detail. Diagrams are employed very extensively
throughout the first chapter, because a pictorial survey explains matters
more clearly than any description. The captions merely clarify the details.

Chapter 2 contains examples of practical applications in precision engin-
eering. Since it is, of course, beyond the scope of this volume to include
descriptions of all possible structures, the examples given are confined to
two specific branches of precision engineering, namely cinematograph
equipment and sewing machines, although it is shown that similar structures
are employed in other kinds of equipment. Specialized structures are used
in optical apparatus, the basic elements of which are discussed in Chapter 3.
For a description of the apparatus itself, see Volume 11. Because very little
information on this subject is available in the literature, references to one
or two handbooks of optics must suffice. Generally, the catalogues issued
by specialized companies, which contain full particulars of components on
the market, together with the range of sizes available, are a fruitful source
of information.

The rational system of units and symbols (ISO), as defined in Volume 1,
Chapter 1, has been used throughout.
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Structural Elements
A. PLAT

1.1 Explanatory note

This chapter does not go very deeply into the theoretical aspects of design,
which are discussed in Volume 1, Chapter 2. Instead, the design results are
demonstrated and discussed exclusively with reference to structural elements
that are common to every precision engineering product.

Structural elements are, of course, the outcome of design work based
on a specification that takes into account production capability and the
cost.

Where necessary, mention is made of the engineering processes involved
in the production of these parts: the cost is mentioned only in passing.
Frequent references to technical and price considerations are to be found
elsewhere in the Handbook.

The elements discussed are of a general nature. Individual subjects, such
as plugs, switches, coils, transformers, relays and printed wiring are not
mentioned in this chapter: particulars are given in Volume 7, Chapter 1.
Specific equipment and instruments used in aircraft are also ignored here.

Diagrams are used wherever possible. They are vivid and have more
impact on the designer than a full description in words. Since space does not
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permit exhaustive treatment of the subjects dealt with in this Handbook,
only a few of the more important applications have been selected for
discussion.

1.2 Permanent jointst* ¢ 7-50

1.2.1 Welded joints'15-28. 57591

Whenever a permanent joint is required, it is a good plan to consider
whether a satisfactory result can be obtained by welding, since welded
joints are fairly cheap to produce. The welding technique chosen depends
on the material (e.g. metal or plastic) to be welded, whilst the type of joint
depends on the structure of the product. Hence there is thus a wide range of
possibilities, which can be classified according to the material, thickness
and shape of the members to be joined. Actual welding processes are described
in Volume 5, Chapter 2.

Metal parts can be welded together in many different ways. Resistance
welding is preferred for joining sheet material, because it is fast and therefore
economical. It is also used to join parts not made of sheet material. Joints
made by ultrasonic welding are used to a limited extent.

Thermoplastics, in the form of foil, are usually welded by the high-
frequency method or by applying heat (surges) from an outside source,
when the dielectric losses involved are small.

Thicker parts are joined by means of a heating element, with or without a
filler. Ultrasonic welding can also be used for this purpose. Solids of
revolution made of thermoplastics can be joined by friction welding. See
also Volume 3, Chapter 1.

Welds suitable for joining metal parts of various shapes and variously-
shaped thermoplastic parts will now be shown one after another.

The information on the welds is clarified in some cases by particulars of
the shaping of the joint members.

The captions to the illustrations are self-explanatory. Examples are given
of welded joints between metal parts (Figs. 1.1 to 1.10 inclusive), and between

& 5

Fig. 1.1. Welding metal foil to solid metal parts.

a. Foil to foil: percussion welding and ultrasonic welding.

b. Foil to sheet: ultrasonic welding.

c. Foil to sheet: spot welding, percussion welding or ultrasonic welding.
d. Foil to rod: percussion welding or ultrasonic welding.
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Fig. 1.2. Welding thin sheet metal.

. Thin sheet to thin sheet: arc welding.

. Thin sheet to thin sheet: arc welding.

Thin sheet to thin sheet: spot welding, projection welding or seam welding.
Thin sheet to thin sheet: cold pressure welding.

Thin sheet to thin sheet: arc welding or spot welding.

Thin sheet to thin sheet: spot welding or projection welding.

Thin sheet to thin angle bar: spot welding, projection welding or seam welding.
Three members of thin sheet material: spot welding or projection welding.
Thin sheet to thick sheet: arc welding or fusion welding.

. Thin sheet to thick sheet: spot welding or projection welding.

Thin angle bar to thick sheet: spot welding, projection welding or seam welding.
m. Thin sheet to thick sheet: projection welding.

n. Thin sheet to thick sheet: arc welding.

<@T

a b c d

Fig. 1.3. Welding thick sheet metal.

a. Thick sheet to thick sheet: arc welding.

b. Thick sheet to thick sheet: arc welding.

¢. Thick sheet to thick sheet: projection welding.

d. Three members made of thick sheet material: arc welding.

SESSFRNTO AN &R

2N
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Fig. 1.4. Welding two sections together: cold pressure welding.

b= 8@
b

a
Fig. 1.5. Rough-machined metal fixing parts.

a. Bolt for projection welding.
b. Weld nut for projection welding.

parts made of thermoplastics (Figs. 1.11 to 1.14 inclusive). Methods of
welding thermoplastics are shown diagrammatically in Figs. 1.15 to 1.19
inclusive.

1.2.2 Soldered joints'3°-38. 571

A soldered joint is permanent, but, unlike most other joints in this category,
it can in many cases be detached, although with some difficulty. Soldering
is classified according to the technique employed (Volume 5, Chapter 3.7),
the various methods producing a variety of structures suited, as far as
possible, to the particular purpose (Volume 5, Chapter 3.5). The suitability
of different metals, alloys and coatings for soldering is discussed in Volume 5,
Chapter 3.6. Care should be taken to position the members correctly when
soldering them together. This can be done in various ways, as illustrated
in Figs. 1.20 to 1.22 inclusive. An important element in soldering is the gap
between the members. This gap must not be too wide, and its walls must be
parallel, so as to form a capillary into which the solder can creep. Con-
striction of the gap in the direction of solder flow helps matters, but the
gap must not expand in this direction (Figs. 1.23 to 1.26 and Figs. 1.41 to
1.43 inclusive). The area of solder must be in keeping with the structural
strength required (Figs. 1.27 to 1.31 inclusive). When the load is fairly heavy,
it is necessary to relieve the strain on the soldered joint (Fig. 1.32), which
then serves simply as an attachment. Soldering is much used for electrical
connections (Fig. 1.33) and solder tags of various shapes exist for this
purpose (Fig. 1.34).

In the process of soldering, the work surfaces must be brought to the
correct temperature, without in any way disturbing the surroundings. The
joint members can be given a certain amount of thermal resistance, for
example, by means of a suitable constriction or a blanked hole, to prevent
the heat from draining away from the work surfaces, and, at the same
time, to ensure that the ambient temperature is not raised unduly by the
escaping heat (Fig. 1.35). A still more effective remedy is to employ a
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Fig. 1.6. Welding round metal parts.

a. Tube to sheet: arc welding. m. Rod to rod at right-angles: spot

b. Tube between two sheets: spot welding.
welding. n. Two rods abutted: butt welding

c. Pin through plate: fusion welding. with pressure.

d. Pin to sheet: spot welding or 0. Wire to rod: arc welding.
projection welding. p. Wire and bar abutted: percussion

e. Wire to strip: arc welding. welding.

f. End of wire to face of sheet: q. Disc to sheet: projection welding.
percussion welding; side of wire to r. Wire to wire: arc welding, spot
face of sheet: ultrasonic welding. welding or percussion welding.

g. Pipe to pipe: arc welding. s. Wire to wire with sleeve:

h. Pipe to pipe: friction welding. percussion welding or arc welding.

j. Rod in sleeve: spot welding. t. Two wires end-to-end: fusion

k. Wire to cable tag: percussion welding.
welding or arc welding. u. End of wire to face of block:

I. Bottom in drum: arc welding. percussion welding.

v. Flange to flange: friction welding.
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Fig. 1.7. Some combinations of parts to be welded together.

a. Spot welding with offset electrode.

b. Spot welding with electrode through hole.

c. Spot welding two Z-sections to sheet.

d. One channel is easier to spot weld than two Z-sections.

e. Spot welded cap secures insulating plate.

/. Embossed projections ensure a sound joint in spot welding.

g. Positioning by means of two centring bosses in two holes is often
employed in spot welding.

!
T
a

20 0L

b
Fig. 1.8. Rods and pipes shaped for pressure butt-welding to sheet.

The tapered part of the rod functions as a projection.
The bevel on the pipe functions as a projection.

As a, but with a recess in the sheet.

As c, but after welding: the weld has a better appearance.
As b, but with a recess in the sheet.

f. As e, but after welding: the weld has a better appearance.

S AN SR

b c d e f
Fig. 1.9. Parts shaped for fusion welding.
a. Pin to bolt. b. Cap on pipe.

¢. Welding a ring by means of suitable electrodes.

d. Welding two rods at right-angles by means of suitable electrodes.
e. Pin to sheet, with hole for accurate location.

f. As e, after welding.
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Fig. 1.10. Parts shaped for cold pressure welding.
Two aluminium rods before and after being welded.
An aluminium rod and a copper rod before and after being welded ;
the copper rod is grooved to flow better under pressure.
Cap and diaphragm, both made of foil.
Transistor capsule formed by two caps welded together.
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SR

e

\ f/&/

Fig. 1.11. Welding plastic foil to parts made of thermoplastic material.

a and b. Foil to foil: dielectric high-frequency welding, or welding with heat (surge).
¢. Foil to foil: with heating element, without filler material.

d. Foil to sheet: dielectric high-frequency welding.

e. Foil to rod: dielectric high-frequency welding.

a b c d

Fig. 1.12. Welding round parts made of thermoplastic material.

a. Flange to pipe: welding with heating element and filler material, or friction
welding.

b. Stud on plate: welding with heating element without filler material, or friction
welding.

c. Pipe to pipe: welding with heating element, without filler material.

d. Pipe to pipe: welding with heating element, without filler material, or friction
welding.

e. Rod to pipe: friction welding. /. Rod to rod: friction welding.

g. Cap to pipe: dielectric high-frequency welding.
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a b c
Fig. 1.13. Welding thermoplastic sheet material.
a. Sheet to sheet: welding with heating element or welding with hot gas, using

filler material.
b. Sheet to sheet: welding with heating element, without filler material.

¢. Tube formed of sheet material: dielectric high-frequency welding.
[~ -
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Fig. 1.14. Shapes for thermoplastic parts.

a. The ultrasonic welding of sheet: 1 = before welding; 2 = after welding.
b. Shapes employed for friction welding pins to sheet material.
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Fig. 1.16. Seam welding two pieces of

Fig. 1.15. Dielectric high-frequency
foil, whereby the surplus edge is

welding.
1 = electrodes; trimmed off during welding.
2 = pressure tool; 1 = blade;
3 = melting zone; 2 = shaping electrodes;
3 = scrap material.

4 = pressure applied.
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Fig. 1.17 Fig. 1.18 Fig. 1.19

Fig. 1.17. Welding with wedge-shaped heating element and pressure roller.
1 = wedge-shaped heating element.

Fig. 1.18. Welding with heat surge.
1 = electrodes; 2 = pressure tool; 3 = melting zone; pressure applied.

Fig. 1.19. Welding with hot gas and filler material.
1 = supply of filler material.

heat-sink beyond the zone of thermal resistance, to protect the surrounds.
A heat screen may also be effective in this respect (Fig. 1.36).

Allowance should be made for a possible difference in the coefficients of
expansion of the joint members, which necessitates a somewhat thicker seam
of solder. Differences in expansion of very small parts may safely be com-
pensated (Fig. 1.37). Only compressive stresses are permissible in ceramic
parts.

It is obvious that the designer can take full profit from the optimal con-
struction of the soldering joints. A special example is controlling the shape
of the compound component in Fig. 1.38, after cold pressing. The captions
to the construction examples need no further explanation (Figs. 1.20 to
1.38 inclusive for soft soldering joints, and Figs. 1.39 to 1.43 inclusive for
brazed joints).

1.2.3 Adhesive-bonded and cemented joints'®® 481

The physico-chemical aspects of such joints are discussed in Volume 2,
Chapter 6 and the technology in Volume 5, Chapter 4.

These methods of joining are employed where others prove impracticable
or not too satisfactory, for example where:

@ joints made by other methods take up too much room or add unduly to
the weight of the structure.

e a very uniform stress distribution is required in the joint members.

e other methods adversely affect the yield point, hardness, surface condition,
electrical or magnetic properties.

o damping, elasticity or resistance to corrosion have to meet special
requirements.

e a thin, decorative veneer or facing has to be applied.
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Fig. 1.20. Correct alignment of two parts to be soldered together.

. Alignment by suitable shaping.

. The parts hold each other in position.

Alignment of flange, hub and ring of solder.

. Alignment of flange, shaft and ring of solder.

. Alignment by spot welding.

. Pin pressed into hub; ring of solder enclosed in groove.

. The interference fit requires more expensive preliminary machining
and assembly than the structure with spring tags.

. Centring ridges also give parallel sides to the soldering gap.

1 = ring of solder; 2 = spot weld.

> e R0 SN

Fig. 1.21. Flux and solder applied by Fig. 1.22
hand.

|

. Liquid solder has been poured into
the trough.
b. Plastic solder has been wiped on.
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Fig. 1.23. Two examples of the Fig. 1.24
variation in gap widths. a. Before furnace brazing.
b. After furnace brazing.
Ir-"’\——— \
a b a b
Fig. 1.25 Fig. 1.26
a. Before furnace brazing: ring of a. Before furnace brazing.
solder cannot escape. b. Afterwards: the solder did not flow
b. Afterwards: solder has penetrated from the narrow gap to the wide
into the narrow gaps. one.
a 0 R a
&N b b RS
b
c
Fig. 1.27 Fig. 1.28 Fig. 1.29

Fig. 1.27. a. Butt soldered joint: relatively weak. b. Slightly stronger joint.

Fig. 1.28. a. Lap produces stronger soldered joint.
b. Better than a, since walls joined are in-line (flush).
¢. Strong joint with strap.

Fig. 1.29. Soldering folded edges.
a. Walls not in line. b. Walls in line.

AU N N N I D O o

Fig. 1.30. Soldered flange joints for base and casing.
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Fig. 1.31. Brazed joints for pipes.
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Fig. 1.32. Joints for brazing pin to wall: the joint is loaded.

Fig. 1.33. Joints for electrical conductors: the soldered joints a to p inclusive
are relieved mechanically.
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Fig. 1.34. Solder tags of various shapes.

For printed-wiring: on component side.

For printed-wiring: on print side.

For connecting small printed-wiring board to larger one.
Perpendicular solder tag.

Flat solder tag with lug to prevent twisting.

Double solder tag.

Solder tag suitable for spot welding.

h. Solder tag to which a connection can be screwed.

RNHO RS SR

Fig. 1.35 Fig. 1.36 Fig. 1.37

Fig. 1.35. Solder tags with constrictions to prevent heat from draining
away from the soldering point.
1 = solder tag; 2 = thermoplastic.

Fig. 1.36. Heat screen 2 protects 1 from excessive heat.
3 = solder.

Fig. 1.37. Soldered joints suitable for ceramic parts.
1 = metal; 2 = ceramic; 3 = solder.
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Fig. 1.38. Soldered joint obtained by Fig. 1.39. Brazed joints for pipes in
cold-pressing. line (abutted).
a. Size and location of bulge are not
controlled.

b. Suitable shaping prevents bulging,
so that joint takes up less room.

Fig. 1.40. Brazed joints for pipes at right-angles.

de di dY g

a b

Fig. 1.41. Joint for brazing journal to wall.

a. Wrong: narrow solder gap must not be interrupted by cavity.
b. Correct: wide gap tapers into narrow one.

c. Correct: narrow gap in both directions of flow.

d. Correct: narrow gap in both directions of flow.

1 = ring of solder; 2 = cavity.

1 1 1 1
Ay b i
a b c d
Fig. 1.42. Brazing knurled journal in hole in wall.

a. Wrong: solder can only reach knurl through narrow gap.

b. Correct: solder flows in both directions.

¢. Correct: solder flows in both directions.

d. Correct: shoulder has radial knurl merging into finer (straight) knurl.

1 = ring of solder; 2 = radial knurl.
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Fig.
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Fig. 1.43. Brazing fully-threaded and partially-threaded studs to wall.

a. Wrong: solder also creeps up along thread.
b. Correct: solder does not creep up.
c. Correct: solder does not creep up.

1 = ring of solder.

Fig.

joints to transmit shear stresses.

Fig. 1.46. Possible ways of preventing
adhesive-bonded strip from peeling off.

a.
b.

Possibility of peeling.
Prevented by solid or tubular
reinforcing rivet.

¢. End folded round edge.
d.

Area of adhesive enlarged at end of
strip.

. Extra strap bonded on gives added

rigidity.

a b c

1.45. Adhesive-bonded corner
joints.

. Not recommended : adhesive covers

e p——— @ b.
1.44. Shaping adhesive-bonded

too small an area.
Recommended: adhesive covers a
sufficient area.

. Still better: readily absorbs forces

in both directions.

QAL
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Fig. 1.47. Adhesive-bonded joints for Fig. 1.48. Adhesive-bonded joints
pipes. between variously shaped parts.

% I . = “m\w .
Fig. 1.49 Fig. 1.50 Fig. 1.51 Fig. 1.52

Fig. 1.49. An adhesive-bonded joint combined with a spot weld sets without being
clamped; the load distribution is unfavourable because of the rigidity
of the spot weld.

i}

Fig. 1.50. An adhesive-bonded joint combined with a rivet sets without being
clamped; the load distribution is unfavourable because of the rigidity
of the rivet.

Fig. 1.51. An adhesive-bonded joint combined with an elastic grommet sets
without being clamped, and is flexible.

Fig. 1.52. Adhesive-bonded seam (leakproof).

b c

& [T

Fig. 1.53. Joints stiffened by additional members bonded on.

a. By hat section. d. Edge reinforced to withstand local
b. By two straps, to limit overall depth loading.
of joint.

¢. By angle along edge. e. Corner reinforcement.
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Use such joints functionally, but try to keep down the cost of the process
chosen by shaping the joint members to the best advantage, particularly
so that the adhesive can be applied easily and does not take very long to
set, and so that the surplus is not a problem and the joint can be made
without expensive jigs, etc. Better temperature resistance of the joint members
allows hardening at higher temperatures. Some examples of adhesive-bonded
joints appear in Figs. 1.44 to 1.58 inclusive, with explanatory captions. One
or two cemented joints are illustrated in Figs. 1.59 to 1.61 inclusive.

e

Fig. 1.54. Wooden joints: members in Fig. 1.55. Wooden joints: T-shaped.
line.
== ==
i iR
iy il
a b c a b c
Fig. 1.56. Wooden corner joints. Fig. 1.57. Wooden corner joints for
a. For light loads. frames.
b. For loads in one direction. a. Simple structure.
¢. For loads in both directions. b. Visible from one side only.
c. Tongue-and-groove gives added
strength.
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Fig. 1.58. Structures designed to prevent failure of adhesive-bonded joints.

. Adhesive-bonded layer in optical instruments: flange prevents adhesive failure.
. Layers bonded on to thin sheet: ridge prevents adhesive failure.

Thick, bonded layer, for example on leather: chamfered.

Flanged layer bonded to thin sheet.

Layer folded and bonded to thin sheet.

Layer of felt or thick fabric bonded on: edge finished off with frame.
Adhesive-bonded joint with decorative rivets.

NS AN SR



20 HANDBOOK OF PRECISION ENGINEERING

g

e

§ JEen

SO T

Fig. 1.59. Glass bulb cemented into  Fig. 1.60. Knife-edge bearing cemented in.
screw cap of filament lamp.

1 = cement.

a c
Fig. 1.61. Metal parts cemented in ceramic material.
a. Hexagonal nut. c. Threaded pin. e. End of wire.
b. Collar nut. d. Square shaft.

1.2.4 Methods of joining by plastic deformation of material®~5%

Particulars of the different techniques are given in Volume 5, Chapter 1.
Methods of joining by plastic deformation of material are: riveting, seaming
(flanging, curling and flattening), bending, folding, twisting, bead-forming or
crimping, expanding or clinching, staking or indentation, stranding and
wrapping.

Such joints are used, particularly in large-scale batch production, where
the joint can be made in one operation. Whenever possible, extra fixing parts

| [ [ |
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Fig. 1.62. Part of shaft deformed in fixing it in wall.

a. Solid shank for riveting to withstand heavy loads.
b. Recessed shank for lighter, axial loads.

c. As b, for larger diameter.

d. As b and c, with rim for riveting over.

e. With rim for riveting over, for lighter loads.

f. Form used for through shaft.
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or fasteners are dispensed with. This is particularly important for machine-
made joints. With a few exceptions, the joints are permanent.

(a) Joints made by deforming part of a member shaft

Figures 1.62 and 1.63 illustrate possible ways of shaping the member to be
deformed, in structures that do not involve locking to prevent rotation.
Structures whose members are locked to prevent them from rotating relative
to one another are shown in Fig. 1.64 (rectangular members), Fig. 1.65
(turned members), Fig. 1.66 (specially-shaped holes) and Fig. 1.67 (special
structures).

The further the locking action is away from the centre of rotation, the
more effective is it in preventing rotation.

=TT

a b c d e
Fig. 1.63. Special parts for fixing to a wall with:
a. Coined boss. c. Extruded lug. e. Dimpled hole in wall.
b. Pressed lug. d. Cast lug.

Fig. 1.64. Various angular-shaped bars and shafts for attachment by
riveting, prevented from rotating by:

a

a. Milled end. /. Turned spigot on strip material.
b, ¢ and d. Stamped ends. g. Turned journal on square material.
e. Pressed or cast boss. h. Flats milled on round shaft.

a b c d e f
Fig. 1.65. Round shafts for attachment by riveting, prevented from rotating by:
a. Straight knurl. d. Milled flat. /. Milled slot.
b. Radial knurl. e. Two milled flats. g. Flats milled on nut.
¢. Conical knurl.

H.P.E. (6) 2
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(b) Joints made by deforming an extra fixing part

Rivets used for this purpose are almost invariably round, and of such
relatively soft material as: mild steel, brass, copper, pure aluminium or
aluminium alloy. Some of the solid rivets commonly used are shown in

S E%E‘
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a b c d
Fig. 1.66. Shafts for attachment by riveting, prevented from rotating by
special holes in wall:
a. Three notches in circumference of hole.
b. Octagonal countersunk recess in hole.

¢. Four slots in circumference of hole.
d. Hole punched over three smaller holes pierced beforehand.

e
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Fig. 1.67. Special structures to prevent rotation.

Bracket, spot welded to shaft, whose flange drops into a hole.
Head cup, spot welded to wall.

Bush with flanged stem.

Square shaft drops into matching depression in wall.
Rectangular shaft drops into slot in part of wall folded back.
/. Pin fitted in wall engages in slot in shaft.

TTT Ty

Fig. 1.68. Solid rivets.

Flat-headed rivet: for simple riveting.

Button-head rivet: for steel structures.

Truss-head rivet.

Rivet with countersunk head: hole for this is expensive to make.
Rivet with raised (round top) countersunk head: good appearance.
/. Rivet with flat countersunk head: for belts, etc.

SR SR

SRS SR
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Figure 1.69 shows various hollow rivets and Fig. 1.70 a number of special
rivets. The choice of rivet depends very much on the strength, appearance
and degree of accessibility required. One or two staples for use in softer
materials appear in Fig. 1.71. Figs. 1.72 and 1.73 illustrate the use of rivets
with countersunk driven heads.

a b c

Fig. 1.69. Hollow rivets.

a. Semi-tubular rivet with flat head: for simple work.

b. Tubular rivet.

¢. Drawn, closed rivet used, say, for lightproof and dustproof structures.
d. Two-part rivet: for very soft material.

TevdunT

Fig. 1.70. Special rivets.

. Mushroom-head rivet: see also Fig. 1.73b.

. Split, or bifurcated, rivet: the prongs can be forced apart.

. Explosive rivet: see also Fig. 1.944.

. Rivet grips when pin is driven in: for structures accessible from one
side only; also available in plastics.

Used as d: see also Fig. 1.94c.

Used as d: see also Fig. 1.94a.

. Eyelet or fixing bush.

ﬁ
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a b c

a0 o8

L

Fig. 1.71. Staples for fixing soft materials.
a. Strong round-wire staple. b and ¢. Staples made of strip material.
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Fig. 1.72. Countersunk rivet heads.

a and b. Driven heads in countersunk holes.
¢, d and e. Joints for fastening thin sheet to thick.
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Fig. 1.73. Countersunk heads in thin sheet.
a. For soft material: light loads.
b. Sheets are indented during riveting of driven head.
c¢. Thin sheet shaped to give good appearance.

(¢) Indented joints

The indentations can be obtained by centre-punching, scoring, etc.,
usually in only one of the joint members.

Variations of the method as applied to tubular, sheet, strip and bar
material are shown in Fig. 1.74, where both members are indented; in
Fig. 1.75, where a ridge or bead formed on one part drops into a slot in

e e s
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Fig. 1.74. Joints involving indentation of both members.

a. Wooden rod fixed in pipe by centre-punching.
b. Two pipes mated and fixed by scoring.
c. Strip fastened to sheet by centre-punching in two places.

b
@..‘ SRR TR

d e f
Fig. 1.75. Indentations in one member drop into slots in the other.

a. Thin-walled pipe in thick-walled pipe.

b. Pipe in flange.

¢. Rod fixed in pipe by centre-punching.

d. Shaft fixed to plate by two indentations.

e. Strip fixed to plate by centre-punching in two places.

/. Rim fastened along edge of plate by centre-punching.
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the other; and in Fig. 1.76, where one structural member is completely
embraced or retained by the other, without being deformed itself.

Much less force is required to stake the ends of bars than to rivet them.
Staked joints, as illustrated for round shafts in Fig. 1.77 and for flat bars
in Fig. 1.78, can withstand only relatively light axial-loads.

Fig. 1.76. Parts gripped by staking.

a. Disc locked in pipe by centre-punching.

b. Disc locked on shaft by staking.

¢. Pin in rod.

d. Ring enclosed in wall by staking around periphery.

A OEYn S

Fig. 1.77. Various staked notches used to join round shafts to walls.

a. Central notch for d < 2 mm.

b. Three centre-punched notches for d > 2 mm.

c. Several centre-punched notches to withstand heavier loads: the deforming
forces involved are less than in riveting.

d. For large-diameter bars, the deforming forces required for radial notches are
relatively small.

e. Tangential notches to transmit strong forces.

/. Numerous radial notches to limit the deforming force: only minor axial forces
can be transmitted.

bn 2 AN P b
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Fig. 1.78. Various notches used to join bars of rectangular cross-section
to a wall.

a, b and c. The number of notches depends on the width.
d. Both sides staked: bar can pass on.
e. Staked sideways: bar can pass on.
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(d) Seamed joints

(For particulars of tools required, see Volume 5, Chapter 1.) Seam
forming is done at projecting edges, usually integral with one of the joint
members. Sometimes, the joint involves flanging and curling both members,
as in Fig. 1.79. A number of examples are given: Fig. 1.80 shows thin sheet
seams; Fig. 1.81 various seams used to join bottoms to cylinders. In Fig. 1.82,
the flange is clenched or crimped into an indentation or slot in the other
member, whilst Fig. 1.83 depicts various methods of forming stops for one
member against the other. For brittle members, it is necessary to choose
a construction that does not require much force to produce deformation.
Pressure on a surface can be reduced by placing a suitable washer under the
flange. Adhesive (Fig. 1.52) or solder (Figs. 1.29 and 1.30) must be applied
to procure watertight or airtight seams.

(e) Joints formed by bending or folding

The parts bent or folded are usually integral with one of the joint members.
Special constructional details ensure that there is no play in the joints
(Figs. 1.84 to 1.88 inclusive). Other examples are given in Fig. 1.89, showing
the fastening of tags to strips of insulating material; in Fig. 1.90, showing
strips joined together; in Fig. 1.91, showing sheets joined together; and in
Fig. 1.92, where a fastener is used to fix a rod in a pipe.

Fig. 1.79. These curled seams require expensive tools.

a. Tube joined to sheet.
b. Tube joined to joggled cover.

SIS
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Fig. 1.80. Seams in thin sheet.

a. Longitudinal seam. d. Longitudinal double seam.
b. Longitudinal seam with e. Upright double seam.
separate member. /. Inside seam.

c. Upright seam. g. Outside seam.
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The spring reflex of the tab bent over can be compensated by interposing
some relatively soft material, such as pressboard, which also distributes the
surface pressure more evenly. This is particularly important in the case of
brittle parts.

Fig. 1.81. Seams joining bottom to cylinder.

. Ordinary flange formed by bending at right-angles.

. Flange not at right-angles: cheaper but not so neat.

. Bottom bevelled: usual for glass.

Crimped flange for a drawn base.

Seam for a drawn member: spinning the flange over 180° is expensive.
Similar to e, but cheaper.

. Bottom folded together with edge of cylinder into tight seam.

. As g, but cylinder afterwards expanded.

FA B LD L=

d e

SR AN OR

Fig. 1.82. Flanged joints, with flange of one member crimped into indentation
or slot in the other.

Flange encloses rim on cylinder.

b. As a, but slightly more robust.

c¢. Flange crimped into indentation in cylinder.
d. Flange crimped into turned groove.

e. Flange crimped into slots in pipe.

5 &2 &3 L1k

1
a b c d
Fig. 1.83. Various ways of forming stops to hold pipe in hole in wall.
a. Shoulder formed by turning recess in pipe.
b. Constriction at end of pipe.

¢. Ridge formed on pipe.
d. Pipe is notched or centre-punched.

|
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Fig. 1.84 Fig. 1.85

Fig. 1.84. Folded joint, without play: a. Staple. b. Solder tag.

Fig. 1.85. Folded joint that does not eliminate play completely, and in which the
ends are flattened in the opposite direction in the second bending
operation: not as strong.
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Fig. 1.86 Fig. 1.87 Fig. 1.88
Fig. 1.86. Play in this folded joint is unavoidable.

L L o4l

Fig. 1.87. Centring boss in hole eliminates play in joint.

Fig. 1.88. Play is eliminated from folded joint by subsequent clinching: fixing
holes are round.
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a b c
Fig. 1.89. Solder tags fastened to insulating strips.

a. Joint is not without play.
b and c. Play can be eliminated from these joints.
d. Multiple fastening.
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Fig. 1.90. Strips joined together by folding.

a. Strips are not exactly in-line.
b. Strips more nearly in-line: offset of lower strip may be less inconvenient.
¢. Stapled joint for softer material.
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Fig. 1.91 Fig. 1.92

Fig. 1.91. Sheet material joined by bending.

a. Sheets joined at right-angles by bent tabs.
b. Sheets of soft material joined by wire bracket.

Fig. 1.92. Joining turned parts.

a. With piece of bent wire.
b. With split pin.

(f) Twisted tab joints

Because they are to some extent detachable, these joints are sometimes
used to fasten members that may have to be replaced later, in order to
repair the parent structure. But, they require a certain amount of vertical
clearance above them. Fig. 1.93 gives one or two examples.

Fig. 1.93. Twisted tab joints.

a. Two strips at right-angles (T-joint). e. As d: double tab.

b. Strip parallel to plate. f. As e: tabs bent in opposite directions.
c¢. Single-sided tab. g. As e: tabs bent in same direction.
d. As c: tab has tightening effect. h. Better positioning.

(&) Joints formed by expanding or beading

They can be constructed in many different ways, and are used for structures
accessible from one side only, as shown in Figs. 1.94 to 1.97 inclusive (blind
assembly). Other examples are given in Figs. 1.98 to 1.100 inclusive. The
joints illustrated in Figs. 1.101 to 1.103 inclusive are crimped.

2
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Fig. 1.94. Methods of expanding blind rivets, tubular rivets and eyelets
accessible from one side only.

a. Tool is drawn into rivet and then snapped off.

b. Tool is drawn into rivet: protruding end is then removed.

¢. Tool is drawn right through hole.

d. Explosive rivet: the rivet, filled with explosive, is fired by heating it.
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Fig. 1.95. Pin locked in hole by Fig. 1.96. Method of fixing a part in
expansion. a dovetailed slot.

a. Expanded by ball: hole must be
soft-walled.

b. Expanded by cone at bottom of
hole: hole must be soft-walled.

W g

a b

Fig. 1.97. Reinforcing members, e.g. for wooden wall.

a. Tapped hole fixture. b. Staple, before and after being driven in,
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Fig. 1.98 Fig. 1.99

Fig. 1.98. Expansion joints.
a. Pipe anchored in hole in wall.
b. Pipe anchored more securely in wall, due to upright rim on hole.

Fig. 1.99. Crimped joints.
a. Disc crimped in pipe. b. Pipe crimped on to rod.

= ""{"<‘((:1(‘.-.

Fig. 1.100 Fig. 1.101
Fig. 1.100. Fastening parts by means of clenched retaining bush.

a. Before clenching.
b. After clenching: bush has been forced into groove in pin.

Fig. 1.101. Both joint members are beaded.
a. Two pipes slotted together: bead inwards.
b. Ditto: bead outwards.
¢. Rod of soft material crimped in a pipe.
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Fig. 1.102 Fig. 1.103

Fig. 1.102. Bead or rib of one member engages in preformed bead
of other member.
a. Pipe fixed round pipe by beads.
b. Pipe fixed round rod by beads.
c. Pipe locked in pipe by beads.

Fig. 1.103. Retention by beading.
a. Cup in pipe.
b. Partition retained in pipe by beads on both sides.
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(h) Wrapped joints®®"

The wrap-around joint (Fig. 1.104) also serves as an electrical connection,
because of the considerable contact force exerted on the sides of the prismatic
rod by the round wire. Although it requires very careful construction, this
joint is reliable and is used, amongst other things, in telephone exchanges.
One or two examples appear in Fig. 1.105.

B

L] a
Fig. 1.104. Wrapped joint for electrical Fig. 1.105. Two wires joined by
connections. Wire is wrapped round another wire.

the square pin with great force. a. Thin wire joined to a thicker wire.

b. Two crossed wires of equal thick-
ness.

1.2.5 Interference joints™5: 561
(See also Fig. 1.273 and Volume 5, Chapter 1.3.)

In joints of this kind, one member completely (or partially) encloses the
other. The joint is sustained by the frictional force set up through elastic
(and, in most cases, also plastic) deformation of the joint members, and
cannot be unfastened without damaging them.

Similar joints can also be made with separate fasteners such as dowels,
fluted pins, fluted rivets, spring dowels and wire nails.

The softer of the two members is deformed more than the other during
forcing in; it also determines the strength of the joint. In addition, allowance
must be made for possible shrinkage (for soft metals, thermoplastics) or
ageing (for thermosetting plastics, diecastings).

The amount of interference depends on the size of the joint and the moduli
of elasticity of the materials. For example, a brass member requires more
interference than a steel member, and so does not have to be machined as
accurately. Appreciably greater (and less exact) interferences can also be
employed when one of the members is given a straight knurl. A bevelled
lead-in, together with a knurl where necessary, should be cut on the harder
member, usually a shaft or pin (Fig. 1.106). Special unknurled sections serve
to centre the driven, knurled part more accurately (Fig. 1.107). After being
forced in, the depressions between the high points of the knurl should not
be completely filled (Fig. 1.108), or the forces set up will be too great.
Examples of such joints are shown in Fig. 1.109 and, later, in Fig. 1.273.

Fluted pins, like knurled shafts, do not require such an accurate hole as
cylindrical dowels. The more widely-used fluted pin has three full-length
flutes. The flutes may also be tapered or may extend over only part of the
length of the pin (Fig. 1.110). Examples of structures involving fluted pins
are given in Figs. 1.111 and 1.112.
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The resilience of a spring dowel enables it to be forced into holes still
less accurate than those required for fluted pins (Fig. 1.113). A spring dowel
is made of rolled, hardened and tempered sheet steel. It has many practical
uses, for it does not shake loose and can be withdrawn and reinserted many
times without losing its efficiency. Similar joints are made too with: screw
nails, wire nails (for wood) and rivets (Fig. 1.114). For particulars of hole
sizes for these fasteners, see the appropriate standards, which also specify
the interference and the associated tolerance.
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a b c

Fig. 1.106. Diagram illustrating process of driving one part into another.

a. Before driving in.
b. Because shaft is harder than hole wall, lead-in is made on it.
c. Hole wall is harder than shaft, and is therefore provided with lead-in.
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a b c
Fig. 1.107. Driving in the knurled end of a shaft.

a. Cylindrical centring shank leads knurl in driving direction. Dotted line represents
position of wall after shaft has been driven in.

b. Cylindrical centring shank follows knurl in driving direction.

¢. Long shaft with knurl at centre enables wall to slide smoothly over shaft and
nevertheless grip tightly on the knurl. Dotted line represents position of wall
after shaft has been driven in.
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Fig. 1.108. Dimensions of members of interference joint.
a. Separate joint members.
b. Cross-section of knurled shaft (enlarged).
¢. After driving in; section at right-angles to axis of joint. Driven with moderate
force, groove between neighbouring high points of knurl is not completely filled.

Pitch and interference (mm).

D t D, —d,
1-5-2-8 0-3 + 0-06-0-12
3-45 0-5 + 0-08-0-15
5-8 0-5 + 0:12-0-20
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Fig. 1.109. Examples of structures involving interference joints.

. Indexing wheel with dowels driven in.

. Screw, with contact pin of (expensive) contact material driven into it.
. Lever with partly knurled pin driven into it.

. Knurled shaft with lever forced on to it.

QU O8N

1.2.6 Embedded inserts'©®
(See Chapters 5 and 6 of Volume 10 and Chapter 1 of Volume 3.)
Inserts are used in plastics and cast-metal products. Embedding usually
takes place in metal moulds or impressions, because the insert often has to
be positioned very accurately. Possible reasons for choosing this type of
structure are:
e to impart some local or other property to the product, such as increased

strength, hardness or resistance to wear;
® to procure solderability, resilience or thermal or electrical conductivity;
e to avoid complex cavities or cores in the mould.
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Fig. 1.110. Fluted pins.
Fluted pin with three full-length flutes.
As a, but flutes are tapered, so that pin acts as key.
As b, but flutes cover only half the length of the pin.
Fluted pin with three tapered flutes and a plain shank.
Fluted pin with three flutes at the centre and plain shanks at both ends.
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Fig. 1.111. Examples of structures involving fluted pins.

a. Fluted pin for fastening a detachable part.
b. Fluted pin for fastening two rollers.

c. Hinge with fluted pin.

d. Fluted pin as hinge pin.
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Fig. 1.112. Examples of structures with Fig. 1.113. Spring dowel after being
fluted rivets. driven in
a. Bracket anchored with two round- a. Side view.
head fluted rivets. b. Cross-section.

b. Fastening with countersunk fluted
rivets.
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Fig. 1.114. Rivets and nails.

a. Round-head fluted rivet (see also Fig. 1.112a).

b. Fluted rivet with countersunk head (see also Fig. 1.112b).

c. Drive screw or screw nail, for fixing type plates, etc.

d. Wire nail, for wooden structures.

e. Upsetting rivet is fixed in hole by upsetting: for type plates, etc.

The inserts, almost invariably of metal, are anchored in the moulding,
injection moulding or casting compound or metal, by being given a shape
that prohibits rotation or withdrawal. As a rule, there is no adhesive bond
between the materials but, particularly in the case of diecast metal, the
insert is anchored to some extent by shrinkage.

The wall thickness surrounding metal parts moulded or diecast in plastics
must be sufficient to allow for the relatively greater shrinkage involved.
Fig. 1.115 shows structures with nuts moulded into them, three of the inserts
being ordinary hexagonal nuts and the other a cap nut.

Points to note are the location of the nut, possible fouling of the thread,
and cost savings. Fig. 1.116 shows nuts which drop into the mould with a
round projection, enabling them to be properly supported and deflashed.
Fig. 1.117 depicts nuts accessible from both sides. The embedded parts in
Fig. 1.118 are tapped afterwards to form nuts. Embedded studs are shown
in Fig. 1.119. All these parts are anchored by knurls, hexagons, undercuts
or flats. Fig. 1.120 details pins machined beforehand to anchor firmly.
Blanked parts are easily anchored (Figs. 1.121 to 1.125 inclusive).

! |
a b c
Fig. 1.115. Embedded hexagonal nut and cap nut.

a. Nut screwed on to a threaded pin, which is a detachable part of the mould and
must be unscrewed or backed-out of the nut after the moulding compound has
hardened. Localization is inaccurate. The stud deforms readily.

b. Nut rests on conical part: location is more precise and pin stronger.

c. As b, but with nut fitted on a smooth, solid pin. Easier, but moulding compound
may enter thread.

d. Cap nut: compound does not enter thread.
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and to facilitate deflashing.
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A
Cap nut of hexagonal material.
Cap nut of round material, with diamond knurl.
Fully-threaded nut, sealed-off by disc pressed into recess at one end.

22 077
T ]
d e
Fig. 1.116. Nuts suitable for embedding, with shoulder to provide support in mould
Acxis of nut at right-angles to direction of moulding pressure, with extra support.
Shell of plastic must not be too thin, or it will crack.

SRS &S

Fig. 1.117 Fig. 1.118

Fig. 1.117. Embedded nuts, accessible from both sides.
a. Both ends for reference in mould.
b. With shoulders, which are milled off after moulding.
c. Thread is tapped after moulding; this enables bush to be placed in
mould on a pin.

Fig. 1.118. Structure for exact spacing of threaded insert nuts. After moulding
compound has hardened and shrunk, the pins used to hold inserts in
mould are routed out, and thread is then tapped. If pin diameter is
small enough, pins drop out during the pre-tapping drilling.

b ; © ¢ ¢ ©

d
Fig. 1.119. Embedded studs. Fig. 1.120. Pins for embedding.
a. Diamond knurl for anchoring. a. Round with diamond knurl.
b. Straight knurl: the moulding com- b. Round with lateral hole.
pound may enter the thread. ¢. Round with milled notch.

c¢. Flattened part for anchoring. d. Square with turned groove.
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¢. Tag with slot for anchoring.

a. Longitudinal section.
b. Tag with hole for anchoring.

¢. Ditto, with square hole
d. Ditto, with three holes.

Fig. 1.123. Structures with embedded
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Fig. 1.121. Blanked disc moulded on to hub.

disc from twisting on hub.
the tags.
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a. Longitudinal section.
b. Cruciform hole prevents
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Fig. 1.122. Two blanked solder tags

embedded; the creepage between them
is enhanced by upright edges round

¢. One slot. d. Two holes.

b. Two slots.

anchored by means of

Fig. 1.124. Structures with double-ended tags extending through them,
a. Round hole.
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Fig. 1.125. Structure with bent part embedded in it.
a and b. With U-shaped bend. ¢. With two separated tags.
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!

Tl |

|

c

a
Fig. 1.126. Light metal diecast structures with parts embedded in them.
a. Brass bush in crank. c. Brass bush in gear wheel.

b. Steel pin in switch lever.

The metals most commonly used in diecasting are zinc or aluminium
alloys. Because of the relative strength and very low viscosity of these molten
metals during diecasting, inserts anchor better in them than in many plastics.
Fig. 1.126 shows one or two examples of such structures, whilst Fig. 1.127
illustrates the assembly of a disc on a shaft by embedding it in a light metal
alloy.

Fig. 1.127. Rotary disc mounted on
spindle for electricity supply meter.
Shaft and disc are embedded simul-
taneously and thus united; pin is
knurled with three holes in the disc.

ANERALALLCUN RIS 14
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Fig. 1.128. Five pins assembled in a sheet of insulating material, moulded into
the base of a coil former in a six-impression mould.

a. Group of six pin-and-plate assemblies ready for placing in the six-impression
mould.
b. Complete coil former after being detached from the six-part moulding.

The insulating plate is for easy handling, and to reinforce the fastening of the pins
in the base of the former.

The parts to be embedded have to be placed in a mould that is often hot,
a difficult, time-consuming and responsible task. The problem can to some
extent be overcome by combining several individual parts in a single unit
beforehand, for example, by:

e Mounting individual electrical contact pins on a synthetic resin bonded
cardboard plate, and placing this assembly in the mould (Fig. 1.128).

® Leaving blanked tags attached to the strip, moulding them in together
and separating them afterwards (Fig. 1.129).

o Placing a circular arrangement of individual parts in the mould as a single
unit and afterwards removing the segments uniting these parts (Fig. 1.130).

e Adopting an in-line arrangement of multiple impressions for moulded
products with pins, so that the number of wires placed in the mould
need only equal the number of pins. After moulding, the multiple product
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can if necessary be processed so that the wires are severed and in some
cases bent over (Figs. 1.131 and 1.132). The pins are anchored by knurling.
A pin can be further secured against rotation by bending it and dropping
the bent part into a slot.

I

Toer

Fig. 1.129. Blanked tags attached to a strip are easily placed in the mould.
After moulding, the tags are severed from the strip.

a. Solder tags on a bar.
b. Two rows of contact springs in stator of slide switch.

Fig. 1.130. Commutator with embedded parts.

a. Longitudinal section and front view.
b. Part to be embedded, with saw slots.

After hardening, the product is turned off as far as plane 1, thereby
separating the four metal parts.
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Fig. 1.131. Products with pins moulded-in, whereby wires are stretched in the

(multiple-impression) mould. In this way, a multiple product is moulded, with

the pins in line. After moulding, the products are separated and the projecting
wire is processed if necessary.

a. Multiple product after being moulded.
b. Coil former with four pins.
c. Contact strip with four processed pins.

Other methods of facilitating the insertion of pins in moulds for injection
moulded products are:

e Closing the mould and then feeding the wire into the impression as far
as a stop. The wire is trimmed to the required length after moulding
(Fig. 1.133a) and, if necessary, bent over after the mould is opened
(Fig. 1.133b), whereby (if possible) the bent part is dropped into a slot to
prevent rotation. Knurls, preserving the round cross-section of the wire,
ensure anchorage.

e Feeding prefabricated pins into the mould from a hopper. The pins may be
given valvular heads for anchoring and to seal the mould (Fig. 1.133c¢).
If such an (economical) solution to the problem is not feasible, then embed-

ding can sometimes be avoided altogether by fitting the additional part

later, that is, by:

® Pressing it into, or riveting or clenching it on to, the moulding, etc.
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e Screwing it in, if it is provided with an external self-tapping thread.

e Glueing, cementing or sealing.

e In the case of a nut, by insertion in a moulded slot shaped to prohibit
rotation.

Fig. 1.132. Coil formers with bent pins moulded into them, whereby wires are
clamped in the (multiple-impression) mould.

a. Coil former with two pins, moulded with the two pins straight and in line:
after moulding, the pins are separated and bent over.

b. Coil former with six pins, moulded with pairs of straight pins in line: after
moulding, the pins are separated and bent over.

Several parts can be assembled by placing them in a mould and partially
investing them together (Fig. 1.127 and Figs. 1.134 to 1.136 inclusive).
This assembly process also gives scope for the use of cost-saving techniques
for positioning the individual parts in the mould or impression. Substantial
savings can be achieved through such an assembly with (in many cases)
plastics because they permit a considerable reduction in the number of
components involved and the assembly costs, and, at the same time, facilitate
mechanical assembly (see also Chapter 2 of Volume 8).
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Fig. 1.133. Products with pins moulded into them, without combining the pins
into a single unit to facilitate their insertion in the mould.

a. Coil former with four pins: during insertion, pins are taken from four spools
of wire.

b. Coil former base with four pins; method as a, but, in addition, the four pins
are bent over when the mould is opened.

¢. Coil bobbin with four valvular pins fed into the mould from a hopper.

Fig. 1.134. Assembly by embedding a

coil former made of wrapped plastics

foil and four pins in a multiple-

impression mould, as in Fig. 1.131b.

The eight dimples are made in one

operation before the products are
separated.

Fig. 1.135. Assembly of a shaft and an annular magnet by embedding.
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Fig. 1.136. Plug formed by embedding a cable together with plug pins.
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1.3 Detachable fastenings' -2 1¢1
1.3.1 Key fastenings

Keys are rarely used in precision engineering. The hole to accommodate
the key is subject to certain requirements: to ensure a good fit, the holes are
reamed one above the other. In most cases a threaded structure can be used
to advantage. One or two structural examples are given in the following
diagrams.

The rotary (or rolling) key fastening (Fig. 1.137) is very rarely used. The
other examples given refer to sliding key fastenings. For example, Fig. 1.138
illustrates the fastening of a hub to a shaft, whilst Fig. 1.139 shows a shaft
fastened to a wall by means of a wedge-shaped key, that is, a tapered dowel.

T H

Fig. 1.137. Four capacitor plates fastened to a common spindle by means of a
rolling key.
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a b c d
Fig. 1.138. Hub fastened to shaft by means of tapered dowel inserted as sliding key.

a. Dowel crosswise through hub and shaft.

b. Dowel passed tangentially through hub and hollow shaft.

¢. Dowel emerging into drilled hole: this hole makes it easier to ream the tapered
hole and withdraw the dowel.

d. Dowel protrudes, so it can be withdrawn.
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c d
Fig. 1.139. Shaft fastened to wall by means of tapered dowel as sliding key.

a. Dowel draws round shaft in the axial direction.

b. Dowel draws flat bar in the axial direction.

¢ and d. Dowel in axial slot: end of shaft is clamped in radial direction. Shaft is
anchored by friction: a matching hole is provided before milling the slot.
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Fig. 1.140. Tapered shaft Fig. 1.141. Tapered stop- Fig. 1.142. Tapered pipes
fixed in hub of disc. per, e.g. in a bottle, mated together.
provides a tight seal and
is firmly anchored by
friction.
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Other uses are for such fastenings as: a disc on a shaft (Fig. 1.140), a
stopper on a bottle (Fig. 1.141), or to join two pipes, as in the case of a
vacuum cleaner (Fig. 1.142). The two parts can then be separated by twisting
them relative to one another.

The fluted pins shown earlier in Figs. 1.110e¢ and 1.1105 can also be regarded
as keys. The former occurs as a dowel in cylindrical holes and the latter in
holes that have not been reamed out. Another example of the use of a tapered
fluted pin is given in Fig. 1.143. There is limited scope for reassembling
such structures after they have been demounted. Where fluted pins are used,
the wall of the hole must not be too hard. The key principle as applied to
clamped structures is illustrated in Figs. 1.144 and 1.145.

l\\\\\\‘\’
N

Fig. 1.143. Tapered |pin Fig. 1.144. Clamping Fig. 1.145. [Clamping

with three tapered flutes:
for other fluted pins see
Fig. 1.110.

structure for fastening in
a hole. As the nut is
tightened, the split bush
is expanded by the
conical member. Friction
causes the bush to cling
to the wall of the hole.

structure for a shaft. As
the knurled nut is
tightened, the split and
tapered bush is com-
pressed into the tapered
hole. The shaft is clamp-
ed in the split bush by

friction.

1.3.2 Screw fastenings'13-1%1
(See Volume 1, Chapter 1.8.)

There are two kinds of screw: one for fastening and the other for pro-
pulsion. The first type, the fixing screw, will be discussed here. For particulars
of the different types of thread employed, see the relevant standards. Further-
more, wood screws and self-tapping screws are used where it is necessary
to dispense with tapped holes. A thread, with a fully-rounded profile, is used
for filament lamps (Fig. 1.146). Screws vary widely as regards type of thread,
dimensions, shape of head and tip of shank. Complete data are supplied in
the standards and catalogues concerned.

Screw-thread fastenings used in fine-mechanism engineering are seldom
designed for strength: the torsional moment (torque) exerted in tightening
the screw is usually the standard by which they are judged. Here, experience
is the guide. The aim is to use as few different types of screw as possible in
a given piece of equipment.

Screws made of steel (cadmium plated) or brass (nickel plated) are often
employed, usually with a rolled (but sometimes with a chased) thread.



50 HANDBOOK OF PRECISION ENGINEERING

Plastics screws, mostly nylon, are preferred for electrical insulation, sealing
or damping.

Fig. 1.146. Fully-rounded thread profile, known as an Edison thread, used in
different sizes for (amongst other things) filament lamp fittings.

Fig. 1.147. Single turn of thread in Fig. 1.148. Single turn of thread
plastics. For quick-release. pressed in sheet material.

Internal threads can be moulded in plastics but the moulding member
must afterwards be backed out. This can be avoided by moulding the bore,
or core only, and tapping the thread afterwards. In other cases, only a
centre for the drilling of the thread core is provided. Sometimes, a single
turn of thread is sufficient (Fig. 1.147). This gives a quick-release but cannot
withstand any appreciable force. A single turn of internal thread can be
pressed in sheet material (Fig. 1.148). The slot is a necessary feature of the
production process.

Fig. Fig. Fig. Fig. Fig. Fig. Fig. Fig.
1.149 1.150 1.151 1.152 1.153 1.154 1.155 1.156
Fig. 1.149. Boss raised on wall of casting to give added length to screw-thread.
Fig. 1.150. Tapped, dimpled hole in sheet material.
Fig. 1.151. Sheet material folded over to double the length of thread.
Fig. 1.152. Nut soldered-on.
Fig. 1.153. Weld nut, welded-on. (See also Fig. 1.55.)
Fig. 1.154. Insert nut, riveted-on: must be locked to prevent rotation.
Fig. 1.155. Nut riveted into wall of soft material: tapped afterwards.
Fig. 1.156. Insert nut embedded in plastics product.
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The threaded length of the nut must be sufficient to ensure a joint of
adequate strength. The problem of increasing the number of turns of thread
made possible by the wall thickness of the component has been tackled in
various ways. A boss can be formed on castings (Fig. 1.149). Tapped holes
in sheet material are usually dimpled (Fig. 1.150). Sometimes the sheet is
folded over to double the depth of the “nut” (Fig. 1.151). Nuts can also be
soldered-on (Fig. 1.152), welded-on (Fig. 1.153) or riveted-on (Fig. 1.154).
Special inserts are used to reinforce relatively soft materials (Figs. 1.155
and 1.156).

In all cases the nut must be locked to prevent it from rotating with the
SCrew.

Cheese-head screws are widely used, but raised cheese-head screws improve
the appearance of the product more. A round (hemispherical) head is used
where a cheese-head might cause snagging.

The countersunk head is used where a flush surface is required, whilst a
raised countersunk head is more decorative. Hexagonal heads, slotted or
plain, are used to withstand greater forces (see Figs. 1.157 to 1.162 inclusive).
£y
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Fig. 1.157 Fig. 1.158  Fig. 1.159 Fig. 1.160 Fig. 1.161 Fig. 1.162
Fig. 1.157. Cheese-head screw.
Fig. 1.158. Raised cheese-head screw.
Fig. 1.159. Round-head screw.
Fig. 1.160. Screw with countersunk head.
Fig. 1.161. Screw with raised countersunk head.
Fig. 1.162. Hexagon head bolt.

TY o

Fig. 1.163  Fig. 1.164  Fig. 1.165 Fig. 1.166
Fig. 1.163. Knurled screw with collar and slotted head.
Fig. 1.164. Knurled screw without collar.
Fig. 1.165. Wing bolt.
Fig. 1.166. Screw with cross-recessed head.

— g

Knurled heads, with or without a collar (knurled screw) and wing heads
for tightening and relaxing by finger-grip, are also available. A cross-
recessed head centres the screwdriver accurately and is used on self-tapping
screws. Some of these different types of head are shown in Figs. 1.163 to
1.166 inclusive.
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Grub screws are headless, and simply provided with a slot or a hexagon
recess. Because the thread extends to slot level, the slot tends to break out
of them. On set screws, the thread ends a short way below the slot, so they
are better in this respect, but cannot be sunk completely in the tapped hole
by reason of the smooth head thus formed. An ordinary cheese head is
very much stronger (Figs. 1.167 to 1.170 inclusive).

Screw shank ends in current use are: rounded, to bear on, say, a flat
surface; conical with rounded tip, for fastening on a shaft with a V-groove,
and cupped, for fastening on, say, a round shaft.

Studs are headless and may be fully-threaded (Fig. 1.171a) or include a
cylindrical, threadless shank (Fig. 1.1715). These two forms of stud can be
left in the tapped hole, whilst the joint members are demounted by removing

a nut.
\!
Fig. 1.167 Fig. 1.168 Fig. 1.169 Fig. 1.170
Fig. 1.167. Grub screw, fully threaded, flat-ended.
Fig. 1.168. Grub screw, fully threaded, cone-pointed.

Fig. 1.169. Set screw, with smooth head and round end.
Fig. 1.170. Set screw, with cheese head and cup end.

a b
Fig. 1.171
a. Stud, fully-threaded. b. Stud, partly threaded.

Where separate nuts are employed, they are almost invariably of steel
(cadmium plated) or brass (nickel plated), hexagonal, and tightened or held
by means of a spanner. Nuts held by the structural member itself should
preferably be square.

Pressed nuts are cheap, but tend to lack smoothness or freedom from burr,
and are therefore rarely employed. A square or hexagon nut made of thin
sheet with upright edges is sometimes used for inexpensive lightweight
structures. Cap nuts are neat and attractive, but expensive; however, they
do obviate snagging behind a projecting end of thread. Round, slotted nuts
are used where very little space is available. Round nuts, with two or more
axial or radial holes in them, are slightly larger in diameter than the slotted
nuts. The holes are used to tighten the nuts or hold them. Knurled nuts,
with or without a collar, can be tightened with the fingers. Where a knurled
nut does not provide sufficient grip, a wing nut is used instead (see Figs. 1.172
to 1.181 inclusive).
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Fig. 1.172 Fig. 1.173 Fig. 1.174
Fig. 1.172. Turned hexagon nut.
Fig. 1.173. Pressed hexagon nut.
Fig. 1.174. Nut made of thin sheet material.

Fig. 1.175 Fig. 1.176 Fig. 1.177
Fig. 1.175. Cap nut.
Fig. 1.176. Slotted nut.
Fig. 1.177. Nut with axial blind holes for tightening.

P = Q)

Fig. 1.178 Fig. 1.179 Fig. 1.180 Fig. 1.181
Fig. 1.178. Nut with radial blind holes for tightening.
Fig. 1.179. Knurled nut, with collar.
Fig. 1.180. Knurled nut, without collar.
Fig. 1.181. Wing nut.

Where a screw-thread is tapped in a soft material, such as zinc or aluminium
alloys, to accommodate screws which have to be tightened and relaxed a
number of times, the tapped hole may wear. The hole can then be enlarged,
tapped again with a special tool and reinforced with a helical insert, or
heli-coil, obtainable through commercial channels (Fig. 1.182). The heli-
coil is made of a hard material and adapts to the screw, which can be screwed
in and out without difficulty.

Screw-heads must seat cleanly. This does not occur with countersunk
heads, and in addition, they give rise to two other defects: the deviation
indicated by dimension “@” in Fig. 1.183, and the possibility that the recess
for the screw-head may be out of line with the shank, or in other words,
not properly centred. Where there is more than one countersunk screw,

H.P.E. (6) 3
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it is possible that both these defects will occur. Neither is encountered when
the heads are seated flat, so it is better to use cheese-heads, if possible,
recessed into blind holes, when a flush surface is required (Fig. 1.184).
Blind holes are expensive items, however.

Bevelled washers should be used to mate screw heads to sloping surfaces
(Fig. 1.185).

i

fig &

a

Fig. 1.182. Screw in helical insert (or heli-coil) to reinforce the wall of
the tapped hole.
a. Heli-coil; 1 = tab for screwing heli-coil into hole.
b. Tightened screw in inserted heli-coil.
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Fig. 1.183 Fig. 1.184 Fig. 1.185

Fig. 1.183. Situation in the case of a fastening involving two countersunk screws.
The difference in pitch ““@” is not conducive to a sound joint.

Fig. 1.184. Fastening with cheese-head screw. The head is sunk into a blind hole,
so differences in pitch can be accommodated.

Fig. 1.185. Bevelled washer under screw-head, for fastening a sloping member.

Washers are used to obtain a more even distribution of the head pressure
on a relatively soft or brittle material, and to avoid damage when the screw-
head or nut is tightened on it. Brittle material is protected by washers of
synthetic resin-bonded paper, pressboard or copper. Washers are also used
to bridge elongated holes. Different sizes of washer are available for a given
screw size.

Often, one screw is sufficient to provide a joint of the required strength.
To prevent possible relative displacement or rotation of the joint members,
there are several effective structures involving dowels, spring dowels, insert
bushes, centring bosses and lugs, mating flanges and so on, some details
of which are shown in Figs. 1.186 to 1.196 inclusive.
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Fig. 1.186 Fig. 1.187 Fig. 1.188

Fig. 1.186. Single-screw fastening positioned by two dowels.

Fig. 1.187. Single-screw fastening positioned by embossed centring
bosses in centring holes.

Fig. 1.188. Positioning by insert bush.

1
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Fig. 1.189 Fig. 1.190 Fig. 1.191
Fig. 1.189. Rotation prevented by a flange.
Fig. 1.190. Rotation prevented by a (milled) slot.
Fig. 1.191. Flanged edge to prevent rotation.
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Fig. 1.192 Fig. 1.193 Fig. 1.194
Fig. 1.192. Rotation prevented by flanged edge in slot.
Fig. 1.193. Tab in cotter hole prevents rotation.
Fig. 1.194. Flanged edge in extra hole prevents rotation.
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Fig. 1.195. Better location by two Fig. 1.196. Embossed projection in
tabs in extra holes. extra hole prevents rotation.
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In most of the examples given, the correct location of the joint members
relative to one another is also ensured, so as to cushion any shear forces
that may be exerted on them.

Self-tapping screws tap the necessary (mating) thread themselves in sheet
material (steel, aluminium), die castings, cast iron, thermoplastics and
thermosetting plastics. The fact that they do not require pre-tapped holes
is a positive advantage with cast or moulded parts. Nor do they present any
problems in matching the threads of screw and nut, a further advantage
where parts made in different countries need to be interchangeable.

Self-tapping screws are harder, and a little more expensive, than screws
with an ordinary thread in current use.

To ensure a sound joint, it is essential to keep exactly to the prescribed
hole size. Fastenings with self-tapping screws are detachable, do not shake
loose easily and are much used in set manufacture where this is compatible
with the accuracy required. It is advisable to employ the thread forming type
of self-tapping screw (Figs. 1.197 and 1.198) in thermoplastic sheet material
of moderate thickness. A cutting screw is required in thicker walls, die-
castings, cast iron and thermosetting plastics, because thread forming is
more difficult in them (Figs. 1.199 and 1.200).

Although all the different types of head are available, the cross-recessed
head is most widely used.

S
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Fig. 1.197 Fig. 1.198 Fig. 1.199 Fig. 1.200

Fig. 1.197. Self-tapping screw shank of the thread forming type. Suitable for struc-
tures of sheet material. The point facilitates initial penetration.

Fig. 1.198. Self-tapping screw shank of the thread forming type. Suitable for thick
sheet, non-ferrous castings and plastics. The material deforms readily
and the pre-drilled hole is larger than the root diameter of the screw.

Fig. 1.199. Self-tapping screw shank of the cutting type with a chip slot, suitable for
metals of moderate strength, for plastics and for strong, but brittle,
materials. Less force is required to screw them in than for the corres-
ponding displacement type. The screw-thread resembles a machine-
tapped thread and tightens well.

Fig. 1.200. Self-tapping screw shank of the cutting type with five chip slots: is
less likely to shear the thread in brittle plastics and castings. Suitable
for long threads in blind holes.

1.3.3 Locking screw fastenings

Methods of locking are designed to increase the torque needed to relax
a screw/nut fastening. In principle, there are three possible kinds of locking,
based on:

o The shape, e.g. through the use of retaining parts (positive locking).
e The action of a force, usually friction.
® A permanent joint, e.g. adhesive or welded.
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The following considerations govern the choice of a suitable method of

locking:

o What is the risk associated with possible failure of the fastening?

e Can the nut be tightened hard against the workpiece ?

o How can the gripping or binding force be set up, and is it lasting?

e How high is the temperature of the joint and what are the climatic
conditions ?

o Will the fastening have to be released often?

® What is the required lifetime ?

o Is the locking method fast and cheap enough ?

e Is any damage caused by locking permissible ?

Only a few of the possible structures will be illustrated here, such as:
positive locking (Figs. 1.201 to 1.207 inclusive); locking by friction (Figs.
1.208 to 1.218 inclusive); permanent joints (Figs. 1.219 to 1.221 inclusive).
The various features are clarified by the captions.

If a screw fastening has to be undone frequently, it may be advisable to
assemble the screw or nut concerned in such a way as to hold it captive, so
that it cannot be mislaid. Such captivation can be carried out in various
ways, as demonstrated in Figs. 1.222 to 1.230 inclusive. Structures can also
be rendered tamper-proof, or inaccessible to unauthorized persons, say, by
methods shown in Fig. 1.231 to 1.233 inclusive. Dismantling can also be
discouraged by employing a screw which requires a special tool, not readily
obtainable, to unfasten it.

Fig. 1.201. Spring lock- Fig. 1.202. Toothed spring lockwashers.
washer, which locks nut a. With outside teeth
(screw) when interposed  With e )
between nut (screw head) b. With inside teeth.

and contact surface. a locks better than b, but b causes no visible

damage and looks better.

g e &=
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Fig. 1.203. Locking plate with raised tabs, Fig. 1.204. Pin, in hole
locks nut. drilled after assembly, locks
nut,
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Fig. 1.205 Fig. 1.206 Fig. 1.207
Fig. 1.205. Castle-nut locked by split pin passed through hole in bolt.

Fig. 1.206. Toothed lockwasher with a tab bent into one of the slots of the nut.
Because of the difference in the number of tabs and slots, one of the
tabs invariably coincides with a slot.

Fig. 1.207. Threaded part, locked by grub screw.

b
Fig. 1.208 Fig. 1.209 Fig. 1.210
Fig. 1.208. Locking strip of plastic between screw and oversize tapped thread in
plastic.

Fig. 1.209. Nut with deformed threads locks by friction on thread of bolt.

Fig. 1.210. Nut, with oval bore at the top, locks by friction on thread of bolt.
a. Top. b. Bottom.
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Fig. 1.211 Fig. 1.212 Fig. 1.213
Fig. 1.211. Nut with frictional (fibre) lockwasher.
Fig. 1.212. Screw with nylon insert for added friction.
Fig. 1.213. Nut with nylon insert for added friction.
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Fig. 1.214. a. Bolt with nut and jamb nut. The full nut should be tightened on top
of the jamb nut.

b. The top nut (4) takes up the force (arrowed) in the bolt (1). The
bottom one (3) acts as a washer during the initial tightening of the top
nut on to the surface of part (2) and as a jamb nut for final tightening.
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Fig. 1.215 Fig. 1.216 Fig. 1.217

Fig. 1.215. Set of jamb nuts of equal height externally, which facilitates tightening.

Fig. 1.216. Composite lock-nut in which the split internal nut is driven by the
hexagonal recess in the outer nut. When the outer nut is tightened,
the inner nut clamps on to the bolt thread.

1 = hexagon; 2 = hexagon; 3 = taper; 4 = gap.

Fig. 1.217. Punched plate which acts as a self-locking nut (see also Fig. 1.242).

a. Side view. b. Top view. c. Assembled.
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Fig. 1.218 Fig. 1.219 Fig. 1.220 Fig. 1.221
Fig. 1.218. Split lock-nuts; when screw is tightened, the nut clamps on to the

bolt thread.
a. With grub screw. b. With cheese-head screw.

Fig. 1.219. Stud, locked with paint.
Fig. 1.220. Screw head and washer, locked with paint.
Fig. 1.221. Bolt and nut locked with paint.
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Fig. 1.222, Captive screw. Fig. 1.223. Pin through screw makes
it captive.
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Fig. 1.224 Fig. 1.225 Fig. 1.226

Fig. 1.224. Captive screw: shank diameter is smaller than root diameter of thread:
for demounting, a must be larger than b.

Fig. 1.225. A ring of synthetic resin-bonded cardboard, pressboard or fibre,
twisted on to the thread of the screw, holds it captive.

Fig. 1.226. As Fig. 1.225, but the ring is resilient and formed of steel wire.

(T

Fig. 1.227 Fig. 1.228 Fig. 1.229
Fig. 1.227. Staking the stud makes the wing-nut captive.
Fig. 1.228. Extra screw holds the knurled-nut captive.

Fig. 1.229. Pin through knurled-nut and passing narrowed stud hold nut
captive,
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Fig. 1.230 Fig. 1.231 Fig. 1.232 Fig. 1.233

Fig. 1.230. Once the nut is tightened, the ball expands the end of the stud, thereby
holding the nut captive.

Fig. 1.231. Nut sealed with lead tag.
Fig. 1.232. Screws sealed with lead tag.
Fig. 1.233. Sealed fastening.

a. Countersunk screw sealed with paint.
b. Cheese-head screw sealed with paint.

1.3.4 Special screw fastenings

A bayonet fastening is obtained by inserting one member in the other
and twisting them (through a small angle) relative to each other. The
fastening can be released quickly by reversing the process. Bayonet fastenings
can be locked by friction between the members, by spring action or by keying.
Structural examples are given in Figs. 1.234 to 1.239 inclusive.

Other fastenings which can be released by relaxing the fixing element
slightly are marketed in the U.S.A. by companies specializing in the manu-
facture of fasteners. One or two products of this kind are shown in Fig. 1.240
and Fig. 1.241.

Punched nuts with a single turn of thread can be augmented with special
parts, enabling them to be assembled from one side or holding them captive.
They also enable other structural members to be fastened to (or located on)
them. There is a wide range of possibilities (Fig. 1.242).

Fig. 1.234. Bayonet fastening of flange Fig. 1.235. Cover locked on can by
to plate. bayonet fastening.
3.
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Fig. 1.236. As Fig. 1.235, but with
formed tabs.

Fig. 1.238. Pipe joined to flange: screw
thread has been removed in three
places for quick-release.

Fig. 1.240. “Spring-Lock” made by
Simmons Fastener Corp. After the
fastener has been inserted and turned
a quarter-turn, the U-shaped spring
steel wire, passed through the shank
of the pin, provides the locking force.
Another quarter turn in the same
direction releases the fastener.
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Fig. 1.237. Lens assembled in fitting.

)

Fig. 1.239. Interlocked bayonet
fastening.
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Fig. 1.241. “Camloc’ made by Camloc

Fastener Corp. As the fastener is

turned a quarter-turn, the pin passed

though the stud shank tightens the
fastening.
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Fig. 1.242. Punched nuts (or “speed nuts” as they are called) with a single turn
of thread, augmented by additional parts.

a. Suitable for blind assembly. When the screw is tightened, the U-shaped nut
grips into the bottom plate.

b. The clip on the nut is slipped on to the top plate and held in place by hooking
back.

¢. The clip on the nut is slipped on to the bottom plate: the upright edge forms a
stop for the plate between.
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1.4 Guide systems (slideways, linear bearings, etc.)* - 8 4

1.4.1 Introduction

Some structural elements, unlike fastenings, permit a specific type of
motion. The possibilities of relative motion between two bodies can be
expressed in terms of degrees of freedom. In all, there are six possible degrees
of freedom, namely: translation in the three co-ordinate directions (at right-
angles) x, y and z, and rotation about the three co-ordinate axes #, v and w. In
the case of a bearing, translation, in any direction, is prohibited, leaving
freedom to rotate on one axis only. Structural elements called guides
(slideways, linear bearings) have, at most, two degrees of freedom: one
motion of translation and one of rotation. A structural example of this is
given in Fig. 1.243q; if translation of this cylindrical guide is prevented,
only one degree of freedom remains: the possibility of translation (Fig.
1.243b and c¢).

F
a b c d

Fig. 1.243. Survey of different types of guide.
a. Closed cylindrical guide, rotation unobstructed (two degrees of freedom).
b. Closed cylindrical guide, with obstruction to prevent rotation (one degree of
freedom).
c. Closed angular-section guide (one degree of freedom).
d. Open angular-section guide. Force F is required to hold the two members
together.

A guide, then, is a structural element enabling one member to slide along
another in a given path. In a linear guide, the path is rectilinear. In its
simplest form the path (or way) is cylindrical or angular in cross-section.
The movable part, or slide, may fully or partially enclose this slideway
(closed or open guide).

In the case of an open guide (Fig. 1.243d) a certain force F is required to
hold the two members together. Angular-section guides are usually open,
and cylindrical guides lend themselves to construction in the closed form,
as seen in Figs. 1.243q and b. Some cylindrical guides include a device to
prevent rotation, where necessary.

A distinction is usually made between sliding and rolling guides. What is,
in effect, a straight guide can also be obtained by a system of levers. The
structural elements required for this purpose are bearings and connecting
rods (see also Chapter 2 and Volume 1, Chapter 3).

For particulars of lubrication, see Volume 8, Chapter 5.

Lubricants are described in Volume 2, Chapter 9.
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1.4.2 Sliding guides'’- 121

An ordinary guide may stick (or jam) (Volume 1, Section 2.3.8). In the
case illustrated in Fig. 1.244a, friction is ruled out, in theory, if the force F
acts directly on the centre-line of the rod, since no pressure is exerted at
right-angles between rod and guide. Jamming is therefore out of the question.
This can be demonstrated as follows

F.r

N1=N2=—T"

follows from the condition of equilibrium with respect to rotation.

N.
N’V/ ' 1 r/ «; f—Fcos a

'3
pepp— DL d*_ J— - d*_ — [
Dl F Fsinx

N. F
2
a b c N2

Fig. 1.244. Case of a straight guide subject to jamming.

a. The sliding force F acts directly on the rod.
b. The sliding force F acts off-centre.
¢. The sliding force F acts at an angle to the direction of sliding.

In sliding, the rod is subjected to the frictional force

.2F.
/-‘(N1+N2)=ﬂ i 4

where u = the coefficient of friction.
Jamming does not occur if the frictional force is less than the sliding
force or thrust F. Therefore
u.2F.r
1

Frictional forces also occur in the case illustrated in Fig. 1.244¢, and may
cause jamming.
To demonstrate this

N, ___F_______sn;a.h and N2=Fsina.h-;-l

Thus, if d is very much smaller than A, the component F cos « must overcome
the two frictional forces before sliding begins. Therefore

. . 2h +1 1 2h +1
Fsina > Fsina. ] U or ta_na> ] 7]

< F or when ; > 2u.
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sticking does not occur.
A guide in proper working order must be incapable of sticking. To achieve

this, due consideration should be given to the following points:

e The thrust should be concentrated as much as possible along the path.
In other words, it should exert the least possible moment on the guiding
member.

o The members will slide more easily relative to one another if the coefficient
of friction between them is low.

e A long enclosure helps the slide to run lightly.

Important features are: the focus of action and the direction of the thrust,
the length of enclosure and the value of the coefficient of friction. The
clearance and the diameter (or the equivalent dimension of angular guides)
are less important from the point of view of possible frictional interference
or sticking.

For accurate positioning, however, the clearance must be kept small,
as also to avoid undue surface pressure (a high coefficient of friction accom-
panied by seizing) at the end of the enclosure.

At the same time the clearance should not be too small to allow:

o Possible deformation in motion.

e Deviations of form resulting from the manufacturing process.

e Room for the lubricant, for corrosion products and for expansion due
to heating or the absorption of moisture.

Possible spontaneous sliding can be counteracted by applying a (adjustable)
frictional force.

a b c
Fig. 1.245. Methods of lengthening the Fig. 1.246. Practical version of a
guide enclosure. double guide in a wall, with a com-
a. Double wall-thickness. pression spring to return the sliding
b. Extruded cylindrical hole. member.
¢. Bush riveted on. a. Two flanges with holes for the

guide.

b. Specially-fitted bush, with one
enclosure for the shaft, another
for the arbor.
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Various designs are used to lengthen the enclosure, which is particularly
necessary when the guide has to pass through a relatively thin wall (Fig.
1.245). The length of the enclosure can be much increased by placing two
guides some distance apart. This is the basis of the structures illustrated
in Fig. 1.246 and Fig. 1.247.

Closed cylindrical guides are sometimes made of seamless pipe or rolled
sheet. Such tubular guides occur in stands, optical instruments and so on.
Fig. 1.247d shows a guide for tube supports which does not make contact
over its full length, but only via indented ribs. The diameter of the rib governs
the clearance. The ribs also act as stops, and form a dust-proof seal. Other
methods of eliminating play and setting-up a certain amount of frictional
force are illustrated in Fig. 1.248. Here, the tabs provided in the inner tube
are bent outwards slightly on assembly.

Very strict accuracy is too much to expect of a guide. A strip of fabric
or felt must be introduced to exclude light from the guide where necessary
(Fig. 1.249). The sliding member can be prevented from twisting in the

-
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Fig. 1.247. Long enclosures obtained by placing two guides some distance apart
(double guide). [ is the length of the enclosure.

a. Through a wall. d. Guide for tubular stands made of
b. On a casting. precision-drawn brass pipe and
c. Piston-shaped rod. provided with dust seal and stop.
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Fig. 1.248. Elimination of play and Fig. 1.249. Guide with air-tight seal.
provision of necessary friction in a. Simple version.

tubular guide. b. Structure with bush screwed in.
a. Four tabs bent outwards slightly 1 = strip of fabric coated with
on assembly. adhesive.

b. Two cut-out strips for the same
purpose are stronger, but less
resilient.

c. The two spring tabs lack strength.
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manner shown in Fig. 1.250. As a general rule, the obstruction to prevent
rotation should be taken outwards as far as possible (long lever, therefore
small angular displacement). Guides with flexible members are required
where a force or motion has to be transmitted subject to variation of direction
or position of the ingoing (relative to the outgoing) motion of an instrument.

Figures 1.251 and 1.252 show a press-on tool (pressure applicator) for dental
work and a shutter release for a camera, respectively. The principal features
of both these constructions are a sliding core and a flexible tube, or conduit.
The core may also be a length of wire or cable stressed by a spring (Bowden
cable). The conduit is usually anchored to the frame, whilst the core slides;
a stationary core with the tube sliding on it is also possible, however, and
is sometimes preferred for structural reasons.

a b c d e f g
Fig. 1.250. Means of preventing the sliding member from rotating. As well as a
recess in the tube, and a pin pressed into the rod as at g or a screw driven in b
for light loads, there are: a slide block screwed on ¢ for heavier loads and d and e

for heavier loads or faster speeds. The enclosing member can also be made up of
two blanks set some distance apart. fand g are the opposite of b and c.

Fig. 1.251. Pressure applicator for dental work, with flexible guide. Plunger (1)
imparts the motion via rod (2) to the flexible but axially-rigid core of wire wound
into a helix (3) in the flexible conduit (4), causing the ram (5) to emerge. The
spring (6) returns the parts displaced.

Fig. 1.252. Shutter release for camera, with flexible guide. Plunger (1) drives pin (3)
via the axially-stiff core (2). The core is guided in the helical spring (4), which
returns the parts displaced. Conduit (5) encloses the system. The structure is
stiffened at the plunger end by a helical spring made of strip.
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It is also possible to combine the two designs. The flexible conduit and
the play between core and conduit result in backlash. Backlash can be limited
by:

e Employing conduit in the form of (phosphor bronze) wire wound into
a helix under axial pre-stress. Such conduit is not flexible in the axial
direction.

o Employing a core similarly constructed, if it is to be subjected to com-
pressive loads only, or of straight (steel) wire for exclusively tensile
loading.

e So arranging matters that the core only comes in contact with one side
of the conduit.

The combination of tension-compression and rotation is difficult to
achieve in one flexible conduit.

Angular guides are found, amongst other things, in sliding gauges (Fig.
1.253) and slide rules, where spontaneous sliding is prevented by frictional
resistance set up by the spring included to eliminate play.

Fig. 1.254 illustrates a simple method of giving a strip some scope for
sliding. An open guide exploiting gravity is shown in Fig, 1.255: the sliding
member can be locked temporarily by means of the screw. In Fig. 1.256, the
vee-shaped sliding member is guided along a cylindrical rod, whilst rotation

Fig. 1.253. Closed angular guide of a Fig. 1.254. Strip containing elongated
sliding gauge. The spring eliminates hole is guided by:

play and at the same time provides the a. Two shouldered screws.
necessary friction. Turning the knurled b. Two tabs bent upwards.
screw locks the gauge.

Fig. 1.255. Open angular guide, with- Fig. 1.256. Open guide, without play,
out play, for optical instruments. having a flange to prevent rotation
along two cylindrical rods.
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is prevented by a flat surface of moderate length on the slide, which travels
along another rod.

The motion is free from play, even after a certain amount of wear has
occurred. Some lack of parallelism on the part of the rods is permitted.

1.4.3 Rolling guides'®- 10. 11. 131

When the guide is required to be very light-running, rolling friction is
called for. The criteria for sticking, or frictional interference, are as valid
here as for sliding guides, the only difference being that rolling guides are
less likely to stick, by reason of their very much lower coefficient of friction.

The rollers may be spherical, cylindrical or in the form of a diabolo.
Unlike sliding guides, they permit a certain amount of pre-stress in assembly
without adding unduly to the thrust required to set them in motion.

Cylindrical rolling guides are shown in Fig. 1.257. In its simplest form
(Fig. 1.257a with three rollers) the structure permits unlimited linear travel,
unlike the hardened bushing with balls (Fig. 1.257b), which only allows the
shaft a limited amount of sliding motion. Although the balls revolve freely
in the slots in the bushing, they cannot drop out of them. In the composite
guide bush (Fig. 1.257¢) with three ball-races, or tracks, in which the balls
can circulate, a shaft has unlimited linear travel.

Fig. 1.257. Closed cylindrical rolling guide for shafts, consisting of::

a. three diabolo-shaped rollers.
b. a hardened bushing with roller balls.
c. a complete guide bush containing three ball tracks.



STRUCTURAL ELEMENTS 71

The next four illustrations (Figs. 1.258-1.261 inclusive) show examples
of guides along rods of angular section.

NN
NN

|

= - iR

Fig. 1.258 Fig. 1.259 Fig. 1.260
Fig. 1.258. Simple, angular-section guide, which sets up friction when subjected
to transverse loads.
Fig. 1.259. Similar to Fig. 1.258, but the transverse forces are absorbed by flanges
on the rollers.
Fig. 1.260. Angular-section rolling guide using vee rollers: no play.

ELLD

Figure 1.258 is a simple design, but it sets up a great deal of friction when
acted on by transverse forces. In Fig. 1.259, friction occurs between the
flanges. The guide in Fig. 1.260 is without play, but, owing to the difference
in peripheral velocity between different points on the surface of the roller,
the motion is not strictly confined to rolling.

The system of rollers staggered in pairs, shown in Fig. 1.261a, provides
purely rolling motion without play. A staggered roller guide, as used in
typewriters, is similarly constructed (Fig. 1.2615).

The rollers ride in line and are held in place by a cage. Roller strips of
many different types and sizes made of plastics, amongst other things, and
with retained rollers so that they do not drop out, are available through
commercial channels (Fig. 1.261¢c). A roller chain (Fig. 1.261d) can follow
a curvilinear path. It consists of cage elements, each containing a roller,
fastened together but free to rotate. A roller chain permits unlimited motion.
The problem of accurate tracking without twisting has been solved, for a
carriage, in Fig. 1.262. Where there are forces acting in different directions,
the closed guide of Fig. 1.263 can be used instead. Similar open (or closed)
guides can be constructed of roller strips fitted with rollers, balls or needles
(Fig. 1.264).
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Fig. 1.261. Angular-section guide with staggered rollers, without play.

a. Rollers riding abreast on square rod.
b. Rollers riding in-line between carriage and frame.
1 = carriage. 2 = frame. 3 = front roller. 4 = rear roller. 5 = cage.
¢. Slide with assembled roller strips.
d. Roller chain.

a £
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Fig. 1.262. Accurate tracking of car- Fig. 1.263. Structure similar to that of
riage by means of two vee-rollers and Fig. 1.262, for use where forces are
one cylindrical roller on two round exerted in more than one direction.
rods. b is a slightly simpler version of a.
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Fig. 1.264. Guides constructed of roller strips. /

a. Open guide on balls and rollers.
b. Open guide on needles.

c. Closed guide on balls and rollers.
d. Closed guide on needles. d
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1.5 Bearings®~°: 2

1.5.1 Introduction

Bearings, like guides, usually have only one degree of freedom. These
structural elements allow only rotary motion, which may involve the trans-
mission or absorption of radial and/or axial forces. Hence, there are radial
bearings and axial (or thrust) bearings: also many bearings capable of
withstanding both radial and axial forces. A variety of combined radial/axial
load bearings are used in precision engineering or fine mechanisms, as they
may be called. )

In this section they are classified according to the way friction is set up
in the bearing. Thus, the following types of bearing have been established:

(a) Plain bearings, having the shaft (journal) and the bearing (metal) in
direct contact with one another, with or without lubrication. They can be
subdivided according to the shape of the sliding contact-surfaces, as follows:

e Journal bearings.

e Cone bearings.

o Cone bearings with spherical journal.

e Pivot bearings (cupped bearing surface with pointed journal).

(b) Anti-friction bearings, in which the members rotating relative to one
another are separated by revolving elements, which may be round (balls),
cylindrical, tapered, barrel-shaped or needle-shaped.

Axial types of ball bearing, cylindrical roller bearing and needle roller
bearing exist. Taper roller bearings and spherical (or barrel-shaped) roller
bearings can absorb radial forces as well as axial forces. The same applies
to one or two types of ball bearing.

Ball bearings are the type of anti-friction bearing most used in fine
mechanisms: cylindrical roller bearings are employed occasionally, but taper
roller bearings, spherical roller bearings and needle roller bearings, whose
primary function is to withstand heavy loads, are hardly ever used for fine
mechanisms.

There are also miniature anti-friction bearings (in which the outside
diameter of the external race is less than 10 mm).

Instrument anti-friction bearings are miniature bearings satisfying one
(or both) of the following requirements:
e Very true running.
® A minimum of friction.

Combinations of radial and axial anti-friction bearings are employed in
a very wide variety of structures.
(c) Special bearings

Knife-edge bearings, with a vee-shaped knife-edge, supported by a seat in
such a way that it can pivot to-and-fro through a small angle.

Magnetic bearings based on the mutual repulsion or attraction of built-in
magnets.
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Tension strip bearings, capable of limited rotary motion through the
elastic torsion of a tension strip.

Air bearings, in which gas friction occurs.
Hinge springs, for particulars of which see Section 1.7.5.

Some bearings remain stationary, whilst the shaft rotates: in others, the
shaft remains stationary.

The shape of the shaft (and journal) is often governed by the process used
for manufacturing the members to be joined by the shaft. Shafts may be
supported at one end or at both ends. The angle of rotation is often limited,
as in structures for adjustment, control, switching and pivoting. The need
to withstand (minor) axial forces is invariably taken into account in the
design. Usually, the size of a bearing in precision engineering is established
on the basis of reliability in service (also after transport) and the method of
manufacture, rather than on permissible surface pressure, strength or possible
dissipation of heat.

Precise calculation is necessary, however, to cope with high speeds or
a very small shaft diameter. Particulars of these calculations are to be found
in conventional engineering textbooks.

Bearing materials are discussed in Volume 2, Chapter 1.6, and lubrication
methods in Volume 8, Chapter 5.

1.5.2 Plain cylindrical bearings'*°~14. 32. 33. 37, 411

For details of the practical application of bearing materials and lubrication,
see Volume 8, Chapter 5. The problem of lubrication often receives scant
attention when the motion is not continuous, or the peripheral velocity of
the journal is small.

It is considered sufficient to choose different materials for the bearing
members, so as to avoid local friction welding (seizing) of the bearing
material to the journal, The combinations of steel and brass, steel and
bronze, steel and cast iron are often used, as also steel and jewels in instru-
ments and clocks.

The bearing usually surrounds the journal completely, but where the
journal is not completely enclosed, a force (a weight or a spring) must be
employed to hold it in the bearing. Most bearings are cylindrical. The usual
arrangement is for the bearing to stand still and the shaft to rotate. Shafts
can be enclosed in various ways (Section 1.5.5). When an ordinary cylindrical
bearing bore in the existing wall (plate) will not suffice, various forms of
bearing-bush can be inserted : they can be anchored by forcing in, embedding,
riveting, flanging or screwing (Figs. 1.265 to 1.268 inclusive).

The bearing may be recessed in a screw (Fig. 1.269). But, because of the
relative inaccuracy of the screw-thread fastening, which may drag the play
in the bearing to one side, this construction may easily result in misalignment.
When this drawback is acceptable, a cheap bearing can be obtained thus, with
scope for adjustment.



76 HANDBOOK OF PRECISION ENGINEERING

N, 7 O
i i = == {[

Y L/_ 7, /i

a b a b c
Fig. 1.265. Smooth bearing-bush Fig. 1.266. Knurled bearing-bush
forced into wall. Accurate fitting is forced into wall. The fit need not be
necessary. as accurate.
a. Bush with collar as axial stop. a. Bush with collar as axial stop.
b. Bush without collar. This is b. Bush without collar. This is difficult
difficult to position correctly. to position correctly.

¢. Knurled bush with smooth lead-in
centres better in the hole.

<Y

a b c d e
Fig. 1.267. Bearing-bushes introduced into wall in various ways.

. Embedded bush, anchored by slot.

. Bush for embedding, with diamond knurl to anchor it.

Riveted bush: hole reamed afterwards.

. Flanged bush: hole reamed afterwards; to prevent twisting see Fig. 1.66.
Flanged bush that does not require reaming: preferred shape of flange. Bush
is turned from hexagonal material. The points thus obtained bite into the soft
wall and prevent rotation.

SRS SN

Fig. 1.268. Bush screwed to wall.

a. Bush with flange fastened by
three screws driven into tapped -E
holes in wall.

b. As a, but with screw-thread in
extra ring, if wall is unsuitable ANNANY
for tapping.

c. Front view of extra ring used

in b. (] é

\Z#4|
AN
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Jewels are special bearings, used in clocks, etc. They are obtainable in
various shapes, and are gripped in a brass setting by indentation or clinching.
For practical examples of their use see Fig. 1.270, and for further particulars
see Volume 3, Chapter 4.2.

The holes in jewels may be either straight or olive-shaped.

Fig. 1.269. Position of bearing is readjustable by means of a screw, but this
introduces some inaccuracy in regard to location and alignment of the bearing
centre-line. Bearings shown are:

a. In cheese-head screw: position of bearing is determined by a washer under the
head, which can be locked by applying paint.

b. In grub screw: locked by a nut.

¢. In grub screw: locked by a second grub screw, with a soft copper plug below
it to prevent damage to the thread.

d. In grub screw: locked by a nut. A ball is pressed into the bearing recess to
absorb axial forces (or thrust) with a minimum of friction.

Fig. 1.270. Jewel bearings in a brass
setting.

a. Bearing with olive hole and oil ety
sink. § k ST N
b. Bearing with straight hole and oil / 1
sink.

c. As a, fitted with end stone to
absorb thrust.

The olive-shaped holes have a slightly dished shape that gives scope for
a certain amount of angling, whilst the oil in the lubricating chamber (or
oil sink) infiltrates to the position of least play.

For particulars of plastics bearings see Volume 10, Section 5.5.6. Polyamide
and polyacetal are mainly used for this purpose. Lubrication can be dispensed
with where necessary as, say, in textile processing machinery. Due con-
sideration must be given to the lack of thermal conductivity and the appre-
ciable thermal expansion of the material, and to the fact that it swells on
absorbing moisture. Steel is chosen as the shaft material. Copper and alu-
minium alloys can cause excessive wear because of catalytic action.
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The frictional torque exerted on a bearing journal (Fig. 1.271) is the
product of the radial force (F) acting on the bearing, the coefficient of
friction (x) and the radius (r) of the journal. Formulated:

M=uF.r=W.r

where W = the frictional force.

For free-running shafts, then, not only the force and the coefficient of
friction, but also the journal radius, must be small. Accordingly, polished
or rolled journals of the smallest diameter are employed. They are usually
integral with the shaft, as will be seen from the examples in Fig. 1.272.
The bevelled edge at a reduces the frictional moment set up by an axial
force acting on the shaft, by reducing the leverage available to the frictional
force. This effect is put to very good use when the end of the journal is
rounded to absorb thrust (Figs. 1.272b and c). Very thin journals can be
strengthened by making them trumpet-shaped where they join the relatively
thicker shaft (Figs. 1.272b and d). The shape shown in d prevents the
lubricating oil escaping from the bearing, since the oil cannot creep beyond
the major diameter of the journal. With a barrel-shaped shaft in a cylindrical
bearing (Fig. 1.272¢), the lubricating oil is drawn to the position of least
clearance.

Fixed shafts can be incorporated in the structure by forcing or driving in,
screwing and riveting (Figs. 1.273a, b and ¢). A lightweight rotor can be
supported by two bearing jewels on a taut wire.

Other possible methods that have been adopted, particularly in mass
production, are illustrated in Figs. 1.273d, e, f, g and A. In d and e, the shaft
itself is used as a punch, and remains clamped in position as a result of the
elastic deformation that occurs during punching. In f, the shaft is inserted
in a wider hole, after which the hole wall is closed-up by staking.

Fig. 1.271. Frictional torque exerted Y Q 1
on journal in bearing. r

O e <1 {13

a b c d
Fig. 1.272. Shaft journals.

a. Journal turned on shaft.

b. Turned, trumpet-shaped journal, for diameters less than 1 mm.
c. Ball riveted in.

d. Turned journal with oil trap.

e. Barrel-shaped shaft in cylindrical bearing.
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Fig. 1.273. Methods of fastening fixed shafts.

a. Knurled and driven in. f. Staked in clearance hole.

b. Screwed in. g. Clamped by deformation of extra

c. Riveted. ring.

d. Driven into hole punched by shaft 1 = ring before deformation.
itself. 2 = ring after deformation.

e. As d, but locked. h. Butt-welded.

Q
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Fig. 1.274. Methods of screw-fastening fixed shafts.

. Journal is part of cheese-head screw.

. Shaft secured by cheese-head screw.

. Shaft fixed by grub screw in dimple.

. Shaft fixed by grub screw in milled slot.

. Shaft screwed-in and locked with nut.

. Journal on grub screw, locked by another grub screw with a soft

copper plug under it to prevent damage to thread.

—t

a8

Fig. 1.275. Hinge.

. Riveted journal integral with one of two members.
. Riveted shaft with shoulder to ensure adequate clearance.
. As b, but with extra washer to reduce frictional torque. Countersunk

head reduces depth of assembly.

To produce a slightly heavier structure, a ring of very ductile material
(e.g. aluminium) is staked between the shaft and the wall of the hole, as
at g. The shaft in 4 is fixed by butt-welding. Journals are sometimes screwed-in
or otherwise fastened by screws, but, a point to remember about this method
is, that the journal cannot be centred exactly in its hole (Fig. 1.274).
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a b c
Fig. 1.276. Methods of fastening hinge-pins to hinges made of sheet material.
a. Spot welded pin. b. Soldered pin. ¢. Pin with ends bent over.

Fig. 1.277. Fastening the hinge-pins
of hinges made of cast material, for
example.

a. Pin with turned journals fastened
by riveting.

b. Smooth, riveted hinge-pin with
hinge robust enough to resist
deformation during riveting.

=~

=
L :

Fig. 1.278. Plastics hinge construction.

a. Lid fitted at elevated temperature, so that the two flanges can bend.

b. Lid can be fitted or detached in a specific position.

c. Box made of elastic material, so that undercut sockets are nevertheless
detachable.

d. Hinge consisting of two round members rotating under initial stress in cupped
sockets: lid and box are identical.

e. Cap and container of flexible material (polyethylene).

73
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Hinges are best kept as simple as possible. Figs. 1.275 to 1.280 inclusive
show structures of metal and of plastics. A polypropylene hinge for integration
in the moulding (Fig. 1.279) closes without squeaking, if it is properly
designed. The direction of flow (1) is set at right-angles to the bending
direction, and steps are taken to ensure that the hinge does not contain a
yield line. Polypropylene can withstand bending a great many times, parti-
cularly when it has a very smooth surface. A bead (2) along the edge of the
hinge checks any tendency to split.

Three detachable piano hinges of different types are shown in Fig. 1.280.

N\ e

a b

Fig. 1.279. Shaping of polypropylene hinge.
a and b. Cross-sections of the flexifle hinge strip.
¢. Closed hinge.
1 = direction of flow of material. 2 = thickened edges.

)
P I I A AT TS
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a b
Fig. 1.280. Piano hinges.

a. Drilled hinge for heavy structures.
b. Rolled hinge for lightweight structures.
¢. Pressed hinge, the most common type.

i B B

b a b

Fig. 1.281. Conical journal. Fig. 1.282. Spherical journal.

a. Journal rotating in fixed bearing a. Rotating journal in fixed, conical
b. Fixed journal as support. bearing.

b. Fixed journal as support for a
conical bearing.
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1.5.3 Conical and spherical journals and bearings™3~18. 341

Conical journals are used (amongst other things) in geodetic instruments
and in telescopes. A conical journal can also be employed as a fixed support:
as such, it is not affected adversely by wear and is devoid of radial backlash
(Fig. 1.281).

A spherical bearing can be set in different positions. The frictional torque
is the same as that of a taper roller bearing having the same cone vertex
angle. Because the contact surface of the sphere is small, spherical journals
are only suitable for relatively light loads (Fig. 1.282).

For greater efficiency a conical journal should be constricted centrally,
so that it does not bear over its full length. The actual supporting surface of
the bearing should then extend slightly beyond the corresponding surfaces
of the bearing in the direction of force, as shown in Fig. 1.283. A vertex

\ A

T
+—' L'_—.u

Fig. 1.283. Conical bearing with adjust- Fig. 1.284. Clamping ball joint used on

able axial strain. camera stands.
1 = grub screw.
2 = lock-nut.

L
= ) !

4 ! %
l

N
a b c
Fig. 1.285. Spherical pivot with bearing.
a. with loose ball; ¢. with driven pin with spherical end;

b. as a and adjustable with grub screw; d. with embedded ball.
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angle commonly used is 7-5°, which is associated with a considerable amount
of friction; this can be reduced by supplying an adjusting screw, to relieve
the axial strain on the shaft.

Clamping ball joints for quick assembly are sometimes used on camera
stands (Fig. 1.284). Figure 1.285shows types of spherical pivot with (adjustable)
bearings in actual use. The pivot shown in Fig. 1.285¢ has a minimum of
friction when mounted vertically, since the frictional torque arm is short;
theoretically, in fact, it should be non-existent. The ball in Fig. 1.285a is
sometimes magnetized to prevent it from dropping out. Inexpensive assem-
blies of this kind can be made with balls.

The small-diameter journal for use where a free-running bearing is required
has already been mentioned in Section 1.5.2. Frictional torque must be
kept very small indeed in, for instance, moving-iron instruments, so a
spherical, vertically-mounted pivot is preferred here. With the shaft or
spindle horizontal (Fig. 1.286), the (small) clearance (1) required prevents
any coincidence of the centre-lines of the revolving shaft and the stationary
cup or seat. This is a normal state of a pivot. The pointed journal of the
shaft is rounded with a radius » and merges into a conical shape. Contact
between journal and seat occurs at the point marked A ; the frictional torque
is the product of frictional force W = uN and arm r,, where u is the coefficient
of friction. N is normal to the tangent plane at the point of contact, so it
follows from the diagrams that:

n

G .
N=— and sina= —
sin r

hence N= g_.r

n
The frictional torque uN.r, is therefore equal to uG.r. This demonstrates
that the frictional torque of a pivot with a horizontal axis is proportional
to the coefficient of friction, the weight of the rotor and the radius of the
rounded end.

Fig. 1.286. Dimensions of a pivot and forces acting -
thereon. A N B

= 2 :
2 = clearance. 2 N N«

1 = eccentricity of journal relative to cup.

This radius may be very much smaller than the smallest radius possible
for a cylindrical journal. A pivot therefore reduces frictional torque to a
minimum.
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According to Hertz, the specific pressure at the point of contact is very
high, much higher than in a plain bearing. Thus, pivots have to be made of
very hard material, such as hardened steel, corundum (sapphire and ruby)
and spinel. See also Volume 1, Section 2.3.13, and Volume 3, Section 4.2.

Impact on a pivot may destroy the bearing point, already under a heavy
specific load. Figure 1.287 shows a cup protected against impact from different
directions. This structure ensures correct location of the journal. Although it
would be reasonable to expect only a small amount of frictional torque from a
vertical pivoted shaft, the tilt effect (illustrated in Fig. 1.288) may give rise
to frictional torque comparable to that set up by horizontal shafts. Many
practical versions of pivots for horizontal shafts are dimensioned as follows
(Fig. 1.289):

e the apex angle of the cone of the cup is 90°;
e the apex angle of the conical pivot, or journal, is 60°;
o the ratio of cup radius to journal radius is R/r = 1-5 to 10.

Pivots subjected to shock loads are given a ratio R/r < 2-5 and little axial
clearance. A ratio R/r > 3-5 is preferred for bearings in ordinary measuring
instruments, since the transition from the spherical to the conical surface
of the cup then results in only a minor change in the specific pressure of the
journal on the cup. Depending on the weight of the shaft with its associated
parts, and on the permissible specific loads, journal radii r ranging from
5 pm to 50 pm or more are chosen. The coefficient of friction is about 0-13
for a hardened steel journal on a sapphire cup.

c
Fig. 1.287. Cup protected against impact from different directions.
The structure ensures correct location of the journal.

a. Situation after lateral impact.

b. Situation after axial impact.

c¢. Situation after impact from an oblique angle.

s
|

Yt

Fig. 1.288. Tilt effect associated with Fig. 1.289. Dimensioning of pivots.
vertical-axis pivots. 1 = conical journal. 2 = cup.

90°
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1.5.4 Rolling-motion (anti-friction) bearings'®-28. 35. 36
(a) Introduction

In anti-friction bearings (or rolling-motion bearings, as they are sometimes
called) sliding motion is superseded by rolling. This greatly reduces the
coefficient of friction, and makes (miniature) anti-friction bearings suitable
for use in instruments. The slight frictional resistance also occurs on starting
and does not vary much with the speed. Anti-friction bearings take up more
roomthan plainbearings. Thelife'of an anti-friction bearingis limited by fatigue
effects, as a result of which the loading capacity is inversely proportional
to the speed of rotation and the useful life required of them. Most bearings
are made of stainless steel A.I.S.I. 440C (American designation): the
hardness after heat treatment is around 59 Rockwell C and remains so up
to 350°C. The German ball-bearing steel 100 Cr6 has a hardness after heat
treatment of about 62 Rockwell C, which it retains up to 120 °C. For further
particulars of ball-bearing steels, see Volume 2, Section 1.4.3.

Bearing manufacture imposes the most stringent requirements on accuracy
and purity. The component parts are cleaned many times in special baths,
and then assembled in workshops where dust concentration is kept to a
minimum. After being inspected, the bearings are wrapped in waxed paper
or packed in sealed polyethylene bags. Cleaning before installation is not
only unnecessary, but harmful.

The overall dimensions and running accuracy of rolling-motion bearings
have been standardized (Volume 1, Section 1.10). Miniature and instrument
bearings are manufactured to the current series of sizes. Moreover, ranges
of sizes are available, in which the bearing width is reduced to half the
current size for the particular shaft diameter, and the outer race is of very
much smaller diameter. Although the bearing can thus be accommodated
in less space, the loading capacity is reduced (to 24 9, for example, in the
case of a 4 mm diameter shaft.

(b) Ball bearings

The principal types of ball bearing for fine mechanisms (Fig. 1.290) are:
(i) Radial groove bearings (for mainly radial loading).

(ii) Angular contact bearings (with shoulders).

(iii) Axial groove (ball thrust) bearings.

(iv) Pivot bearings and other special bearings.

(i) The radial groove ball bearing is suitable for many and various appli-
cations and is therefore the most common type. Several versions of it are
made (Fig. 1.291):

o The ordinary kind.
e With flanged outer ring.
e With inner ring wider than the outer ring.
e With outer ring and inner ring offset slightly in the axial direction.
e With seals or shields.
e In different materials.
o In mm and inch sizes.
H.P.E. (6) 4
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Flanges on a ball bearing facilititate installation, since a simple cylindrical
hole, without retaining rings, is all that is required. The addition of a flange
does not add to the width of the bearing.

Inner rings of greater width (projecting about 0-4 mm on both sides)
facilitate construction, since retaining and packing rings can be dispensed
with.

Bearings with outer and inner rings of equal width, but with the races
so arranged that the rings are offset slightly in the axial direction, can be
mounted in pairs under initial stress with simple tools. The bearings thus
function as angular contact bearings in a structure without play (Duplex
fitting).

Fig. 1.290. Rolling-motion bear-
ings for fine mechanisms.

a. Radial groove ball bearing.
b. Angular contact bearing.

c. Ball thrust bearing.

d. Pivot bearing.

o = angle of contact.
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Fig. 1.291. Various types of rigid ball journal (radial groove) bearing.
a. Flange on outer ring. e. Bearing with shields and labyrinth
b. Inner ring wider than outer ring. sealing.
¢. Outer ring and inner ring offset. /. Bearing with seals.

d. Bearing with shields.

Fig. 1.292. Ball cage.

a. Castellated cage of ball bearing steel.
b. Two-part cage of steel strip.
c. Snap-in type, made of synthetic resin-bonded fabric, or Delrin, sheet.
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Bearings with shields or sealing rings have a neat appearance. The lubri-
cant (grease or oil) has to be injected by the manufacturer. The shield or
seal is fixed in a recess in the outer ring, and prevents the lubricant from
escaping, at the same time excluding dirt. Closures with a small clearance
between the running ring and the protective ring (shield), so that the two
do not touch, are usual. Protective rings that bear slightly (seals) are not
recommended, owing to the heat they generate, which is particularly
important at high speeds. At the same time, sealing rings constitute a more
effective closure than shields.

The following are used as ball cages for these bearings (Fig. 1.292):

Fig. 1.292a. A castellated cage with indented compartments for the balls,
punched out of stainless, ball-bearing steel and hardened. This is the standard
type of cage for low and average speeds.

Fig. 1.292b. A two-part cage made up of soft, ball-bearing steel strip;
suitable for low speeds.

Fig. 1.292¢. A snap-in cage made of laminated phenol sheet (synthetic
resin-bonded fabric) or polyacetal sheet (Delrin). Machined and oil-
impregnated laminated cages are primarily suitable for very high speeds at
temperatures below 135 °C.

Machined Delrin cages (up to 143 °C) have little frictional resistance at
low (or high) speeds and are exceptionally quiet. But, like metal cages, they
cannot be impregnated.

Teflon distance-pieces are used to separate the balls in the bearings; they
are of minimum width to ensure low frictional resistance at slow speeds.

(ii) The angular contact bearing, seen earlier in Fig. 1.290b, is used for
relatively heavy and predominantly axial loads. An axial force can only
be absorbed in one direction.

The bearing, the inner ring of which has a shoulder on one side only, is
detachable. Less common is the (non-detachable) angular contact bearing
with the shoulder on the outer ring. Towards larger contact angles, the
permissible axial load increases and the axial resilience decreases. A cage of
laminated material, impregnated with oil, makes high speeds possible.
Angular contact bearings for Duplex installation are also obtainable.

(iii) The axial groove, or ball thrust bearing (Fig. 1.290c¢) is used exclusively
to absorb (substantial) axial forces. The bore of the housing ring is slightly
larger than nominal size, and the outer diameter of the shaft ring slightly
smaller than nominal size, so as to avoid contact between the rotating and
stationary parts without special modification to the structure. Such bearings
are used, for example, in high-speed rotary liquid flow meters.

(iv) The pivot ball bearing (Fig. 1.290d) is a special type of angular contact
bearing. It requires a very smooth, conical pivot (apex angle 60°) made of
hardened (stainless) ball bearing steel: it can carry relatively heavy axial
loads. When necessary, the bearing is prestressed to provide the axial force
required for satisfactory performance (without play). The dished outer
ring (Fig. 1.293) is made of high-grade strip steel.

Apart from the one above, the following other forms of pivot bearing
are obtainable (Fig. 1.294):
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® Bearings suitable for a shaft in the shape of a truncated cone, so that the
balls run on a larger circumference of the shaft.

® Bearings fitted with a shaft-ring, so that the shaft itself need not be
hardened.

® Bearings in which this shaft-ring bears against a shoulder on the shaft
via a spring pressure washer, to cushion any impact more smoothly.

® Bearings suitable for a through shaft.

Fig. 1.293. Prestressed pivot bearings
in a weighing machine.

Fig. 1.294. Different types of pivot bearing.
For conical journal (D = 1-1 mm).
. For journal in the shape of a truncated cone (D = 1-1 mm).
As b, for through-shaft (D = 27 mm).
With shaft-ring (D = 4-25 mm).
As d, for through-shaft (D = 4-25 mm).
With shaft-ring and spring pressure washer (D = 4-25 mm).
As f; for through-shaft (D = 4-25 mm).
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Fig. 1.295. Easy-running ball bearing for light load (D = 3 mm).

a. For through-shaft with scope for linear motion.

b. With polished plate to restrict axial motion of through-shaft.
¢. With polished disc as axial stop for end of shaft.

d. With cover and balls to cushion axial thrust.
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Easy-running ball bearings with a divided outer ring and without an inner
ring, suitable for light reciprocating-motion loads, are shown in Fig. 1.295.
The shaft bears directly on the balls and must therefore be made of hardened
and polished ball bearing steel. If space permits, a bush or sleeve of hard
material can be fitted on the shaft at the point of contact with the balls.
Different types are used:

e For a through-shaft with scope for linear motion.

e With a polished plate to restrict axial motion of a through-shaft.
e With a polished disc as an axial stop for the end of a shaft.

e With a cover containing revolving balls to cushion axial thrust.

Fig. 1.296 shows three simple ball bearings constructed to cushion axial
forces, and with members that can be integrated into the remainder of the
structure.

Fig. 1.296. Simple ball bearings constructed to cushion axial forces.

a. Pivot with ball riveted into it.
b. Detachable: can be integrated into remainder of structure.
¢. Combination of radial ball bearing and plain, axial bearing.

Fig. 1.297 Fig. 1.298

Fig. 1.297. Ball bearing with divided inner race: the clearance can be adjusted by
matching the thickness of the washer (1).

Fig. 1.298. Ball bearings integrated in the structure.

a. In pure rolling motion, the line through the two points of contact
of the ball against the outer ring passes through the apex of the cone
around the inner ring.

b. In pure rolling motion, the line through the two points of contact of
the ball against the inner ring passes through the apex of the cone
in the outer ring.

¢. In pure rolling motion, the two tangents to the ball at the points of
contact with shaft and outer ring intersect at a point on the centre-
line of the bearing.
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A version in which the inner ring is divided, and the outer ring is dispensed
with (Fig. 1.297), fixes the shaft axially and gives scope for adjustment of
play in the bearing.

Simple structures to cushion axial forces are shown in Fig. 1.298. Angular
contact bearings integrated in the remainder of the structure are recom-
mended for purposes of mass production, where the requirements for speed
and running accuracy are not unduly stringent, and the price has to be kept
low. It should be borne in mind that in this case the ball races are not pro-
duced in a factory specializing in them. They should be so designed as to
ensure true rolling motion of the balls.

Another example of the special ball bearing is the wire-seat ball bearing, in
which the ball seats are formed by four steel-wire rings set in grooves in
the raceways. The advantages of this type of bearing are: accuracy, silence
and small-space accommodation. In addition, the cost of large-diameter
bearings is relatively low. The cross-section of such a bearing is shown in
Fig. 1.299. The wire rings can be supported by any material, provided the
shape of the structure ensures the necessary stiffness. In assembling the
bearing, the wires are rolled-in by balls, which are afterwards replaced
See also Fig. 1.300, of a turntable fitted with a radial wire-seat ball bearing

Fig. 1.299. Cross-section of wire-seat Fig. 1.300. Turntable supported by

ballbearing. radial wire-seat ball bearing.
1 = ball. 1 = ball.

2 = steel wire ring. 2 = steel wire ring.
3 = ball cage. 3 = ball cage.

4 = packing ring governing play in
bearing.
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(c) Cylindrical roller bearings

There are three main types of cylindrical roller bearing (Fig. 1.301), used
for relatively heavier loads:

Non-detachable, to fix the shaft axially.

With detachable inner ring.

Without inner ring, fitted direct on the hardened and ground shaft.

The smallest of these bearings, for a shaft diameter of 4 mm, has an outside
diameter of 12 mm. None of them, including the detachable type, can cushion
axial forces.

f////

a

Fig. 1.301. Cylindrical roller //// 2
bearing.

a. Non-detachable.

b. Detachable inner ring.

¢. Without inner ring.
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(d) Fitting

In principle, the factors governing the fitting of roller bearings are the
same as for the larger ball journal bearings. Fitting should be done exactly
in accordance with the manufacturer’s instructions. The position of the
shaft should be fixed precisely in relation to the housing, with due regard
to the possibility of thermal expansion. If the load rotates relative to a
ring, this must be mounted with an interference fit: if the load is sta-
tionary in relation to a ring, a sliding fit will do.

Other points to bear in mind are:

o Press fits must be avoided.

e The seating faces on the housing and the shaft should have the same
accuracy of surface finish, and the same dimensional tolerance, as the
corresponding faces on the bearing.

e The seating, or abutment, faces must be aligned accurately to within 1/4°.

e No force may be exerted on the rollers in mounting or demounting the
bearings.

The use of adhesives to fix the bearing has certain advantages, and also

certain drawbacks:

e Axial play in assembly is avoided.

@ Press fits are unnecessary; the glue fills any reasonable clearance com-
pletely.

e Given a suitable choice of adhesive, e.g. Loctite, the running accuracy can
be improved by revolving the shaft slowly whilst the adhesive is setting.

On the other hand:

e Some adhesives are attacked by lubricants or solvents.

e A sound adhesive joint can only be obtained if the (lubricated) bearing,
the housing and the shaft are all perfectly free from grease.

e Damage may be caused by adhesive creeping into the bearing, owing to
injudicious application.

e Vibration may cause the adhesive joint to give way.
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In the absence of any special requirements, shafts are supported in the
manner of Fig. 1.302. Tolerances and thermal expansion are taken into
account. There are different structures which require bearings without
backlash or bearings having a predetermined initial stress (pre-loaded
bearings). This cannot be accomplished merely by taking bearings from an
ordinary production batch and using them as they stand. However, the
requirement is fairly easy to meet through axial readjustment of the bearing
or by suitable pairing (Duplex fitting) (Figs. 1.303 and 1.304). Also, bearings
can be fitted free from backlash and without initial stress by means of
packing rings or nuts (Fig. 1.303).

o207
a b
Fig. 1.302. Shaft in two bearings.

a. Fixed axially by right-hand bearing: outer ring of left-hand bearing can slide.
b. Outer rings of both bearings can slide; linear motion restricted by the two
covers.

Fig. 1.303. Bearings without backlash.

a. Adjusted by means of packing ring ().
b. Adjusted by means of nuts (2).
c. Thermal expansion compensated by dished spring washers (3).

Fitting with dished spring washers is recommended as a means of com-
pensating thermal expansion (Fig. 1.303¢). In this structure, the springs
should supply sufficient thrust to keep the bearing in the correct position
despite axial impact at rest. Unless the resilience of the springs is largely
compensated by the force of the bearing in operation, the frictional resistance
may easily be from 5 to 10 times greater than normal. Paired bearings,
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obtainable as radial groove ball bearings or as angular contact
bearings, can be fitted in two ways (Fig. 1.304), namely, in what is called
the O-arrangement, or in the more usual X-arrangement. If the bearings are
pressed completely together on assembly, they are free from backlash or
preloaded slightly, depending on the size of the original gap.

In practice, an initial stress or preload, equivalent to three times the
force set up in operation, is adopted. Instead of pressing the bearings
together, they can be mounted some distance apart by spacers or distance-
pieces of equal length (Fig. 1.304b and d). It is advisable to calculate the
axial spring action as a function of the bearing force.
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Fig. 1.304. Ball bearings rendered free from backlash by fitting them in pairs.
a. O-arrangement (gap between inner rings): before and after fitting.
b. O-arrangement: fitted some distance apart.
¢. X-arrangement (gap between outer rings): before and after fitting.
d. X-arrangement: fitted some distance apart.

(e) Loading capacity

The size of the static load that can be imposed on instrument bearings is
limited to a local compressive stress of 150 x 107 N/m2. Heavier loads cause
indentation of the raceway. Axial loading also involves the risk of damage
in a shorter time, because of the ball pressing too closely against the edge
of the raceway. A heavier dynamic load is acceptable, since any permanent
deformation is distributed evenly around the raceway, so it does not affect
the running of the bearing.

The following general rule has been adopted in the U.S.A. for determining
the permissible dynamic load:

e For lightly loaded bearings, up to 5% of the dynamic load capacity.

e For average bearing loads, in excess of 159 of this capacity.
4.
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The relative permissible loads of bearings can be compared by determining
the product Nd? of each bearing, where N = number of balls in the bearing
and d = ball diameter. The loading capacity of bearings of similar design
and material increases with this product.

The axial resilience of a bearing increases with the load. The resilience
rises steeply at the outset, when the load is imposed, after which it gradually
falls off. This explains the stiffness of preloaded bearings in that much of their
axial resilience is already swallowed up in preloading. A substantial contact
angle, and balls of large diameter, also add to the stiffness of the bearing.

(f) Frictional resistance

Instrument bearings are designed to have a minimum of frictional torque.
This torque increases with:

e The dimensions of the bearing (frictional force acts on a longer arm).
o The load (more deformation).
@ The speed (more resistance from the lubricant).

Lubrication is a critical factor. Generally, there is less friction in bearings
lubricated with oil than in those lubricated with grease. But it may happen
that greased bearings run with less friction than oiled bearings at high speeds,
particularly when a grease is employed that remains in situ after the balls
and the ball cage have channelled through it. The design of the bearing
also affects the friction in it.

Light metal ball cages offer least resistance at low speeds, and plastic
cages at high speeds. Frictional resistance in radial groove ball bearings and
angular contact bearings is lowest at a contact angle around 15°. Small
contact angles add to the resistance, because of geometrical errors in the
ball races. Wide contact angles have the same effect, since the balls not only
roll, but are compelled to slide. Specification of the coefficient of friction (u)
is sufficient for a rough estimate of the frictional torque, since this depends
very much on the load. For radial groove bearings, an average u = 0-0015
can be expected, referred to the radius of the shaft.

(g) Speed of rotation
The permissible speed for an instrument bearing is difficult to establish

exactly, but it is possible to define the effect of a number of parameters

on the possible speed, as follows:

o The highest speeds can be attained with small bearings, within the limits
imposed by the (weak) ball cage.

o The permissible speed depends very largely on the load. Preloaded bearings
restrict the speed by a factor of 5 as compared with a (similar) single-
mounted bearing.

e Rotation of the inner ring permits a higher speed than rotation of the
outer ring.

o Self-lubricating ball cages and mineral lubricating oils have to be employed
at ultra-high speeds. Oil-mist and oil-injection lubrication have proved
very successful here.
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From the point of view of design, the following points are worth noting:
e An outer ring rotating at high speed requires a tighter fit, in view of the

centrifugal forces acting on the housing and the ring.

e More bearing clearance is necessary to allow for possible thermal expansion
in operation.

o The running accuracy and dynamic balance have to satisfy very stringent
requirements.

e The same applies to the alignment and accuracy of the fitted parts.

In practice, the term “high speed” is applied to radial groove ball bearings
and angular contact ball bearings for which the product of n.d, is greater
than 0-4.108, where n is the number of revolutions per minute and d,, the
average bearing diameter (mm).

Grinding spindles, dental drills and centrifuges run at speeds up to the
limit n.d,, = 2.10° of current engineering capability. For d,, = 8 mm, this
is equivalent to a speed of 250,000 r.p.m.

(h) Noise'®®!

Rolling motion bearings that are relatively silent-running are required
for domestic appliances, office machines, medical apparatus, tape recorders
and fractional horsepower motors. Factors affecting the noise level are:
the accuracy of the bearing members, the size of the clearance involved,
the accuracy of form and alignment of the housing and the speed of rotation.
Through the choice of form and material, the structural design of the housing
can contribute substantially to the damping of the noise generated, and to
its prevention. Damping can also be improved by grease.

1.5.5 Methods of retaining shafts and bearings'®!

In principle, shafts can be retained in many different ways (Fig. 1.305).
Collars are bulky and expensive to use. So circlips (sometimes called snap
rings), punched or made of wire, are used instead. They permit quicker
assembly and release, have smaller overall dimensions and are simpler. The
hardened spring rings are snapped into mating grooves, which must be made
to exact specification. Circlips also offer distinct advantages, compared
with dowels, spring dowels, fluted pins and split pins. Fig. 1.306 shows
round-wire circlips, circlips with a two-way spring action and triangular
circlips. The first of the these circlips, shown at a, takes up very little room
but requires a deep groove, equal to exactly half the thickness of the wire.
If the groove is too deep, the members are not retained and slide over it;
if the groove is too shallow, the clip slips out. If the wire used is too thick,
the clip is permanently deformed as it is pushed on to the shaft. The use
of circlips is thus limited to small-diameter shafts.

With the other two circlips shown, the full thickness of the wire drops
into the groove, but they are only suitable for relatively light loads. Punched
circlips (retaining rings) predominate. Their object is to dimension the radial
section so that the stress set up when the ring is clipped on remains just below
the yield point of the material throughout the ring, in order to get maximum
flexibility without deformation.
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Fig. 1.305. Axial retention of a shaft supported in two separate bearings.
a. Thicker part of shaft between the two walls.
b. Journal ends confined in blind holes.
c. Collar on each end of shaft outside the two walls.
d. Two collars on shaft inside the walls.
e. Two collars on shaft, one on each side of a wall.
/. Thicker part of shaft on one side, and thinner journal with collar
on other side, of one wall.

The groove is deeper than the thickness of the hardened spring clip, which
is harder than the material grooved. One or two common types of retaining
ring, for axial assembly, are shown in Fig. 1.307.

Some of them are bowed slightly to cushion axial backlash in the bearing.
The E-spring, as it is called, shown in Fig. 1.308 is assembled radially, whilst
the split, self-clamping circlip in Fig. 1.309 is for fitting on a smooth shaft:
it can cushion moderate forces in both directions. Because there is no groove
in the shaft, this type also provides compensation for backlash. Circlips
of the kind shown in Fig. 1.310 are no longer used, because they are subject
to plastic deformation and are extremely difficult to remove when once
assembled.

It is necessary (or at any rate advisable) to use special tools for fitting
and removing all these retaining rings. Specially-designed locking plates
for the axial retention of shafts are shown in Fig. 1.311.

Fig. 1.306. Spring wire retaining rings.
a. Round wire ring in a groove of depth equal to half the wire thickness: for
axial assembly.
b. Circlip with double spring action for radial assembly in a deep groove.
¢. Triangular clip, used only for shaft diameters = 10 mm: for axial assembly in
a deep groove.
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Fig. 1.307. Stamped retaining rings for axial assembly on a shaft or in a housing.

a. For shafts: external type.

b. For housings: internal type.

c. As b, but bowed to cushion axial backlash elastically.
d. As a, but bowed to cushion axial backlash elastically.

_IL . |
a b

Fig. 1.308 Fig. 1.309 Fig. 1.310
Fig. 1.308. E-spring or circlip: for radial assembly.
Fig. 1.309. Self-clamping circlip (retaining ring) for axial assembly on a smooth
shaft.
Fig. 1.310. Circlips (compression rings). Ring b deforms slightly more readily
than ring a. No longer used because they are subject to plastic defor-
mation and are extremely difficult to remove.
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Fig. 1.311. Retention of shafts by different types of locking plate.

One or two points to bear in mind concerning structures involving anti-
friction (rolling motion) bearings (Figs. 1.312 and 1.313) are:

e That axial forces must be cushioned by the flat of the raceway ring.
A retaining ring must project beyond the shaft or housing enough to
enable it to rest at an adequate distance from the radius of the ring
(Figs. 1.312q and 1.313a).

e That placing a packing ring (2) between the bearing ring and the retaining
ring (Figs. 1.312b and 1.313b) enables the bearing to transmit much
greater axial forces.
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e That it should be possible to demount the bearing by withdrawing a
retaining ring, without exerting any force via the rolling members. This
puts a certain amount of strain on the shoulder, on a shaft, or rim, in a
housing (Figs. 1.312¢ and d and 1.313¢ and e).

o That the transition from the journal of the shaft to the level of the shoulder
should be rounded with a radius smaller than the radius on the inner
ring (Fig. 1.312¢). Very much the same applies in the case of the rim in the
inner housing and the outer ring. Recesses are recommended where
necessary for the grinding operation (Fig. 1.312d), but must not weaken
the shaft unduly.

e That the recommendation of the ball or roller bearing manufacturer
should be followed exactly, so as not to prejudice the running accuracy
and life of the bearing.

Very simple bearings, having a relatively short life, are found, for example,
in switches. Figure 1.314 shows three cheap examples with solid spindles, and
spindles made of tube and of rolled strip. The spindles are retained axially
in a ceramic bearing.

Figure 1.315 illustrates a simple method of eliminating backlash from
the bearing, with axial retention of the spindle by means of a wire spring.
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Fig. 1.312. Assembly of ball bearing on shaft.

a. Between two retaining rings (1).

b. As a: packing ring (2) can cushion greater forces.

c. Between retaining ring and shoulder (4).

d. Backlash-free assembly by means of nut and retaining ring.
1 = retaining ring. 2 = packing ring. 3 = shoulder.

4 = radius, to leave enough room for inner ring. 5 = recess.
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Fig. 1.313. Assembly of ball bearing in housing.

Between two retaining rings (1).

As a: extra packing ring (2) can cushion greater forces.
Between retaining ring and rim.

Assembly without backlash by means of ring screwed on.
Assembly without backlash by means of locked ring.

1 = retaining ring. 2 = packing ring. 3 = demounting slot.

a.
b.
c.
d.
e.
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Fig. 1.314. Very simple bearing in ceramic housing of rotary switch.

a. Solid spindle with axial retention, subject to backlash owing to thickness of
assembled rings: suitable for job production.

b. Tubular spindle with axial retention, subject to backlash dictated by split pin
and flange: suitable for batch production.

c. Spindle of rolled strip, with axial retention, with backlash governed by two
special rings in matching slots in the spindle; suitable for large-scale batch
production.

1 = paper washer to protect the housing during rotary riveting.

2 = rolled spindle before assembly of c.

3 and 4 = special retaining rings.

The construction of the bearing, free from axial and radial backlash of
the worm shaft shown in Fig. 1.316 is much more complex, but does not
call for very accurate dimensional tolerancing.
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Fig. 1.315 Fig. 1.316

Fig. 1.315. Construction of a bearing eliminating the backlash from the bearing
with axial retention of the spindle by means of a wire spring.

Fig. 1.316. Worm transport when the bearing of the worm shaft is free from axial
and radial backlash and the clearance of the teeth can be adjusted by
means of bearing plane (1). This V-shaped bearing construction
eliminates the clearance in combination with the spherical shaft end (2)
fixed in a V-shaped bearing recessed in the housing.
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30° 45°

Fig. 1.317. Simple and efficient construction of a shaft fixed in two radial groove
ball bearings.

A mounting example of a short shaft fixed in two bearings is given in
Fig. 1.317. A grub screw with point fixes the total construction by inter-
vention of a split ring by which the position of the bearing can be adjusted
axially.

1.5.6 Special bearings'*!
(a) Knife-edge bearings'?8} 1401

For these knife-edge bearings the movement is largely a rolling one. The
greater the radius of the bearing seat, the smaller the sharp edges (knives), the
smaller the oscillating angle and the more the movement approaches pure
rolling. This kind of bearing is applied as supporting bearings in weighing
machines and balances. The knives are made from hardened steel or jewels.
Jewel knives, applied in rooms where acid vapour is much in evidence, may
only be loaded up to 2 N. The knife has a prismatical shape and can have a
triangular, olive or square cross-section. The angle of the knife for steel is
45 to 90°, and for jewels is 90 to 120°.

An obtuse angle is required for heavy loads. The sensitivity of the bearing
increases with the acuteness of the angle as also the specific load, so that a
knife-edge bearing has to be shielded against impact. Knife-edges in scales
are invariably attached to the levers, because this enables the correct arm
length to be obtained. The knife-edge is pressed into the carrier (steel knife-
edges) or held in this by screws (jewel knife-edges), which usually give some
scope for adjustment (Figs. 1.318 and 1.319). As a rule, the bearing seat is
likewise vee-shaped.

Figure 1.320 shows the working parts of a knife-edge bearing with a vee-
shaped seat in cross-section and also gives the dimensions commonly em-
ployed. Round bearing seats are easier to grind. Flat seats, or steps, are also
used in very accurate scales. They are made of very hard steel or jewels
(sapphire or ruby). Seats are fixed in much the same way as knife-edges, but
if there is any fear of damage as a result of pressing in, an epoxy adhesive is
used instead.

Knife-edge bearings are employed not only in scales and balances, but
in measuring instruments and relays, and for other purposes involving only
a small deflection and permitting only a small amount of friction (Fig. 1.321).
Figure 1.322 shows a microprobe with three knife-edge bearings.
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Fig. 1.318. Knife-edges pressed or glued in matching slots.

a. Knife-edge of triangular cross-section.  ¢. Knife-edge of square cross-section.
b. Knife-edge of pear-shaped cross-section.

Fig. 1.319. Knife-edges, screwed into the carrier, are adjustable.

a. With two cheese-head screws. c. With six set-screws: gives scope
b. With four set-screws. for vertical adjustment.
2
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Fig. 1.320 Fig. 1.321

Fig. 1.320. Cross-section of the working parts of a knife-edge bearing with a
vee-shaped seat, as used in scales.
Fig. 1.321. Knife-edge bearing in a relay.

a. When the magnet picks up, the armature (1) pivots through a narrow
angle on the knife-edged yoke (2). The shape of the yoke presents
problems in manufacture.

b. Improved version of a. The armature takes the form of a flat plate (1)
backed-up by the bent armature lever (3). The two together form a
vee-shaped bearing seat which is held on the yoke (2) by a spring (4),
whose tab, together with plate and armature lever, constitutes
another knife-edge bearing.
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Fig. 1.322. Microprobe with three-knife-edge bearings.
1 = probe.
2 = movable knife-edge.
3 = fixed knife-edge.
4 = pointer.
5 = adjusting screw.

(b) Magnetic bearings'?"- 28

These bearings are based on the mutual repulsion or attraction of built-in
magnets. Some of them are magnetically load-relieved; others carry the
full weight of the rotor. The object in both cases is to obtain very low values
of frictional torque, and therefore wear.

Figure 1.323 shows the load-relieved thrust bearing of a 140-gm rotor in
an electricity-supply meter, the pivot of which carries only one-sixth the
full weight. Figure 1.324a shows a magnetic hanger bearing and Fig. 1.324b a
magnetic thrust bearing. Magnets carry the full weight of the rotor in both
of them. Because the equilibrium is not stable in all directions, any (minor)
transverse forces have to be cushioned by extra bearings at both ends of
the rotors. Bearings of this kind are used in American a.c. meters, in which
the rotor weighs only 30 to 40 gm. The magnets in them must be capable of
withstanding leakage flux. The weight of the magnet as mounted in the rotor
must be small.

Fig. 1.323. Magnetically load-relieved

thrust bearing of a rotor.

1 = needle bearing to cushion trans-
verse forces.

2 = annular permanent magnet.

3 = magnetic circuit.

round disc of soft iron.

rotor. 5
load-relieved bearing. j

bodyofmotor, OO T T T T T T T T TP T T T TIIID

4
5
6
7
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Fig. 1.324. Magnetic wire-bearing for o

rotor.

a. Hanger bearing.

b. Thrust bearing.

1 and 2 = permanent magnets.

3 = rotor.

4 = needle collar bearing to absorb
lateral forces.

4 I

Fig. 1.325. Measuring frame with
span-strip bearing.

28
78

w

a. Constructed with long strips (1)

(about 27 mm) tensioned by adjust-
able parallel springs (2).

b. Constructed with short strips (1)
(about 10 mm) to reduce overall
height. The strip-ends are anchored
outside the torsion-loaded system.
The strips are tensioned by flat,
hairpin springs (2). 3 = impact
stop.

(c) Span-strip bearings'3°!

These bearings are frictionless, and only suitable for rotation through
limited angles. Such rotation involves the twisting of two thin, flat springs
(strips), with the rotor shaft clamped between them, which supply a con-
trolling couple. Any rotor current required is delivered via the strips.

In sensitive measuring instruments, the strips are not more than 0-1 mm
wide, 0-01 mm thick and are made of bronze or an alloy of platinum and
nickel. Impact stops prevent excessive lateral deviation (Fig. 1.325).

For particulars of hinge springs, see Section 1.7.5.
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(d) Air bearings'°- 311

In air bearings, the bearing faces are separated completely by a thin
cushion of air. Since it is rarely possible to set up sufficient pressure in the
bearing dynamically, compressed air has to be injected (aerostatic bearing).
Because there is no metallic contact between shaft and bearing, there is
no wear. The running accuracy can be greater than would otherwise be
consistent with the local irregularities of the bearing surfaces. The friction
is purely viscous and therefore increases with the speed. Because the viscosity
of air is very low, however, friction, even at high speeds, is minimal. At low
speeds, friction is extremely low and the bearing is completely free from
slip-stick. The material, temperature and surroundings of the bearing are
virtually unimportant.

Figure 1.326ashows the variation of air pressure under a shaft. This pressure
is highest at the inlet and falls off gradually in both directions to atmospheric
pressure. The smaller a gap, the more difficult it is for the injected air to
escape, and the heavier the load the bearing can carry. The bearing clearance
is not a true void, but is filled with a cushion of air, in such a way as to
preserve a constant balance between load and deviation (Fig. 1.326b).
Figure 1.327 shows a simple version of a radial air bearing.

a b
Fig. 1.326. Shaft or plate supported by a cushion of air (air bearing).
a. Pressure variation between inlet and outer edge of the bearing.

b. Continuous relationship between load and size of air-gap, that is the thickness
of the supporting air cushion.

1 = air inlet. p = air pressure under the shaft.
F = load. h = size of the gap.

The accuracy of the motion and the absence of stick-slip have fostered the
use of such bearings in measuring machines and machine tools. Because of
its suitability for high-speed rotation, the air bearing has been adopted for
grinding spindles (internal grinding), gyroscopes and dental equipment.
Other prospective applications are in machines for the food industry, in
medical apparatus and instruments, and generally where the action of oil
and grease has to be avoided.
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Fig. 1.327. Radial (aerostatic)
air bearing with compressed
air supply.
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1.6 Detents, clamps, ratchet mechanisms, stop mechanisms,
etc.[l—e. 11]

1.6.1 Introduction

The purpose of the devices now to be discussed is to restrain a structural
element temporarily in a guide permitting sliding or rotary motion. This
restraint may prevent the latent motion. In other words, the mechanism
may completely suppress, or merely limit or impede the remaining degree
of freedom. At rest, these mechanisms are in effect detachable fastenings.
As to freedom, the possible constructions can be brought under six headings
(Fig. 1.328). The mechanisms a, b and c in the top row of the diagram operate
through a retaining element shaped to block or impede the motion, always
subject to certain discrete constraints:
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a. Detent: blocks motion in either direction.

b. Ratchet and pawl: blocks motion in one direction.

¢. Stop mechanism: impedes motion in either direction.

The mechanisms d, e and f'in the bottom row of the diagram operate through
a frictional member whose force arrests or impedes the motion:

d. Clamp: arrests motion in either direction.

e. Friction ratchet: arrests motion in one direction.

/- Brake: impedes motion in either direction.

The retaining or frictional member, and the member subject to temporary
restraint, can both be designed to rotate or to slide. Hence the six possible
versions shown in Fig. 1.329.

Other devices designed to limit stroke or travel, namely stops, will be
discussed towards the end of this chapter.

Fig. 1.328. Six groups into which

mechanisms designed to arrest or
impede a motion can be divided.
a. Locking device.
—_—
| Vil i | | | | WLl d
a b c

b. Ratchet mechanism.
c. Stop mechanism.

d. Clamp.

e. Friction ratchet.

f. Brake.

Fig. 1.329. Six possible arrangements of engaging and engaged members.
a. Both members slide.
b. Rotary member engages slide.
c. Sliding member engages rotary member radially.
d. Sliding member engages rotary member axially.
e. Both members rotate (radial engagement).
/. Both members rotate (axial engagement).

1.6.2 Locking mechanisms

A detent blocks motion in such a way as to preclude release by any force
exerted on the member detained. A lead-in on the detent, for accurate
location, etc., should be bevelled to an angle acute enough to prevent slipping.
As explained in Section 1.4, it may happen that a sliding detent runs heavily
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or even sticks. This is not likely to happen with a rotary detent, however,
because its frictional force acts on the periphery of a (small) journal, whilst
in the event of sliding motion the friction is directly opposed to the applied
force. Figs. 1.330 to 1.332 inclusive show one or two of these mechanisms.

2
i
oI /I/
SR
Fig. 1.330 Fig. 1.331 Fig. 1.332

Fig. 1.330. Sliding detent for a sliding rod. Detent is released by pressing a button.
1 = detent. 2 = rod.

Fig. 1.331. Rotary detent engaging slotted rod requires some clearance in the
slot in order to function. As a result, the rod cannot be fixed with any
degree of accuracy.

1 = detent. 2 = rod.

Fig. 1.332. Sliding detent for sliding rod. Lead-in on detent ensures accurate
fixing. Angle « must be kept within given limits to make the device
self-sticking.

1.6.3 Clamps

The clamping force stems from friction between the retaining and retained
members. Substantial clamping forces are supplied by screws, keys or
sometimes springs. Another convenient method is clamping by means of
a short cylindrical or angular-section guide. There is a wide variety of
possible designs, some of which are given in Figs. 1.333 to 1.340 inclusive.
Figure 1.341 shows ways of restraining universal joints, whilst Figs. 1.342
and 1.343 illustrate the use of a clamping guide.

Fig. 1.333. Hub clamped on shaft by
a screw. e
a. With round-ended grub screw bear- |
ing on flat face of shaft.
b. With blunt-pointed grub screw
engaging vee-groove in shaft.
These fastenings are not altogether
free from backlash, because the shaft
can twist slightly under the screw,
depending on the clearance. Possible
damage to the shaft does not prevent a b
readjustment or release.

\ N
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Fig. 1.334. Hub clamped on shaft in Fig. 1.335. Clamp fastening with three

three-point fastening entirely free from points of contact.

backlash. a. Lever on shaft with screw.

a. With two grub screws. b. Nut draws rod tight, with aid of
b. In square hole with one grub screw. sleeve.

| 7
a b c
Fig. 1.336. Clamp fastening by wedge action with: Fig. 1.337. Clamping
a. Cam catch. b. Longitudinal key. through friction set
c. Ball in conical recess. up in three places by

spring.

a b

[1 1 /]
cl e »
g = Y

Fig. 1.338. Threaded clamp with:

a. Knurled screw. c. Cheese-head screw. e. Two jaws.
b. Knurled nut. d. Two clamps.
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Fig. 1.339. Clamping
by short journal bear-
ing set askew by
spring pressure.
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= ﬂmﬁ-‘ Tg_\ 5

H ] )
a b c d
Fig. 1.340. Clamping a shaft.

a. Journal retained by grub screw: any damage to shaft
impedes demounting.

b. Shaft retained by grub screw seated in groove;
accuracy of axial retention depends on fit of screw
in groove.

c. Accurate axial retention of shaft by pointed grub
screw in vee-groove.

d. Shoulder of hollow shaft drawn against wall by one
or more pointed grub screws seated in groove.

B0 PRI

i
b 77 TA7 e C+

Fig. 1.341. Retention of ball joints.

a. Split bearing compressed by coupling nut.
b. Split ball journal opened out by key drawn into it.
¢. Two clamps form split double bearing.

1.6.4 Ratchet mechanisms

They permit motion in one direction only. Undesired motion in the other
direction may be prevented by the shape of the structural members or by
a (frictional) force. Mechanisms operating on the latter principle are called
friction ratchets. Those of the former type contain an ordinary ratchet wheel
and pawl to restrain rotation, or a rack-and-pawl to restrain linear motion.
However, ratchets are used in almost all of them. The pawl may be loaded
in compression (push pawl) or in tension (pull pawl). Push pawls are
preferred, because it is easier to machine them to the correct alignment
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Fig. 1.342. Jack with pillar (1) passed
through ring (2) which bears on an
inclined face. Under load, the ring
clamps against the pillar and can only
be released by knocking the lug (3)
(connected to the ring) upwards with
a hammer.

111

Fig. 1.343. Stepping motor with an
armature (1) hinged to a ring (2)
having only a very small bearing face.
When the a.c. magnet (3) is energized,
the ring slides up and down. On the
upstroke, the ring clamps against the
rod (4), carrying this with it; on the

down-stroke, the ring slides along the
rod. Fast reciprocation draws the rod
upwards.

(Fig. 1.344). Since the mechanism is subject to shock loading, the tip of the
pawl should be rounded slightly to prevent it from sticking in the tooth
space. To avoid undue surface pressure, the contact faces of tooth and pawl
must mate exactly. Pawls are made of hardened and tempered steel to
make them hard wearing. However, a softer material can be used for the
ratchet wheel, the teeth of which are very much less prone to wear.

Fig. 1.344. Ratchet wheel with pawls:

a push pawl is preferred.

1 = pull pawl, difficult to machine
correctly.

2 = push pawl, readily machined to
correct alignment (3).

Figure 1.345 shows the more important of the possible layouts for rotary
ratchets and pawls. The location of the pawl pivot relative to the ratchet
wheel is a critical factor (Fig. 1.346). Three basically different pivot locations
for radial alignment of the working tooth face are shown:
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a b c
Fig. 1.345. Possible versions of pawl and ratchet wheel arrangement.
a. Ratchet wheel with external teeth. c. Dished ratchet wheel.

b. Ratchet wheel with internal teeth.

e Pivot on the tangent to the pressure point on the ratchet wheel.

e Pivot inside this tangent (disengaging ratchet).

e Pivot outside this tangent (engaging ratchet).

In the last case, the pawl is drawn inwards, but allows the ratchet wheel
to back slightly after it has dropped in. With the pivot inside the tangent,
there is a resultant tending to force the pawl away from the ratchet wheel.
The optimum pivot location is on the tangent to the ratchet, with, say, a
spring to hold the pawl in contact with the teeth.

Fig. 1.346. Range of possible locations of pawl pivot relative to ratchet wheel.

a. Location of pivot in relation to tangent to ratchet, with radial
alignment of working tooth face.

b. Working tooth face alignment suited to position of pawl pivot.

1 = disengaging ratchet. 2 = engaging ratchet. F = force of spring.

N ¢

a

Fig. 1.347. Ratchet tooth shapes.
a, b, c and d have different pitches, but common radial alignment of working
tooth face. e. Ordinary gear wheel as ratchet wheel.
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Where this arrangement is impracticable, the tooth face is aligned so
that the normal to the pressure point on it passes through the pawl pivot.
This brings slightly greater forces to bear, which have to be cushioned by
the bearings (Fig. 1.346b). Fig. 1.347 shows a number of different tooth
shapes, depending on the number of teeth, the diameter of the ratchet wheel,
the force acting on the tooth and the pawl position relative to the ratchet
wheel. An ordinary gear wheel can also be used as a ratchet wheel, if the
pawl is adapted to it.

If so many ratchet wheel settings are required that this would reduce the
pitch of the teeth on a single ratchet wheel unduly, two identical wheels
can be mounted on the same shaft, with the teeth on one of them staggered
by half the pitch of those on the other wheel.

Figure 1.348 shows ratchet mechanisms with external teeth,a notable feature
of which is the construction of the pawl pivot. Mechanisms with internal
teeth and with several pawls to relieve the strain on the ratchet wheel are
illustrated in Fig. 1.349, whilst Fig. 1.350 shows different springs used to
hold the pawl in contact, and Fig. 1.351 illustrates the use of gravity for the
same purpose.

Fig. 1.348. Ratchet wheels with external teeth.

a. Shouldered screw as pawl pivot.

b. Shouldered screw with slot as pawl pivot.

c. Elongated hole in pawl drops round shouldered pin, thus permitting slight
backlash of ratchet wheel, to prevent clockwork spring from being overloaded
when wound too tight.

Fig. 1.349. Ratchet wheels with internal teeth.
a. With six triangular sliding pawls. Left-hand side of cross-section shows pawls
engaged, right-hand side shows them disengaged.
b. With three rotary pawls.
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e f
Fig. 1.350. Spring pawl-engaging systems with:
a. Wire hairpin spring. d. Semi-circular wire spring.
b. Flat hairpin spring. e. Flat spring fastened to pawl.
¢. Circular wire spring; it takes f. Flat spring fastened to frame.

up little room.

Figure 1.352 shows a friction ratchet mechanism. Instead of being shaped
to engage in a slot, the pawl has a smooth surface making frictional contact
only, at point 4. The ratchet wheel is free to rotate anticlockwise. To ensure
fail-safe restraint of clockwise rotation, the angle must not be made too
obtuse. The tangential friction W caused by clockwise rotation is uN,
where N is the normal pressure between the pawl and ratchet wheel. The
condition governing rotational balance of the ratchet wheel is:

UNrcoso = Nrsina or sina = gcosa
and
u =tana.

To restrain the ratchet wheel without fail, it is essential to make u > tan a.

Fig. 1.351 Fig. 1.352 Fig. 1.353
Fig. 1.351. Pawl engages through action of gravity (G).
a. Pawl (1) by own weight and pawl (2) by counterweight.
b. Point (3) of pawl is pushed away from ratchet during rotation,
leaving point (4) ready to drop in.
Fig. 1.352. Friction ratchet mechanism.
Fig. 1.353. Friction ratchet mechanism with wedge-shaped contact.
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Fig. 1.354. Freewheel, a fric-
tion pawl mechanism with
several balls to relieve the
strain on the ratchet wheel.

Taking u = 0-15 gives a ~ 8°30’. The pressure on the pawl is W/sin «
~ TW, which imposes very heavy loads on the bearing and also calls for
accurate dimensioning, in order to preserve the correct angle a. A wedge-
shaped contact between pawl and ratchet wheel is more satisfactory
(Fig. 1.353), and increases the friction by a factor of 1/sin J, where ¢ is half
the apex angle of the wedge. Thus u.(N/sin d).r cos « > Nrsin a, so that
tan o must be < p/sin d. With § = 15° and y = 0-15, « may be < 30° in
the blocked state.

The freewheel (Fig. 1.354) is another friction pawl mechanism. The pawl
may be provided with several balls spaced round the ratchet, to relieve the
wheel spindle of forces set up by the pawl (see also Volume 1, Sections
2.3.9 and 2.3.10).

A special combination of several ratchet mechanisms operating with a
common pawl is to be found in electronic appliances.

When any button of this push-button mechanism, as it is called, is pressed,
that button is locked down by the common pawl until another button is
pressed, releasing the pawl: the push-rods and the pawl can rotate or slide.
The four possible versions are shown in Fig. 1.355, and in Volume 7,
Chapter 2. Sliding rods are used where the movement need not change
direction, but run more heavily than levers, which also enable the stroke
of the movement to be lengthened or shortened.

A comparison of the sliding pawl with the rotary pawl reveals the following
differences:

o The rotary pawl runs more lightly than the sliding pawl.

o The rotary pawl does not exert any lateral pressure on the push-rod,
unlike the sliding pawl, which therefore calls for an effective rod guide to
prevent it from running too heavily.

o The rotary pawl takes up more room than the sliding pawl.

e The sliding pawl constitutes a more difficult blanking process (hole profile)
than the rotary pawl (Fig. 1.356).

e The positioning of the push rods is more critical in the case of the sliding
pawl.

To ensure fail-safe release of a previously locked button when another
button is pressed, a bevel is applied as shown in Fig. 1.356. Depending on the
design the lever or the sliding pawl is bevelled. Thus, contact between pawl



116 HANDBOOK OF PRECISION ENGINEERING

and push-rod/lever is made on an inclined face before the button to be pressed
reaches the top of its stroke, thereby ensuring release.

Thus, the possible adverse effects are avoided, of:
o Inaccurate shaping of rod/lever and pawl.
e Pawl and/or rod/lever wear.
e Give on the part of the pawl and/or the remainder of the structure.
» Play in the guides or pivots of pawl or rod/lever.

Fig. 1.355. Push-button mechanism for electrical appliances.

a. Push-button with lever and rotary pawl. 1 = common rotary pawl.
b. Push-button with slide rod and rotary pawl. 2 = common sliding pawl.
c. Push-button with lever and sliding pawl. 3 = lever with button.

d. Push-button with slide rod and sliding pawl. 4 = slide rod with button.

3 2 2
Fig. 1.356. System with [
common pawl and l

a. Lever on button.

b. Slide rod on button.

1 = bevel. 2 = pawl.

3 = lever. 3 3

The position of the member driven by the slide rod or lever at its two
extreme settings is governed directly by the rod or lever stop in the disengaged
state, and by the pawl position with which the rod or lever engages when
the button is pressed. Exact register between pawl, pivot and stop position
is necessary to ensure a stroke of accurate length.
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1.6.5 Stop mechanisms

The object of these mechanisms is to detain (or arrest) the sliding member
or rotating shaft in a number of preferred positions. This is done by means
of a spring-loaded or rotating engaging element, or catch, which drops into
a matching slot in the member to be detained. On the approach to a preferred
position, the catch helps the moving member to assume this position and,
having done so, it then prevents further movement in either direction. The
construction is usually symmetrical.

The principle is illustrated diagrammatically in Fig. 1.357, where the
forces acting on the two members are indicated without regard to the
friction set up in the respective guides. Note the force R acting on the sliding
member, and the force F exerted on the catch.

F
N

inuN A«Ifos“
> '
R \ Stx
-
uN&#

Fig. 1.357. Principle of a stop mechanism.

Ignoring the friction on the slope «, R = Ftan a. Because of friction,
there is also a force uN, giving rise to a force uN cos a = uF. Both forces
have to be overcome, so

R = F(tan a + p) when R drives;
R = F(tan a — u) when F drives.

Another force R, stems from the driven object, making Ry =
F(tan o + p) + R,. Once the latch has left the groove, only the forces uF
and R, remain active, S0 R'ya; = #F + R,. Hence we may take

Rtota! Ftana
',_“=l y here n = ———
R a1 tH Whe UF + R,

With n > 1, the catch locates the stop position of its own accord: with
n < 1, it may have to be helped into this position, perhaps manually. At
the same time, #» must not be too small, or the mechanism will lack palpable
response.
Practical values are
n=12...1-5and « =45°... 50° for automatic
engagement (self-locating).

n=03...0-5and a = 30°...40° for manual
engagement (not self-locating).
Very much the same applies to a rotating shaft. Here, n is the ratio of
arresting torque to driving torque of the shaft. A self-locating stop mechanism
without any (intermediate) dwell is sometimes stipulated, whereby the stop
H.P.E. (6) 5
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position cannot be sought independently. This problem has yet to be solved
satisfactorily (Fig. 1.358).

Friction can be reduced through the use of a roller, which virtually
eliminates uF from the calculations. However, the diameter of the roller must
not be too large or it will rest on top of the teeth. Given the slope () of the
tooth flank and the elevation (%) of the roller on leaving the groove in Fig.
1.359, the maximum roller radius () and the minimum roller elevation (k)
permissible can be calculated. The two values, expressed in terms of the tooth
pitch (z), are as follows:

with a = 30°: hy = 0-134¢ and rp.x = 1;
with o = 45°: hy = 0.207¢ and rp., = 0-7071.

o >
a b
Fig. 1.358. Intermediate positions of a stop mechanism.

a. With intermediate positions.
b. Chance of an intermediate position has been reduced to a minimum.
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a
Fig. 1.359. Situation in stop mecha- Fig. 1.360. Double stop mechanism in
nism operating with a roller. which the two arresting forces cancel
a. Palpable response. one another out.

b. Roller diameter too large.

The shaft can be made to run more lightly by relieving the load imposed
by the arresting forces. In Fig. 1.360, the two arresting forces involved are
equal. Simple load-relieved stop mechanisms are also shown in Fig. 1.361.
Although it does not always roll in the structure, a ball can nevertheless
be used very effectively by virtue of its hard, smooth surface (Fig. 1.362).
Systems involving a sliding ball and a rotating roller are compared in
Fig. 1.363. Practical examples of levers with roller and activated by a spring
are given in Fig. 1.364.

Finally, Fig. 1.365 illustrates the principle of a magnetic stop mechanism,
shown in the engaged position.
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Fig. 1.361. Fig. 1.362,
Fig. 1.361. Simple load-relief stop mechanism.

a. Flat part of shaft between two flat springs.
b. Square part of shaft between two flat springs.
¢. Disc with four slots between two flat springs.

Fig. 1.362. Stop mechanism with ball.

a. Ball under flat spring arrests on ring.
b. Ball under helical spring arrests on shaft.
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Fig. 1.363. Stop mechanism with ball or roller.

a. The ball does not rotate either slide, because the journal friction is exerted to
the circumference of the ball.

b. The roller does roll, because the journal friction is exerted at a small arm.
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Fig. 1.364. Lever with roller.

a. With tension spring. c. With flat spring.
b. With hairpin spring. d and e. Lever acting as spring.

Fig. 1.365. Magnetic stop mechanism
in engaged position.
1 = magnets.

1.6.6 Friction grips

Their task is to retard the motion of structural members by applying one
or more frictional forces to them. Examples are: lid on box (Fig. 1.366);
sliding shaft with friction grip (Fig. 1.367); sliding bracket on rectangular
strip (Fig. 1.368). The elastic element of a plug-and-socket construction is
difficult to accommodate in the plug without causing it to be permanently
deformed when in use (see Fig. 1.369). It is easier to make the socket resilient.
Plug pins with slots sawn in them are unsuitable.
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a b
Fig. 1.366. Lid held on box by friction.

a. Friction set up by slight out-of-roundness.
b. Made springy by saw-cut.
c. Friction set up by spring tabs.

[N N N N N N
a b c
Fig. 1.367. Sliding shaft with friction grip.

a. Flat spring riveted on.
b. Flat spring interposed with ends bent up.
c. Flat spring held by riveted plug.
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a b
Fig. 1.368. Sliding bracket on strip.
a. Bracket has two spring tabs. b. With extra flat spring.
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Fig. 1.369. Spring plug pin.
a. With two flat springs for four contact positions riveted on (banana plug).
b. Plug with separate member held in gap by pressure of hairpin spring.
c. Hook-shaped plug pin of punched and hardened beryllium copper.
1 = plug pin. 2 = copper holder.

121
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1.6.7 Stops' 8!

These devices restrict the movements of rotating or sliding members.
A stop may be fixed, as in Figs. 1.370 and 1.371, or adjustable, as in Fig. 1.372.
With an adjustable stop the length of the stroke can be varied as required,
as, for example, in the case of office machines.

Fig. 1.373 illustrates a method of limiting a rotating roll of paper by means
of easily adjustable stops.

The collision occurring when the moving member reaches the stop may
cause a certain amount of shock, depending on the speed of travel. Particularly

Fig. 1.370. Simple fixed stop.

. Fixed lug on disc limits movement of rotating lever.
. Fixed pin in disc limits movement of rotating lever.
Two shouldered screws limit sliding movement.

. Pin in slot limits stroke of sliding shaft.

. Cam on shaft, together with channel bracket, limits both
sliding and rotary motion of shaft.

8D o R

in the case of rapid action mechanisms, must the reverberation of members
brought to a sudden stop be taken into consideration. The shock can be
lessened by employing an elastic stop (Fig. 1.374). Beyond this stop, the
movement is finally arrested by another, fixed stop. However, moving, elastic
stops are bulky and often excessively inert, so a fixed stop is preferred. This
should be resistant to wear, and made of a shock-absorbing material: the
possibility that its properties will change with varying temperature should
also be taken into account. The plastics, polyurethane rubber (Vulkollan),
polyamide (nylon) and polyacetal (Delrin) are suitable for the purpose.

Sometimes, a movable stop must be adjustable, as must the stops that
govern the winding width of coil-winding machines (Fig. 1.375).
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Fig. 1.371. Fixed stop for wide angle of rotation.

a. Maximum angle of rotation is slightly less than 360°.

b. Shaft with lug (2) can perform a number of full revolutions relative to frame (1);
each intermediate disc permits rotation through an angle, as in a, until the
flanged lug is checked by the lug on the adjacent disc.

c. Angle of rotation of worm shaft (2) in relation to frame (1) is limited by worm
wheel (3) from which several tooth spaces have been omitted.

d. Angle of rotation of lead screw (2) relative to frame (1) is governed by the limited
stroke of nut (3).

Fig. 1.372. Stop adjustable by means of:

a. Catch. ¢. Ratchet and pawl. e. Stop mechanism.
b. Clamping screw. d. Friction ratchet. /. Brake.
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Fig. 1.373. Stops to retain roll of paper on shaft.
a. Shaft with stops. b. Enlarged cross-section of stop.
1 = shaft. 2 = roll. = stop.
4 = three balls distributed round the circumference. 5 = helical spring.

The helical spring presses the separate halves of the stop together, thereby forcing
the balls to ride up the conical sides of the recess and press tightly against the
shaft, thus locking the stop onto the shaft. The stop is released by pushing the
separate halves of the stop apart.

Fig. 1.374. Elastic stop.
a. Without fixed stop.
b. With following fixed stop.
c. Elastic stop, which gradually engages a fixed stop.
1 = frame. 2 = moving part. 3 = elastic stop.
4 = fixed stop. 5 = spring.

Fig. 1.375. Adjustable stop.
a. With adjusting screw.
b. With adjustable finger, which can be fixed by means of screw.



STRUCTURAL ELEMENTS 125
REFERENCES

[1] RICHTER, V. Voss and KOzER, Bauelemente der Feinmechanik, Verlag Technik,
Berlin, 1954.

[2] K. HAN, Die Feinwerktechnik, Fachbuch Verlag Dr. Pfanneberg, Giessen,
1953.

[3]1 G. ScHLEE, Feinmechanische Bauteile, Verlag Konrad Wittwer, Stuttgart, 1950.

[4] D. C. GREENWOOD, Product Engineering Design Manual, McGraw-Hill, New
York/Toronto/London, 1959.

[5]1 K. RABE, Grundlagen Feinmechanischer Konstruktionen, Anton Ziemsen Verlag,
Wittenberg/Lutherstadt, 1942.

[6] N. P. CHIRONIS, Machine Devices and Instrumentation, McGraw-Hill, New
York/London, 1966.

[71 K. RABE, Konstruktion und Berechnung mittelbarer Festanschlige, Feinwerk-
technik, 1961, 8, p. 277.

[8] K. RABE, Anschlige, eine Untergruppe der Sperrungen, Feinwerktechnik, 1961,

« 5,p. 166.

[9] S. B. TuTTLE, Latch and Trip Mechanisms, Machine Design, 1967, December 7,
p. 179.

[10] G. Murtz, Dédmpfung von Prellungen durch einseitige Impulstranslation, Fein-
werktechnik, 1966, 12, p. 581.

[11] S. HILDEBRAND, Feinmechanische Bauelemente, 1968, Carl Hanser Verlag,
Miinchen.

1.7 Springst-5. o 27. 28, a1
1.7.1 Introduction

For particulars of spring materials, see Volume 2, Section 1.5. For design
theory, see Volume 1, Section 2.2 and for particulars of electrical contact
springs Volume 1, Chapter 5.

By virtue of elastic deformation, springs can absorb or supply energy
and thus produce tensile or compressive forces, bending moments or torque.

Springs are used as:

e Energy accumulators, e.g. for clocks and toys.

e A means of restoring to their stable state members that have in some
way been deflected from it, as in valves, weighing machines and measuring
instruments.

e Buffers in vehicle shock absorbers.

o Elastic joints or fasteners.

e Hinges in backlash-free bearings, where the angular rotation required is
small.

In designing a spring, the aim is to satisfy the requirements imposed,
whilst using only a small amount of material. This can be done, if the spring
absorbs a great deal of energy per unit of volume. Given the stress and the
modulus of elasticity of the spring, the form factor is a quantity depending
on the shape of the spring and the kind of load imposed on it (see Volume 1,
Section 2.2.7).

5
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The factor increases with the amount of material placed under maximum
stress, and is highest in a taut wire, i.e. 0-5. In torsion and flexural springs,
only the outer fibre is subjected to maximum stress, and the factor is less
than 0-5. The result obtained with such springs depends also on the shape of
the cross-section under load.

With flexural springs, where the moment varies from one part of the spring
to another, the moment of inertia must also vary, to produce a high factor.

The material primarily employed is hardened spring steel strip or wire,
where this can be wound or otherwise shaped to produce the spring required.
Flat springs, which have to undergo substantial deformation in manufacture,
are shaped in unhardened steel, and afterwards hardened and (if necessary)
tempered.

When a non-magnetic material is required, or if the spring is also to serve
as an electrical conductor, phosphor bronze, German silver, tombac, brass
and other materials of this kind are employed. They have acquired the
necessary stiffness as a result of being drawn or rolled. In certain cases,
special materials are employed, such as the nickel steels, Invar and Elinvar,
or beryllium copper, hard or of hardening quality.

Some flat springs, for example the main springs of clocks, which are wound
into spiral form, are made of closely toleranced round wire, rolled flat before
the actual spring is formed. This saves the labour of cutting short lengths
of strip, and also results in rounded edges that reduce friction in the spring
barrel.

Rubber or plastics is sometimes used as spring material, but only when
there is no specific spring characteristic to be complied with. Special attention
must also be given to the environment of such springs: temperature, light, air
(oxygen and ozone) and contact with copper or copper alloys.

The permissible stress in the spring material depends, not only on the
nature of the material, but also on:

e The nature of the load (static, shock or alternating).

e The number of load changes involved in shock or alternate loading.

e The stresses already present in raw material not stress-relieved.

e The surface condition of the material.

e The shape of the spring, which may involve stresses set up in the material
by winding, bending or punching.

e Abrupt changes of cross-sectional area, which may have a notch effect
in hard material.

e Probable corrosion.

With these factors in view, the acceptable stress for flexed springs is
limited to not more than 0-7 the maximum permissible for the unprocessed
raw material.

1.7.2 Flexural springs'®: 7 301

For a spring of a given length and material, the choice of cross-section
will be governed by the load and the flexure. If both are substantial, a
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rectangular cross-section is required, very much wider than it is deep: as
for a clockwork spring, in view of its great length, or for a vehicle spring
made up of several narrow springs stacked one on top of the other. Where
the load and flexure involved are small, a round cross-section will do, as,
for instance, in the case of a spring pointer stop.

From the point of view of shaping, very much more can be done with flat
material than with wire, which can only be subjected to progressive bending.
The best springs are obtained with material that does not have to be bent in
manufacture or, better still, need not be shaped at all. The rolling direction
of flat springs is immaterial, provided no sharp bends, or rounded bends
with only a small radius, are made in them. Where such bends do occur,
they are taken at right-angles to the direction of the rolling operation, and
the minimum permissible radius of curvature adhered to, at any rate where
the (maximum) bending stress occurs. When two bends perpendicular to
each other are required, they should be at 45° to the rolling direction.

(a) Straight flat springs are used for small, almost rectilinear deflections,
and for a given variation of force within a small stroke. In view of the
straight shape, it is best to use spring material with a yield point just below
its tensile strength: the manufacture of such a spring is relatively simple,
since it does not involve a bending operation. Flat springs mounted under
initial stress are shown in Fig. 1.376. The bending stress is greatest where
clamping begins, so it is better to give a slight radius to the edge of the
cover plate, over which the spring bends, to counteract undesirable stress
concentrations. Undue weakening of the spring, as by fixing holes, should
be avoided.
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Fig. 1.376. Flat springs mounted under initial stress.

a. Spring widens near the fixing holes.

b. Undue shape of spring material.

c. Spring attached by one screw, with tab to prevent twisting.

d. Spring attached by one screw, with dimple to prevent twisting.
1 = supporting plate. 2 = cover plate. 3 = flat spring.

The initial stress of the spring is supplied by a supporting or backing plate,
which also gives scope for adjustment of the spring working point, an advan-
tage in the case of stacked switches with small contact gaps and stroke.
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Stacks of this kind, with the contact springs isolated from one another, are
shown in Fig. 1.377. For a given length of spring, the spring characteristic
is governed by the (varying) width.

To limit the cost of the blanking tool and the material consumption, flat
springs, clamped parallel to one another, are usually made equal in width
over their full length. The cross-sectional area of the spring is reduced as much
as possible towards the free end in order to obtain:

e More uniform loading of the spring material and thus avoid any pro-
nounced, critical cross-section.

e A more flexible spring (flatter spring characteristic) at a given acceptable
bending stress.

e A smaller mass action in the case of fast-moving springs; the mass is
then smaller at the precise point where the amplitude is greatest.

e Reduced sensitivity to disturbances from outside.

To accommodate a contact despite this, the spring must have a sufficiently
wide end. With the object of matching the spring characteristic as closely as
possible to that of a triangular spring, whose elastic line is circular, tapered
sides (or a triangular hole with rounded corners) are used to avoid undue
stress concentrations (Fig. 1.378). With parallel contacts on contact springs,
the contacts should be made to come together independently, as far as
possible: this makes good contact between them more likely. Three different
versions are shown in Fig. 1.379 (see also Volume 1, Section 2.2.6).

The springs can be actuated by a controlling member made of insulating
material. Figure 1.380 illustrates one or two practical combinations of spring
and controlling member.

Parallel motion accompanied by only very slight lateral displacement can
be obtained with the system of Fig. 1.381, in which two parallel flat springs
are employed.

Fig. 1.377. Spring assembly of stacked switch with isolated contact springs:

a. With two screws passed through insulating bushes.

b. With two screws alongside the spring assembly: the springs are dimpled slightly
to prevent twisting.

¢. By embedding in thermoplastic.
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Fig. 1.378. Nearest approach to flat Fig. 1.379. Flat spring for two parallel

spring of triangular shape. contacts.

a. Tapered on both sides. a. Spring with split end.

b. Provided with triangular punched b. Control member can be passed
hole with rounded corners. through square hole.

¢. Round hole is preferable as a
means of avoiding stress concen-
trations.
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Fig. 1.380. Attachment of actuating member to flat spring.

a. Member of hard rubber, heated and then pressed into hole hollowed out in
spring.
b. Rubber actuating member placed in hole and then expanded at a raised
temperature.
. Member subjected to plastic deformation together with spring.
. Member moulded on and held in place by three holes.
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Fig. 1.381. Parallel motion with only slight lateral displacement.

a. One contact on two flat springs.
b. Two contacts moved by pin via two flat springs.

a
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b
Fig. 1.382. Spring system of top Fig. 1.383. Spring pointer-stop.
bearing in electricity supply meter.
a. Wire spring embedded at both ends.
b. Wire spring soldered in acts also as

journal for bearing.

(b) Straight wire springs are used where there is need for some elasticity
in all the cross directions and only small forces occur. Figure 1.382 gives
two versions of a spring collar bearing for the rotor of an electricity supply

meter. Figure 1.383 shows a spring pointer-stop.
zP ﬂnx

PIIIIIIIIIIIIIIIIIIIIHIIII

it
Fig. 1.384 Fig. 1.385 Fig. 1.386 Fig. 1.387

Fig. 1.384. Principal forms of bent flat springs.
a. Spring bent at right-angles. b. Spring bent into U-shape.

Fig. 1.385. Bent flat spring used to lock knurled nut.

Fig. 1.386. Bent flat spring used as contact spring. The U-shaped auxiliary spring
increases the contact force.

Fig. 1.387. Flat spring bent into S-shape can be adjusted to a given contact force
by the set-screw.
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Fig. 1.388. Four types of flexural spring with steep characteristics.
a. Saddle spring. ¢. Bell-mouthed (shaped) spring.

b. Crinkle washer. d. Star-shaped spring.
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(c) Bent flexural springs are employed instead of straight springs when
there is not enough room for a straight spring; an existing point of attachment
in another plane is to be used; attachment in another plane is necessary for
assembly reasons.

Fig. 1.384 shows two of the principal forms of these springs, whilst applica-
tions are depicted in Figs. 1.385 to 1.387 inclusive. The springs shown in
Fig. 1.388 are used for locking, for axial retention without backlash, and to
supply a certain backing pressure: they are essentially flexural springs, and
have a steep spring characteristic, so cannot provide precisely-defined forces.
Fig. 1.389 shows a compression spring accommodated in a small space for a
push-button switch.

The bellows of Fig. 1.390 is encountered in pneumatic devices in various
materials from commercial sources: ether capsules consisting of two corru-
gated walls (Fig. 1.391) are employed in barometers. Fig. 1.392 shows an
elastic tube used to measure pressure in gas or liquid. The shape of these
springs gives them a minimum spring constant in the specific direction in
which they move in operation.
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Fig. 1.389. Spiral compression spring Fig. 1.390. Bellows for pneumatic
in push-button. devices.
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Fig. 1.391. Ether capsule for Fig. 1.392. Elastic tube for
barometer. manometer.
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(d) Coiled strip springs™3: %1 are wound flexural springs made of rect-
angular cross-sectional material. They are used: as driving springs, e.g. in
clocks and toys; as balance springs in clocks; and as a means of supplying
restoring torque in measuring instruments.

In cheap clocks, the outer end of the driving spring (or main spring)
is usually anchored at a fixed point, and the spring wound up from inside:
a ratchet wheel on the shaft isolates the winding action from the remainder
of the clock movement. In more expensive clocks, the main spring is enclosed
in a barrel: its outer end is fastened to the rim of the barrel, and its inner
end coupled direct to the movement via the shaft. Winding takes place
from outside, with a ratchet wheel between barrel and plate. The inner end
of such a spring can be anchored in the manner of Fig. 1.393. Where a
barrel is provided, the outer end is anchored as in Fig. 1.394; otherwise
according to Fig. 1.395 with, say, an eyelet round a pin.

Fig. 1.393. Fastening inner end of flat spiral strip spring to arbor.

a. In axial slot, afterwards closed. d. On pin pressed into arbor.
b. In radial slot. e. On pin, with head, pressed into arbor.
¢. On projection. f. On constricted head of countersunk screw.

1. ]
Cc
Fig. 1.394. Fastening outer end of flat spiral strip Fig. 1.395. Fastening
spring to spring barrel. outer end of flat
a. End of spring bent-up and hooked behind tab. spiral strip spring
b. Hole in end of spring hooks on to tab. without barrel.

c. End of spring bent up and hooked into hole.

The fastening of the outer ends of balance springs (or hairsprings, as
they are also called) must be easy to adjust within certain limits, to allow
for regulation of the clock movement. This is accomplished by a tapered
pin (Fig. 1.396) or a clamping screw (Fig. 1.397).
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Fig. 1.396. Outer end of balance spring Fig. 1.397. Outer end of balance spring
fastened by a tapered pin. fastened with clamping screw in
adjustable bracket.

Fig. 1.398. Flat spiral spring to supply restoring torque in measuring instruments.
a. Spring winds itself up under load. b. Spring unwinds under load.
Thickness (1) is about one tenth of width (2) of strip. Spring is measured between

the two points (3) and (4).

The second method eliminates the tendency of the spring to slip round
during assembly, and makes regulation simpler than in the cheaper clock
with its tapered pin.

Flat spiral springs, to supply restoring torque in measuring instruments,
are made of bronze and are obtainable for torque values from 0.025 to
110 uN m with 90° angular displacement (Fig. 1.398).

The ends of the spring are usually anchored by soldering, particularly
where the spring serves also as an electrical conductor.

Clamping or screw-fastening is employed mostly for slightly larger springs
or when the spring length has to be adjustable, say, to facilitate calibration
of the instrument concerned. A soldered joint also gives scope for adjustment,
if the end of the spring is gripped in an elastic clamp before soldering.

(e) Coiled wire springs'?®! are coiled flexural springs made of round
material. They are used a lot in instrument manufacture to restore moving
parts to the rest position after they have been deflected through an angle.
They are also known as torsion springs.

To minimize the load on the arbor, it is best to position the free ends of
the spring as far as possible parallel to one another and on the same side
of the arbor under the maximum stress (Fig. 1.3994). A very unfavourable
example is illustrated in Fig. 1.399b6 where the resultant of both spring
forces F; and F, almost amounts to their sum.
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With powerful springs in a large spring space, double arbor bearings or
seats are recommended, to prevent excessive load deflection (Fig. 1.400).
In Fig. 1.401, one end of the spring is inserted in the crank and the other
end hooked round a pin in the arbor.

Highly specialized applications of coiled wire torsion springs are illustrated
in Fig. 1.402, showing a spring-loaded override snap coupling, and Fig. 1.403,
for a clamping spring. In the latter mechanism, the inner diameter of the
spring is so dimensioned, at about 0:3 mm smaller than the shaft diameter,
that the shaft encounters very little frictional resistance when rotating in
the direction indicated by the arrow, but generates more and more friction
owing to the constricting coils of the spring when rotating in the opposite
direction. In other words, the spring acts as a brake.
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Fig. 1.399 Fig. 1.400 Fig. 1.401
Fig. 1.399. Method of fitting a torsion spring, taking bearing forces into account.
a. Preferred structure.
b. Non-preferred structure.
Fig. 1.400. Double bearing for powerful spring in large spring space.
Fig. 1.401. Torsion spring engaging arbor (1) and lever (2).

Fig. 1.402 Fig. 1.403 Fig. 1.404

Fig. 1.402. Spring-loaded override snap coupling: disc can rotate only in direction
indicated by arrow.

Fig. 1.403. Clamping torsion spring on round shaft; shaft can rotate only in
direction indicated by arrow.

Fig. 1.404. Torsion spring with two-way action.
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The two-way action of the wire torsion spring in Fig. 1.404 gives the crank
a very clearly defined centre position, whence it can pivot through a given
angle in either direction, against the increasing pressure of one of the two
free ends of the spring.

1.7.3 Torsional (shear stress) springs'®: 15-17. 201

Straight torsional springs are not very much used in precision engineering,
because they take up a fair amount of room and are difficult to anchor.
This type of spring is sometimes encountered as an elastic hinge pin in
lightweight cover structures; as the spring element in a torsion bar bearing,
as shown earlier in Fig. 1.325; or in the elastic coupling of Fig. 1.405.

Helical coiled torsional springs are much used as compression or tension
springs. Such helical springs are usually made of round material (spring
steel wire), but sometimes also of material of rectangular cross-section
(spring steel strip). The advantages of springs of this kind are that they are
very flexible and are able to carry heavy loads in a small space. For parti-
culars of calculations relating to them, see Volume 1, Section 2.2.6.
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Fig. 1.405 Fig. 1.406 Fig. 1.407

Fig. 1.405. Elastic coupling with flat spring as torsion bar.

Fig. 1.406. Conical (or tapered) torsional spring.

Fig. 1.407. Diagram for determining the buckling of helical coiled torsional
springs, for compression springs with flat end faces, supported on
parallel faces perpendicular to the spring axis. A = slenderness of the
spring, that is, the ratio of length of spring in its relaxed state
to the diameter of the spring: f is expressed as a percentage of the
relaxed spring length (L). In the hatched zone, the spring buckles.

Most compression springs are cylindrical. Where greater stiffness against
transverse buckling is required, the conical coiled spring (Fig. 1.406) can
be employed. A cylindrical spring is prevented from buckling by seating
it in a cylindrical recess, or round a pin, although both methods involve
frictional losses.

It is better to avoid making the length-to-diameter ratio (slenderness) too
large when dimensioning the spring (Fig. 1.407), and to match the ends of the
spring as exactly as possible to the parallel bearing faces at right-angles to
the spring axis (Fig. 1.408). A plain end of clipped wire is cheap but un-
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favourable, and really acceptable only in the case of thin wire. Squared ends
cost slightly more; the bearing face is favourable and the wires cannot
become entangled in transit. Ground ends, squared or plain, are fairly
expensive and difficult to produce on thin wire springs. The area of contact
may cover nearly 360°.

In the case of tension springs, the tensile forces should be concentrated
as much as possible at the centre of the spring. To ensure this, the spring
ends are looped to provide suitable anchorage points. In forming the eyes,
or loops, consideration must be given to the smallest permissible bending
radius, since these parts usually govern the strength of the spring. Examples
of formed spring loops are given in Fig. 1.409. The loop can simply be
hooked into a hole cut in another part of the structure, or fastened in one
of the ways illustrated in Fig. 1.410. Tension springs without loops can be
fastened as in Fig. 1.411.

Rk

Fig. 1.408. Ways of finishing the ends of helical coiled torsional springs (com-

pression springs).

a. Plain clipped ends: all the turns are active.

b. Ends squared: number of active turns is two fewer than the total number.

¢. Ends ground: number of active turns is one fewer than the total number.

d. Ends ground and squared: number of active turns is three fewer than the total
number.
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Fig. 1.409. Loops formed on helical coiled torsional springs (tension springs).

a. Single full loop over centre. d. Extended full loop over centre.
b. Double full loop over centre. e. Long, round-end hook over centre .
c. Full loop at side. f- Half loop.
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a b c d
Fig. 1.410. Methods of fastening looped tension springs.

a. Embedded hook. ¢. Loop bears on rim of countersunk hole.
b. Pin pressed in. d. Cheese-head screw passed through loop.

AN

a

Fig. 1.411. Methods of fastening tension springs without loops.
a. End of spring fits around screw. An ordinary screw can sometimes be used.
b. One-and-a-half turns of spring in three holes in plate.
¢. One of the turns passes through two holes in the strip: the active length of the
spring can be adjusted.

1.7.4 Springs with non-linear characteristicst°-12. 18. 18. 251

Some types of spring, when suitably installed, have a characteristic that
is non-linear: that is, it consists of two or more straight sections. Examples
of such non-linear helical springs are given in Fig. 1.412, and of non-linear
flat springs in Fig. 1.413. With these springs, there is an extra-linear increase
in force with deflection. Springs having the opposite effect, and therefore
a flatter characteristic, are shown in Fig. 1.414: when they are employed
so as to utilize only a fraction of their full deflection, an approximately
flat portion of the characteristic can be exploited.

Conical disc springs (Belleville washers), shown in Fig. 1.415, take the
form of a truncated cone with an apex angle of about 165° and, for the
optimum characteristic, a ratio D,/D; of about 2. As will be seen from
Fig. 1.416, the associated curves have a maximum. In this zone the charac-
teristics are more or less flat, so this type of spring can be used to supply
fairly constant pressure, where the (tolerance governed) space available for
the spring element is small, as with friction clutches and elastic retaining
and sealing devices. To obtain substantially greater deflection, several of
the springs are stacked in a resilient column (nest) capable of absorbing a
lot of energy in a small space. Various relationships between the deflection
and the resultant moment or force can also be obtained in structures fitted
with springs having linear characteristics (Fig. 1.417).
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a b c d
Fig. 1.412. Helical springs having an extra-linear increase in force with deflection.

a. Pitch smaller at bottom than at top, so that the coils are gradually compressed
from the bottom upwards.

b. Functions as a, but the fully-compressed spring is shorter.

c. After the bottom spring has been fully compressed, only the top spring is
deflected.

d. When the stop is reached, only the top spring is deflected.
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Fig. 1.413. Flat springs having an extra-linear increase in force with deflection.

a. Effective length gradually diminishes.

b. Effective length diminishes step-by-step: magnitude of effect can be regulated
by the four grub screws.

c. Effective length diminishes gradually on both sides.
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Fig. 1.414. Springs having a sub-linear increase in force with deflection.

. Bending moment increases with deflection.
. As helical spring bends, the arm, on which force (F) acts, lengthens at first

and afterwards shortens.

. With deflection, the arm, on which the reaction forces of the fulcrums act,

lengthens.

Fig. 1.415. Conical disc spring.

. Cross-section.
. The compression by a force is six times that of a single spring.
. Three times the force is required to produce the same compression as with a

single spring.

. Combination in which the force is three times, and the compression twice, that

of a single spring.
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.h{cmﬂ:%#s

Fig. 1.416. Spring characteristics of differently dimen-

sioned conical disc springs.

h = initial cone height (camber) of spring.

s = thickness of spring material.

With h/s = /2, the characteristic is almost horizontal
for f/h = 1, that is, in the flattened state.

With h/s = 0 (flat ring), the characteristic is straight.

[~

Fig. 1.417. Structure having a spring with a linear characteristic, which nevertheless

produces a non-linear effect.

a. Cable dragging on spiral-shaped drum, in combination with torsion spring,
results in flat characteristic.

b. Flat characteristic due to the fact that, as the force in the spring increases,
the arm shortens on which the spring acts.

c. Flat characteristic due to displacement of both ends of spring.

1.7.5 Hinge springs'2°-231

Notable examples of the use of (flat) springs as hinges will be found as
follows:

Flexural hinge springs in Volume 7, Section 2.3.2, Fig. 2.11, and also in
this volume, Fig. 1.279, Fig. 1.418a, b and ¢ and Fig. 1.5%4c.

Crossed hinge springs in Fig. 1.4184, e and f of this volume,and in Volume 7,
Section 2.3.2, Fig. 2.12.

Torsion hinge springs in Section 1.5.6(c), Fig. 1.325 herein.

Parallel-motion in Section 1.7.2(a), Fig. 1.381 herein.

The conversion of sliding motion to rotary motion, Fig. 1.419 herein.

Hinge motion in the transmission system of a probe, Fig. 1.420 herein.
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Fig. 1.418. Principles of springs used as hinges.

a. Flat spring as flexural hinge spring. d. Two flat springs forming crossed

b. One-piece polypropylene hinge. spring hinge.

¢. Two flat springs forming a flexural e. Three flat springs forming crossed
spring hinge. spring hinge.

f. One-piece crossed spring hinge.

Fig. 1.419. Conversion of sliding motion to
rotary motion. As pin (1) rises, disc (2) rotates
through the action of the three flat springs (3),
and pointer (4) indicates the stroke of the
pin. The three flat springs also supply the
restoring torque.
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Fig. 1.420. Transmission system of a
probe. As the probe (1) rises, guided
by diaphragm (2), rod (3) forces
spring (4) up, thereby dragging spring
(5) to the left. This puts a tension load
on torsion spring (6) and makes it
rotate, taking pointer (7) with it, to
indicate the stroke or displacement of
the probe.
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1.8 Controls®-2!

Most controls, particularly those of precision engineering mechanisms,
are operated by hand: pedal controls are rare, and will be ignored. Hand
force can be exerted on: push or pull grips or handles; slide grips, mainly
for linear motion; rotary grips or knobs; cranks; keys; carrying handles.

The controls are usually connected permanently to the driven member,
although some rotary grips, cranks and keys are not, but are clipped on
and off as required.

The shape, size and method of fastening are suited to the requirements
imposed: to fit comfortably in the hand, respond readily and be suitable for
prolonged operation without causing fatigue. There must be no sharp corners,
edges or knurls, and all surface junctions must be given the optimum radius.
The dimensions are governed mainly by the forces or moments to be trans-
mitted, and the precision of movement required of the controlling member
(ergonometry).

If the control serves also as a regulator, it can be fitted with a position
indicator in one of two main forms: with a stationary scale; or with a movable
scale (Fig. 1.421).

@ Points to consider when choosing the material are:

@ Frequent handling soon results in local wear.

@ Skin secretion may cause oxidation of metal controls.

® Because they are good thermal conductors, large metal handles, and so
on, feel unpleasantly cold.

® Metal controls are plated with, say, chromium, or anodized if made of
aluminium. Plastics are often used.

Pull controls are rarely used: circular or semicircular forms occur as
rings and as pull-knobs on car dashboards.
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Push controls usually take the form of push buttons for rectilinear motion,
or keys for rotary or tilting motion, where the forces exerted are small.
Where greater forces are exerted, the handle version is generally chosen
instead. For fingertip operation, the top of the button or key (often cylindrical
in small and cheap devices) is hollowed out or ridged slightly to prevent the
finger slipping (Fig. 1.422). Keys intended for rapid movement, as with
telegraph signalling instruments, have to be kept under perfect control by
the thumb and two or three fingers (Fig. 1.423). To fit comfortably in the
palm of the hand, such a key for a wrap-around grip is mushroom shaped
(Fig. 1.424).

< -
a b -~y
¢ s
d
Fig. 1.421. Stationary and movable scales or dials.

a. Straight fixed scale. ¢. Round fixed dial.

b. Straight movable scale. d. Round movable dial.
[
I
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T f
a b

Fig. 1.422. Push controls. a. Push button. 5. Key. Fig. 1.423 Push button or
key for rapid movement.

V]
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Fig. 1.424 Fig. 1.425 Fig. 1.426
Fig. 1.424. Key for wrap-around grasp.

Fig. 1.425. Slide knob. 1 = guide rod. 2 = cover plate.
Fig. 1.426. Knob with cup-shaped depression for fingertip operation (contact

grasp).
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Slide grips are used to operate slide potentiometers, or, in a smaller form,
as slide knobs for switches, etc. The actuating force should preferably be
exerted as close to the guide as possible, as a precaution against sticking
(see Section 1.4.2). In Fig. 1.425, the knob slides at right-angles to the plane
of the drawing.

Rotary grips are the most used in precision mechanism. They are more-
or-less encompassed by the fingers, or grasped by the whole hand, during
operation and are employed for rotation through small angles or for several
full turns. A large diameter makes it possible to apply a considerable torque,
and also obtain accurate adjustment.

The finger knob of Fig. 1.426 has a cup-shaped depression into which
a fingertip can be inserted to rotate the knob. Examples of finger knobs
with knurled rims are given in Fig. 1.427. The knobs in Fig. 1.428 are
intended for small instruments or devices, and are suitable also for push—pull
operation.

The rotating knob of unusual shape, shown in Fig. 1.429, is used for
electric switches, where the torque to be transmitted may be quite large.
It is not suitable for vernier adjustment.

The knobs are fastened to the control spindle by a screw or a spring
clip, as shown in Fig. 1.430, whilst Fig. 1.431 shows an assembly in which
the fixing screw can be relaxed only a few turns in order to detach the knob,
and is therefore captive.

By

Fig. 1.427. Knobs with knurled rim.

a. Turned metal. d. Partially recessed into cabinet.
b. Plastics. e. Robust, for use as a fastener.
c. Very shallow.

! /.

! _V
b

Fig. 1.428. Small knurled rotary knob, Fig. 1.429. Rotary knob for switch.

used also for push-pull operation.
a. Spherical. b. Cylindrical.
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Fig. 1.430. Methods of fixing knob on Fig. 1.431. Knob fastened with captive
control spindle. screw.
a. With grub screw in tapped hole in
spindle.
b. With spring clip.

B
Y =
2 =
a b
Fig. 1.432 Fig. 1.433

Fig. 1.432. Knob with dial or pointer.
a. Cross-section of knob with pointer. b. Side-view of knob with dial.

Fig. 1.433. Handwheel for wrap-around grasp.

a b
Fig. 1.434. Fixed crank handles.

a. With a simple handle.
b. With a slightly better handle.

A pointer or dial can be fastened to the knob, as shown in Fig. 1.432.
Handwheel-type knobs are used to transmit heavy torque: the hand largely
encompasses the knob, and the fingers engage depressions in its rim (Fig.
1.433). Larger handwheels are employed for still heavier torque loads,
but only occasionally (e.g. in X-ray apparatus).

Cranks are used for prolonged rotary motion. Figure 1.434 shows fixed
crank handles and Fig. 1.435 slip-on crank handles.
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Turning keys are specially-shaped rotary grips with two opposite leverage
faces. The shank is constructed in the same way as that of a slip-on crank.
Keys of the plug-on type are used to avoid unauthorized operation of
equipment. In such cases, a key with a triangular (or square) socket is
preferred and the mating shaft stub is often sunk in a recess as an added
precaution (Fig. 1.436). A shaft stub with profiled hole offers less security,
because the shaft can still be turned by means of a strip.

Plug-in keys ensure a better appearance, as in the case of a clock, or
make the structure less vulnerable, as with roller skates. Other examples
are: the keys used on taps and cocks to control the flow of liquid, in door
locks and for clockwork toys. Keys that may be left on the shaft stub after
use, need to be removed only for occasional dismantling, and normally
turn in one direction only (as with an alarm clock), can conveniently be
screwed on to a mating thread on the shaft.

Carrying handles are used for picking up or carrying portable apparatus.
As with the other handles described, they must have sufficient strength and
also fit comfortably into the hand. The types shown in Fig. 1.437 are rounded
and deburred or deflashed.

Fig. 1.435. Slip-on crank handles.
a. With pin in hub fitting into slotted shaft.
b. With pin in shaft fitting into slot in hub.

7777
Fig. 1.436. Shaft stub sunk in recess,
with triangular end to fit plug-in key. (A} —-I—--
1 4
7777777777777
d

Fig. 1.437. Carrying handles.
a. Metal eyelet or loop for finger, cord or chain.
b. Ditto, to accommodate more than one finger.
¢. With rounded plastics grip.
d. Fold-down plastics handle.
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1.9 Couplings and clutches' -8 *®

1.9.1 Introduction

Couplings are used to unite shafts, to transmit rotary motion from one
to the other, when the centre-lines of the two shafts coincide or almost
do so. The same applies to clutches. Both shafts rotate at the same r.p.m.
when the clutch is engaged.

Thus, these devices can be divided into two groups:

Permanent couplings are united by a joint that may be fixed or movable.
They include rigid couplings, dog couplings, flexible couplings, universal
joints, etc.

Clutches enable the drive, or transmission of motion, to be engaged and
disengaged. They may be divided into externally (manually) operated
clutches, e.g. of the claw or friction type, and those that function auto-
matically, including slip, centrifugal and one-way clutches.

Mechanical clutches fall into two main groups:

Positive clutches based on the shape of the members, such as, say, inter-
locking claws, or sets of teeth.

Friction clutches based on the transmission of torque by friction forces
generated between the members.

Apart from the purely mechanical clutches, there are others which are
electromagnetic, electrodynamic or operated by permanent magnets.
Automatic clutches are classified according to function, e.g.:
©® Clutches that disengage beyond (or below) a given angular velocity.
@ Clutches that disengage fully or partially when a given torque is exceeded.
Since there are many different versions of each of these types of clutch or
coupling, it is beyond the scope of the present chapter to discuss them
exhaustively. What follows will deal mainly with the principal characteristics
and illustrate current applications in precision engineering.

1.9.2 Rigid couplings

Couplings wherein both shafts are joined without any freedom of move-
ment between them are rare in precision engineering mechanisms. They
are sometimes used for shaft extension on members of standard shaft length,
with a view to type limitation. The two shafts must be accurately in-line to
avoid wobble (Fig. 1.438). Two screws per shaft fastening are better than
one, for, if the fit is on the loose side, the shaft will have some freedom of
movement, unless fastened in the manner of Fig. 1.4384.
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In most cases, both shafts will be in double bearings and therefore extremely
difficult to align. Imperfect alignment, vibration and deflection can be
compensated by means of a coupling with some freedom of movement.
No such freedom (or, at any rate, none worth mentioning), exists in the
couplings illustrated in Fig. 1.439. The couplings in Fig. 1.440 allow slightly
more latitude, particularly in the axial direction. A loose fit between the
members improves the radial freedom of movement, but usually also adds
to the backlash, especially when the bearing faces are near the centre-line.

Y,
e

Fig. 1.438. Rigid coupling for shaft extension.
a. Longitudinal section.
b. Construction not recommended. Shaft damage caused by screws makes
demounting difficult.
c. Damage to shaft does not affect demounting.
d. Good joint with only one screw per shaft.

Fig. 1.439. Rigid coupling without
freedom of movement. 1=

a. Shafts dowelled together direct.

b. Shafts dowelled separately to muff. a
=2 O gar S50
a b c d

Fig. 1.440. Rigid coupling with only slight freedom of movement (depending on
fit), except in axial direction, where there is much greater freedom.

a. Tongue-and-groove coupling.

b. Shaft with flat face fits in matching bore of milled shaft.

c. Shafts with flat faces joined by muff dowelled to one of them.

d. Shaft with dowel drops into bore of shaft with milled slot.

1.9.3 Dog couplings

To transmit heavier torque loads, reduce backlash and permit axial
displacement and errors of radial alignment, a flange coupling or a dog
coupling may be selected. Since the flanges of the coupling members merely
serve to accommodate the actual coupling parts and the shaft fastening,
what in effect are cranks are often used instead of circular flanges, forming
a tongue-and-groove type dog coupling. To transmit heavy torque loads

H.P.E. (6) 6
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the coupling members are often made in the form of lugs or claws engaging
a large bearing surface in corresponding openings, as in the case of the claw
clutch of Fig. 1.441, where the coupling members are identical. But the use
of two claws necessitates strict alignment, which is not necessary in systems
with only one claw.

Pins can be used instead of claws for smaller loads. To enable the clutch
to be engaged without moving one of the shafts, a spring pin can be employed,
as in Fig. 1.442.

A tapered pin instead of a cylindrical one ensures transmission without
backlash. Figure 1.443 shows a simple dog coupling which can be provided
with an electrically insulated dog or pin.

Dog couplings free from play or backlash, shown in Fig. 1.444, are suitable
for rotation in either direction. The spring force must exceed the force to
be transmitted by a sufficient margin.

The tongue-and-groove dog coupling is out of angular alignment if the
centre-lines of the united shafts are not in line. This coupling is sometimes
used to correct the response of a tuning control. The magnitude of the
correction can be adjusted by varying the distance between centres of the
two (parallel) spindles. See also Volume 1, Section 2.7.2.

Z

n

|
Fig. 1.441 Fig. 1.442 Fig. 1.443

Fig. 1.441. Claw coupling.

Fig. 1.442. Spring pin can engage in coupling flange without moving one of the
shafts.

Fig. 1.443. Simple dog coupling, not free from play.
1 = insulated cap fitted on pin.

i) .
l i

b

Fig. 1.444. Dog couplings free from play.

a. Flexural spring eliminates gap between dog and slot.
b. The two cranks are held together by a hairpin spring.
c. Dog pressed home by flat spring eliminates play.
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1.9.4 Constant velocity (angular truth) couplings for shafts out of alignment

They can be constructed from relatively simple parts. The error introduced
by a single dog and slot can be eliminated by using two such couplings,
which involves introducing an intermediate shaft with its axis exactly
midway between the centre-lines of the two shafts to be coupled. Not that
this method is used in practice, however.

A better solution to the problem is the coupling with an intermediate
slotted disc (Fig. 1.445). The cross centre-disc (Oldham-type) coupling
shown in Fig. 1.445c¢ is suitable for higher torques. Two knob projections
on either side of the centre disc slide in mating slots in the discs mounted
on the shafts. These slots are always at right-angles. Because the motion is
transmitted twice, the backlash is twice that of an ordinary dog coupling.

Fig. 1.446 shows simple devices for coupling with angular truth. A point
to remember is that intermediate members of this kind slide and hinge
continually, and therefore have to be most resistant to wear and properly
lubricated. Hence, they are not recommended.

The angular truth of the aforementioned couplings is readily explained.
Since the intermediate member invariably assumes the same position in
relation to the shafts, they also remain continually in the same relative
position.

Fig. 1.445. Cross centre-disc (Oldham-type) coupling.
a. Principle of transmission without loss of angular truth.
b. Lightweight construction with shouldered screws on cranks.
c. Heavy-duty construction with two knobs, projecting from either side of centre
disc, engaging slots in flanges mounted on shafts.
1 = cross centre disc.

Fig. 1.446. Simple angular-truth coupling.

a. U-shaped bracket able to slide sufficiently in suitable traverse
holes in shaft.
b. As a, but bracket limbs cross at right-angles.
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1.9.5 Flexible couplings

Flexible disc couplings are used to cushion vibration and jolting in drives,
e.g. motor drives. Two examples are illustrated in Fig. 1.447. The motion
is transmitted via a disc or one or two bushes of flexible material, made in
one piece of rubber or built-up of leather discs. Other and heavier versions
of the flexible disc coupling also occur. For lighter torque loads, a highly
simplified version can be used, with a rubber hose as the flexible coupling
member (Fig. 1.448). A piece of steel wire (suitable for rotation in one
direction only) or a helical spring (Fig. 1.449) can be employed, instead of
the rubber hose. These couplings can unite shafts when they are out of
angular alignment and/or when the relative angle or position of the shafts
changes in operation.

Fig. 1.447. Flexible disc
coupling.

a. With rubber discs.

b. With two rubber bushes.

[T

Fig. 1.448. Flexible coupling with rubber hose as coupling member.

a. Hose fastened to shafts by hose clips.
b. Hose, with metal bushes vulcanized to it, fastened to shafts by screws.

Fig. 1.449. Coupling with flexible element.

a. Helical spring, one end of which engages in transverse hole in shaft.
b. Steel wire clamped in bushes.
c. Flexible shaft composed of helical springs with steel sheath.
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An improved version of the helical spring coupling is the flexible shaft
composed of multi-turn helical springs wound alternately clockwise and
anticlockwise (Fig. 1.449¢). For better handling and for protection the shaft
is enveloped in a steel sheath.

1.9.6 Universal jointst°- 111

These couplings (or joints) are used to unite two shafts making an angle
of 135° to 180° and crossing at the coupling. Apart from one or two minor
artifices, to be described later, angular compensation (truth) is not involved.

Y0osx

Wo

Wy-cos &

0 T, T 3, 21

Fig. 1.450. Single universal joint. Angular velocity curve of driven shaft compared
with angular velocity of driving shaft (w,), plotted against angle traversed by
this shaft. For « see Fig. 1.451.

Fig. 1.451. Arrangement of double universal joint providing angular compensation.
All three shafts in the same plane.
a. Driving and driven shaft at same angle («) to intermediate shaft.

b. Driving and driven shaft parallel.
¢. Correct relative position of coupling members on intermediate shaft for trans-

mission without angular misalignment.

1 = driving shaft. 3 = intermediate shaft.
2 = driven shaft. 4 = universal joint.
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When the driving shaft rotates at an angular velocity w,, the variation in
angular velocity of the driven shaft, linked to the driving shaft by a universal
joint, is limited by the factors wg/cos & and w,.cos «, as plotted for a full
revolution in Fig. 1.450 (for « see Fig. 1.451). This also establishes the
maximum ratio of the instantaneous velocities of the two shafts, from which
it will be seen that the deviation may be substantial. This difference can be
eliminated completely by employing an intermediate shaft, so that the
coupling is effected by two universal joints. Thus, the positive deviation of
one coupling is compensated by an equivalent negative deviation of the other.
Fig. 1.451 illustrates two possibilities involving shafts in the same plane. Note
that the coupling members are so positioned on the intermediate shaft as to
ensure longitudinal symmetry of this shaft. As well as in the position indicated,
there is no loss of angular truth when the shaft moves to any other position
on the conical shell within an apex angle of 2« (Fig. 1.451). See also Volume 1,
Section 2.7.4.

Universal joints can be grouped under the following headings:

(a) Hooke’s joints (cross trunnion) or cardan joints.
(b) Ball universal joints.
(c) Elastic ring and diaphragm couplings.

(a) Hooke’s joints (or couplings) and cardan joints

These are couplings with a central coupling member between the shafts.
The coupling member is cross-shaped in the Hooke’s joint and ring-shaped
in the cardan joint, and has two pivot axes crossing at right-angles at the
point of intersection of the shafts (Fig. 1.452).

Fig. 1.453a is an example of a Hooke-type joint with a cylindrical coupling
member, or spider, which has a pair of screws as pivots. For lighter duty a
a ball with a pair of grooves turned in it can be used as the coupling member,
as shown in Fig. 1.453b. The ends of the four prongs are curved slightly
round the ball to prevent any axial displacement.

Fig. 1.452. a. Hooke’s joint. b. Cardan joint.

ht

117

ﬁ}
i
]

——

Fig. 1.453. Hooke’s joints.

a. Cylindrical centre-piece as spider.
b. Ball with slots at right-angles, instead of a cross.
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(b) Ball universal joints

Are basically ball joints, in which it is practically impossible for the pivots
to twist relative to one another in the principal direction of rotation. The
coupling shown in Fig. 1.454 is suitable only for low-torque transmission,
because of the limited area of contact between pin and ball, the sliding
motion of the ball relative to the pin, and the limited radius of action of the
tangential force. Simpler and cheaper structures are given in Fig. 1.455.
Rational integration of the elements shown in Fig. 1.451 leads to the design
of Fig. 1.456. The coupling of Fig. 1.457 has equal angular truth if the point
of contact of the two embedded drivers (or dogs) is within the angle of
intersection B between the two shafts. The force is transmitted via a ball.

| % AJ X V4| |4 I'Hb
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a b
Fig. 1.454. Ball universal joint for Fig. 1.455. Ball universal joint of simple

small torque loads. design.
a. Spherical fork rotates and slides in

socket and round impressed pin.
b. Opposite version of a.

b
Fig. 1.456. Double ball universal joint for angular truth.
a. Assembled. b. Exploded view.

Fig. 1.457. Ball universal joint for

angular truth, with two dogs to trans-

mit the motion via pressure contact.
1 =dog. 2= ball

(c) Elastic ring and diaphragm couplings

Elastic ring couplings are often used in precision engineering for shafts
that are marginally misaligned and have to transmit only a low torque
(Fig. 1.458). They are flexible, rather than universal, their advantage over
true universal joints being their freedom from backlash, whilst still per-
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mitting minor axial displacements. If necessary, the ring can be punched
out of insulating material. Diaphragm couplings (Fig. 1.459), suitable for
transmitting heavier torques, are less flexible in operation and more expensive
than the elastic ring couplings.
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Fig. 1.458 Fig. 1.459 Fig. 1.460
Fig. 1.458. Elastic ring coupling.
Fig. 1.459. Diaphragm coupling.
Fig. 1.460. Coupling operated by a sliding bush, driven by a forked crank.
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Fig. 1.461. Claw clutch with bevelled teeth.

a. Single bevel on hand-operated crank.

b. Single bevel on mechanism to set hands of clock.

c¢. Double bevel, suitable for rotation in both directions. Practical
version is suitable for continual engagement and disengagement.

1.9.7 Claw clutches

Most claw clutches can be engaged only with the shafts stationary in
a given relative position, so that the teeth line up with the recesses designed
to receive them. The clutches can be disengaged with the shafts rotating
or stationary. The sliding member of the coupling can be actuated by a
sliding shaft, driven by a forked crank (Fig. 1.460). So that the clutch can
be engaged in any position, the mating faces of the teeth are bevelled. With
a single bevel (or taper), forces can be transmitted only in one direction
(Fig. 1.461a and b): for rotation in either direction, the teeth are tapered
on both sides (Fig. 1.461c¢). This clutch is held in engagement by a strong
spring force that must be overcome to disengage the clutch: the sliding bush
moves on balls. To enable the clutch to stand up to continual engagement
and disengagement, the teeth are made of hardened and tempered (or
locally hardened) tool steel.
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1.9.8 Friction clutches'®: 18- 17

These clutches are used for the smooth (jolt-free) engagement and dis-
engagement that claw clutches cannot provide. The short clutch travel is
often an advantage. The surface pressure required to set up the frictional
force is derived from muscular strength, spring pressure, centrifugal force
or electromagnetic power. To obtain a maximum of friction with a minimum
of torque, the following are employed: plates (or discs) or multiple plates;
a friction surface in the form of a cone shell (cone clutch).

In plate or multiple plate clutches (Fig. 1.462), several friction surfaces
are pressed together by one and the same coupling force, thereby multiplying
the frictional forces generated and permitting a compact structure. In the
cone clutch, the frictional forces are increased by the slope of the conical
members. Referring to Fig. 1.463:

N=E . r—uN=tE and M=Tr=tET
sin o sin o sin a
where F is the axial actuating force;
o is half the apex angle of the cone;
N is the force normal to the friction surface;
T is the tangential frictional force;
u is the coefficient of friction between the friction surfaces;
M is the torque to be transmitted.
To prevent sticking, and to keep the force required to disengage the clutch
as small as possible, the angle a should be larger than the angle of friction.

4 N"_u
[

\—4,—+t¢3_=:,>

Fig. 1.462. Multiple plate clutch. Fig. 1.463. Forces acting on a cone
1 = driving shaft. 4 = inner plate. clutch.
2 = driven shaft. 5 = sliding bush.
3 = outer plate.

Steel is usually chosen as the friction material on the one hand and,
amongst other things, phosphor bronze, fibre, lignum vitae or plastics on
the other hand. Rubber is also used sometimes in precision engineering for
flat friction discs in clutches that transmit a relatively high torque. It has
the advantage of a high coefficient of friction, but suffers from the following
drawbacks:

e Stick-slip due to the variation in the coefficient of friction with speed.

e Undesired elasticity in clutches with relatively thick friction discs when
motion is transmitted.

o Possible sticking on disengagement.

6*
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Slip couplings usually serve to limit the torque transmitted (maximum
torque). Couplings of this type unite two shafts, in separate bearings, or
concentric members, such as a shaft and a gear or ratchet wheel, a shaft
and a bush or a bush and a pointer, and are often used to protect a fragile
mechanism (Figs. 1.464 and 1.465). The frictional force is generated by an
elastic member or by a separate star-shaped spring, bowed (saddle) spring
or helical spring. The type of maximum torque coupling with a braking
spring in a drum (Fig. 1.466) has been discussed, together with the relevant
calculations, in Volume 1, Section 2.3.7.

Fig. 1.467 shows couplings in which the frictional force is increased by a
conical friction surface or by double friction plates.

A problem associated with such cone friction couplings is the centering
of the two conical members in relation to one another, which requires very
accurate bearing alignment. The solution is to mount the shafts in bearings
one around the other. If a helical spring used to press a friction plate home
is not stiff enough, it may “wind up” in the direction of rotation. In critical
cases this can be remedied by interposing an axial thrust ball bearing.

—
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a b
Fig. 1.464. Simple slip coupling. Fig. 1.465. Slip coupling.

a. Spring pointer bush on shaft. a. Bowed spring keeps pin wheel in

b. Spring pointer bush with thicker frictional engagement with shaft,
walls and fitted with a gear wheel. as long as the torque to be trans-

mitted does not become excessive.

b. Helical spring keeps gear wheel in
frictional engagement with shaft,
if the torque to be transmitted does
not increase unduly.

E}j ?Trérm{//l/ R
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Fig. 1.466. Overload Fig. 1.467. Adjustable friction clutch for heavier
coupling with braking torque load.
spring in drum. a. Cone clutch, b. With double friction plates.
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When the slip torque has to be within fairly exact limits, it should be
borne in mind that the spread in the force normal to the friction surface,
the coefficient of friction and the radius of friction, all contribute to the
spread in the slip torque. The force of a spring can be adjusted, or a flexible
spring chosen instead. The size of the friction radius can be established
fairly accurately in the design (Fig. 1.465b). Fibre is often used as the friction
material. The friction disc can be provided with compartments to store a
special silicone oil which lubricates, and continues to lubricate, the friction
surface, thereby ensuring that the coefficient of friction does not deviate
very much, even after several years of service, and is not affected by occasional
drops of lubricating oil spilled on the disc. Dry lubricants, such as molyb-
denum disulphite (MoS,) have a beneficial effect.

If the friction disc starts to slip because the torque is beyond the maximum
for which it is designed or adjusted, the maximum torque remains perceptible
at the driving side. Nevertheless, the perceptible torque will diminish by
reason of the difference in friction when stationary and in motion.

Leather has special characteristics, however, provided the dressed side of
the oiled leather is allowed to slip against the other friction member. The
coefficient of friction, and therefore also the torque, increases with the slip
speed. A coupling with this friction material runs smoothly and does not
snatch. A friction material having a coefficient of friction that does not
depend on the slip speed is the thermoplastic Teflon.

Reference values of friction coefficients for the friction materials used in
couplings are listed in Table 1.1:

TABLE 1.1
Reference values of friction coefficients for friction materials
Coefficient of friction Max. Max. surface
Friction Backing temp. pressure
face Lubricated Dry (&) (N/cm?)
Phosphor Chr. plated
bronze hard steel 0-03-0-05 — 260 100
Hard steel Chr. plated 140
hard steel 0-03 — 260
Lignum vitae | Steel 0-16 0-2-0-35 200 40-60
Leather Steel 0-12-0-15 0:3-0-5 90 7-28
Leather Oak — 0-3-0-5 90 —
Fibre Steel — 0-3-0-5 90 7-28
Cork Steel 0-15-0-25 0-3-0-5 90 5-10
Felt Steel 0-18 0-22 135 3-5-70
Bakelite
Synthetic resin
bonded paper Steel 0-1-0-15 0-25 200 70
Synthetic resin
bonded fabric
Teflon Steel — 0-05 300 —
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1.9.9 Overriding clutches

In these clutches the drive is transmitted between the coupling members
by overriders (sprags, balls, etc.), which may be free from backlash. As seen
in Section 1.6.5, a frictional resistance of F(tan & + u) can thus be trans-
mitted instead of F.u, as in the case of a flat friction clutch, where F is the
axial coupling force, o is the angle of inclination of the overrider face and
u is the coefficient of friction. An overrider clutch can be used to best
advantage where a relatively high torque has to be transmitted with a small
coupling force (F), and the clatter associated with slip is not a hindrance,
or may even be useful as an indication that slipping is taking place.

Fig. 1.468 shows two ball-overrider clutches, one with radial, and the
other with axial action. They are not really designed for frequent free-
wheeling, owing to the wear involved. Bearing surfaces of members running
against one another must be hardened. These clutches are usually employed
as maximum torque governors.

A special version is the overriding clutch, permitting rotation in one
direction only, of the type used for micrometer screw adjustment to apply
measuring pressure within given limits (Fig. 1.469).

Two simple overload (overrunning) clutches are shown in Fig. 1.470.
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Fig. 1.468. Ball-overrider clutch. a. Radial-action. b. Axial-action.
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Fig. 1.469. Overriding Fig. 1.470. Simple overrunning clutches.
clutch in micrometer. a. Overload pushes sleeve to the right, disengaging the

clutch.
b. Overload pushes balls inwards, disengaging the
clutch.
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1.9.10 Magnetic and electric clutches™?: 181
(a) Introduction

These clutches fulfil the same functions as mechanical clutches, but use
magnetic fields. The action of electric (electromagnetic) clutches, unlike
the mechanisms involving permanent magnets, can be controlled. The
current in ‘the field-coil can be switched and regulated to engage (and
disengage) the clutch, and also control its operation in various ways.

The electrical equipment not only makes the clutch fast and easy to operate,
but also enables it to be controlled from more than one station and remotely:
frequent engagement and disengagement, and fast response, can be achieved
economically.

Some clutches of this type are eminently suitable for use as overload (or
overrunning) clutches or as speed governors.

Electrical (electromagnetic) clutches can be grouped under the following
headings (Fig. 1.471):

o Single-plate or multi-plate friction clutches.

o Claw clutches with teeth tapered on both sides.

e Hysteresis clutches.

e Eddy current clutches.

1 :I; 12 13 2 1 T 3 % 2
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Fig. 1.471. Principles of electric clutches.

. Electromagnetic clutch with friction plate (flat armature clutch) and rotating
field.

b. As a, but with stationary field.

Electromagnetic clutch with friction plates and stationary field.

Electromagnetic claw clutch with teeth tapered on both sides.

Electromagnetic clutch with ferromagnetic particles.

. Hiysteresis clutch.

Eddy current clutch.

1 = driving shaft. 2 = driven shaft. 3 = field winding. 4 = slip rings.

5 = armature. 6 = rotor. = friction plates. 8 = clutch claw with tapered

teeth. 9 = driving rotor. 10 = driven rotor. 11 = ferromagnetic particles.

12 = multi-pole rotor. 13 = bush armature. 14 = copper bush.
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In addition, there are clutches which, although purely mechanical in
principle, are engaged and disengaged indirectly by electrical means. This
group will not be discussed.

Some clutches operate with a rotating magnetic field, others with a
stationary magnetic field. This is a matter of magnet design.

Rotary field versions have a rotating field winding, energized via brushes
and sliprings: in stationary field clutches, the field winding is fixed. A rotating
field clutch is usually a two-part functional element with the field winding
at the driving end. The clutch with a fixed field coil is a three-part element
having a rotary driving member and a fixed coil housing. It does not require
brushes and sliprings, but does call for extra bearing points and better
alignment.

The use of a direct-current supply, usually 90 V, is considered a drawback.
Miniature clutches for aircraft, etc., are designed to operate at 24 V; for
cars and machinery, 6 V or 12 V is usual. On no account should anti-friction
(rolling motion) bearings be placed within the magnetic (leakage) field.

The development of electric clutches is still being vigorously pursued, the
trend of research being towards still shorter response times (0-3 milliseconds),
which it is hoped to achieve through principles not involving the setting-up
of a magnetic field (electrostatic and electrostrictive clutches) or making use
of an existing field which has only to be engaged. Such clutches are intended
for very fast tape recorders, computers and telephone systems.

(b) Magnetic clutches™®!

One special type of overriding clutch is the magnetic clutch, in which the
motion of the driving shaft is transmitted from a liquid-tight chamber to
a pointer spindle outside, without piercing the chamber wall (Fig. 1.472a).
The armature on the pointer spindle follows the two permanent magnets,
which rotate with the driving shaft. The dividing wall is made of non-ferrous
material (and preferably a non-metal) to avoid eddy current losses.
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Fig. 1.472. Permanent magnet clutch.

a. Operates through closed wall. b. Overrunning clutch with annular magnets.
1 = magnet on driving shaft. 3 = closed wall.
2 = armature on pointer spindle. 4 = annular multipole magnets.
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Magnetic clutches can be used as overrunning clutches (Fig. 1.472b).
Annular permanent magnets are cemented to the clutch discs. The annular
magnets are so magnetized as to provide equal numbers of pole pairs on
both rings. Thus, one disc drives the other until a given maximum torque
is reached, whereupon the clutch disengages. The residual torque remains
low until the relative speed of the two discs has fallen enough for the clutch
to re-engage.

(c) Electromagnetic friction clutches

They may be single-plate or multi-plate clutches. The electromagnet of
the plate clutch or flat armature clutch attracts the segmented armature
against the ring of friction material fastened to the coil housing (Fig. 1.473a).
The field coil of this version rotates with the clutch. Other versions with a
stationary field coil (Fig. 1.471b) are used too. The magnetic flux then
passes through the rotor to the armature and back. This friction clutch is
used for engagement and disengagement (short switching times), but can
also be used as a continuous slip clutch, although this is not recommended,
in view of the extra heat generated. Smaller models are employed in instru-
ments and in aircraft equipment.

The electromagnetic multi-plate clutch can transmit a very much greater
torque than the single-plate model. It is also designed for on—off operation,
and can be equipped with a rotating field coil or with a stationary one, the
latter version being the more common of the two (Fig. 1.473b). It is capable
of transmitting a substantial torque load within a small space. Most clutches
of this type run in an oil bath, and are suitable for machine tools and control
systems.

Fig. 1.473. Electromagnetic friction and claw clutches.

a. Friction plate clutch. c¢. Claw clutch with tapered teeth.
b. Multi-plate friction clutch.
1 = driving shaft. 2 = driven shaft. 3 = field coil. 4 = friction ring. 5 = flat
armature. 6 = multi-plate friction unit. 7 = toothed magnet member.
8 = toothed clutch disc.
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(d) Electromagnetic claw clutches

Are able to transmit high torque loads but can only be engaged at low
speed. The clutch (Fig. 1.473c) consists of the toothed magnet member
with field coil and the toothed clutch disc, of which the stationary field
coil version is the most common.

The clutch is used mostly in numerical control systems.

(e) Electromagnetic clutches with ferromagnetic particlest**!

They consist of a driving rotor enclosed in (and concentric with) a driven
rotor. These two rotating members are separated by an air gap filled with
ferromagnetic particles (Fig. 1.474). Until the field coil is energized the
driving rotor freewheels. When energized (short response time), the iron
particles quickly form a solid mass, capable of transmitting forces, the
value of which does not depend on the relative speeds of the driving and
driven rotors. The torque transmitted is thus constant and independent of
the speed of the driven shaft. Continuous slipping is possible, given due
attention to cooling.

This clutch was originally designed to operate with iron particles in oil,
but the present trend is towards an air gap filled solely with ferromagnetic
particles.

Electromagnetic clutches are used in machines and instruments, particu-
larly where a substantial mass moment of inertia has to be overcome in
engaging the clutch.

Fig. 1.474. Electromagnetic clutch with Fig. 1.475. Hysteresis clutch.
ferromagnetic particles. 1 = driving shaft.

1 = driving rotor. 2 = driven shaft.

2 = driven rotor. 3 = field coil.

3 = field coil. 4 = rotor with several poles.

4 = ferromagnetic particles. 5 = bush armature of hard magnetic

5 = seal. material.

6 = cooling ducts.
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(f) Hysteresis clutches

The action of these clutches is based on the hysteresis effect produced
by the pole reversal of hard magnetic material. The driving member is a
multi-pole rotor, to set up the desired alternating field (Fig. 1.475). The
driven member is a bush armature of hard magnetic material which fits
in the annular slot in the rotor. In this version, the field does not rotate.
When the field coil is energized, magnetic flux passes through rotor and
armature. The poles in the rotor concentrate the flux in such a way as to
induce opposite poles in the armature, which rotates with the motor.
The rotating rotor cuts through the constant focused flux of the field coil,
which causes the magnetic field in the rotor to change. Because of hysteresis
in the armature, the flux change in it cannot keep pace with that induced
by the rotor. The armature therefore lags behind the rotor, whereby torque
is transmitted.

To suppress possible eddy currents, the armature is laminated. The clutch
can be used with any amount of slip, consistent with assured heat dissipation,
whilst the torque remains constant. The size of this torque can be regulated
by varying the energizing current of the field coil. Clutches in which the
field coil is replaced by permanent magnets have a fixed torque.

By virtue of smooth starting and constant torque at varying speeds, this
clutch is suitable for instruments, servomechanisms, aerial drives and
take-up systems for tape or wire (see Volume 5, Chapter 5).

(8) Eddy current clutches

Cannot function without a certain amount of slip. The torque increases
with the slip up to a certain critical value. The clutch in Fig. 1.476 has a
stationary field coil, generating magnetic flux which circulates through
the driven multi-pole rotor and the stationary housing. Between rotor and
housing there is an air-gap containing a copper bush fixed to the driven
shaft. Any difference in speed between rotor and bush sets up eddy currents
in the bush, whereby torque is transmitted from the driving shaft to the
driven shaft. The size of the torque depends on the energizing current of
the field coil and the amount of slip. A tachometer on the driven shaft
measures the speed of rotation.

The energy dissipated by the eddy current must be channelled off, which
means that powerful clutches of this type have to be air-cooled or water-
cooled. The clutches should preferably be operated with only a small amount
of slip. Used in combination with an electronic control and one or two
additional measuring instruments, this clutch operates as a speed governor.
As such, it has many possible uses as a source of: constant angular velocity;
constant take-up winding speed of, say, a wire; constant wire tension in
coil winding; defined smooth, positive starting.

Thus the device is employed as a controlled speed drive rather than an
actual clutch for winding processes in paper-making machines, textile
machinery, etc. (see Volume 5, Chapter 5).
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Fig. 1.476. Eddy current clutch.
1 = field coil. 2 = multi-pole rotor. 3 = housing. 4 = copper bush.
5 = driven shaft. 6 = driving shaft. 7 = tachometer.

1.9.11 Centrifugal clutches

Operate automatically, centrifugal force being used to engage them.
Almost all the existing types are friction clutches, classified as free-shoe
(direct action) and spring-shoe (indirect action) (Fig. 1.477).

In the free-shoe type, the normal force required to generate friction is
derived from the centrifugal forces of radially sliding masses, and the trans-
missible torque is proportional to the square of the angular velocity of the
clutch. It functions as a slip clutch until the speed of rotation builds-up
enough to deliver the centrifugal force required for friction. Fig. 1.477¢
shows a practical free-shoe centrifugal clutch with pivoted shoes. Such
clutches are used when a shaft has to be set in motion very smoothly.

In the spring-shoe centrifugal clutch, the normal force required to generate
friction is derived from a system of springs. As the angular velocity builds up,
the spring force is gradually overcome by the centrifugal forces of radially
sliding masses, whereby the frictional forces are reduced and may approach
zero. This type of clutch is used for automatic speed control.
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Fig. 1.477. Centrifugal clutches.
a. Free-shoe type. ¢. Free-shoe, with three pivoted shoes.
b. Spring-shoe type.
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1.9.12 One-way clutches

The members of a one-way clutch engage only in one direction of rotation
and freewheel in the other direction. Toothed ratchets, friction ratchets,
locking elements or a torsion spring are used as drivers. Locking elements
and friction ratchets supply a considerable centripetal force. One-way
clutches occur in clocks and bicycles and many different versions are
frequently encountered in machines used for mechanized processes.

Fig. 1.478 shows ratchet mechanisms, whilst clutches with locking elements
(balls or rollers) are illustrated in Fig. 1.479.

The freewheel clutch in Fig. 1.480 is used in bicycles. To minimize the
angle of backlash that occurs before the clutch engages, the number of
teeth is different from the number of locking elements. In this case, there are
three pawls and seven teeth. Only one pawl bears at a time.

A clutch with many locking elements functioning as friction pawls (or
sprags) in a strong and compact structure is shown in Fig. 1.481. The locking
elements are threaded on an elastic link, so that they are ready for instant
engagement. There is virtually no backlash angle.

Fig. 1.478. Ratchet clutch.

a. With two simple rotating pawls.
b. With sliding pin as pawl (in a garden mower)
c. Freewheel clutch (in a clock).
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Fig. 1.479. Unidirectional clutch with
locking elements.
a. In rotor. b. In housing. Fig. 1.480. Freewheel clutch.
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A typical construction of thermoplastic synthetic resin (Fig. 1.482) operates
with numerous sprags in a cylindrical housing, and is suitable for light
loads. The resilience involved in engagement may be a drawback or an
advantage in practical application. The clutch in Fig. 1.483 is also uni-
directional by reason of the shape of its teeth (see also Figs. 1.4615 and 1.469).

Mechanisms with a helical spring (Fig. 1.484) are suitable for small
torques. These torsion spring constructions are described more fully in
Volume 1, Section 2.3.7. The shaft is gripped when the direction of rotation
is acting to wind up the spring. These clutches are critical, and a certain
angle of backlash occurs before the spring engages.

—
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a
Fig. 1.481. Strong and compact unidirectional clutch Fig. 1.482. Simple
with friction pawls (sprags). unidirectional clutch
a. Part of outer ring ommitted. with rotor and sprags
b. Enlarged detail of sprags shown schematically. united in one mould-

1 = sprags. 3 = outer ring. ing.
2 = elastic link. 4 = inner ring.

T

b
Fig. 1.483. Claw clutch with Fig. 1.484. Unidirectional clutch with torsion
angled teeth, as unidirec- spring.
tional clutch. a. Spring and disc are driven in one direction by
shaft.
b. Spring couples in one direction of rotation.
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1.10 Transmission by tensile or compressive forces' -

Tensile forces can be transmitted over relatively long distances by means
of cords, belts and chains. Switches and indicators (such as recorders with
styluses and pointers, etc.) often contain a drive of this kind.

The direction in which the tensile pull is transmitted can be changed
where necessary by means of a guide pin, roller, pulley or sprocket. In the
transmission of linear motion, translation can be converted into rotation,
and vice versa (Fig. 1.485). Two rotating discs can be linked by such a
sliding member. The link may be endless or have its ends fastened to the
members thus coupled. In the latter case, the angle of rotation is limited,
whilst the transmission ratio may be variable (Fig. 1.486). Another possibility
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Fig. 1.485. Conversion of Fig. 1.486. Transmission of rotation.
translation into rotation, a. Constant transmission ratio.
or vice versa. b. Varying transmission ratio.
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is a prestressed cable passing through a flexible sleeve, thereby exerting
tensile pull regardless of any change in direction or position of the sleeve
inlet relative to its outlet (Bowden cable) (see Section 1.4.2).

Cord made of hemp or cotton (or sometimes of silk, catgut or nylon) is
usually employed for drives in radio or T.V. sets and other apparatus (see
Section 1.11.6).

Loops of the kind shown in Fig. 1.487a, readily obtained with a crimped
metal bush, are used for attachment. Sometimes, a blob of plastics, e.g.
polycarbonate, is moulded on to the cord instead (Fig. 1.487b). A tensioning
device must be provided to compensate for possible stretching or shrinking
of the cord material. Large-scale batch production also makes use of the
existing tensioning device to compensate for any spread in the size of the
structural members, upon which the length of the cord is based.

Where two linked members are required to move synchronously, they
should be arranged in balance, or symmetrically, as regards cord length and
tension (Figs. 1.488a and b). Tensioning is provided by a helical spring
accommodated in a drum or on the pointer, so as approximately to equalize
any elongation and shrinkage in the linkage members. Or a metal cable
subjected to very little length variation is used for the span between the driving
drum and pointer, and cord with a tensioner for the other span (Fig. 1.488¢).
In this case synchronism is ensured by the metal cable. The last system is
better than the two other methods, in which the pull of the spring is trans-
mitted with friction to the span or side. Where the spring has to keep the side
tension within reasonable limits, despite any length variations, the friction
encountered by the side on entering the drum, or on meeting the spring on the

— —— —— — —
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Fig. 1.487. Loop formed on cord with the aid of:
a. Crimped metal bush. b. Moulded blob of plastics.

a b c
Fig. 1.488. Synchronism between driving drum and pointer.

a. Cord arranged symmetrically with tensioning spring on pointer.

b. Cord arranged symmetrically with tensioning spring in drum.

c. One side consisting of steel cable subjected to very little length variation, the
other side using a spring and possibly a driving roller.

1=cord, 2= drivingdrum, 3 = pointer. 4 = spring. 5 = metal cable.
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pointer, may be an obstruction. Appreciable variation of side tension has
an adverse effect on smooth running, particularly when the drive is imparted
by winding one or two turns of the cord round a driving roller (friction
roller) (see Section 1.11.6).

Instead of using a separate spring, there is another method of tensioning,
shown in Fig. 1.488, obtained by taking the cord round a roller, which
exerts a pull on the transmission link. If the link itself is elastic (for example,
a rubber belt or a cable in the form of a helical spring), there is no need for
a separate tensioner. In any case, it is necessary to make sure that the back-
lash in the drive is acceptable. The side tension also depends to some extent
on the direction of rotation. Variation of this tension may cause the tensioner
to throb or pulsate and cause backlash. In Fig. 1.488a, this pulsation is
counteracted by the aforementioned friction. It ensures that the device does
not keep exactly in step with the tension in the span, although this was also
mentioned as a drawback.

Plastics are used for flat belts (see Section 1.11.6) and for endless toothed
or cross-ridged belts (timing belts) that are reinforced (Figs. 1.489a and b).
High-grade timing belts contain cord of glass fibre wound in a continuous
and unbroken spiral, or steel cable made up of thin lengths of wire. The
serrations of the chloroprene (Neoprene) body are sheathed in polyamide
fabric (nylon). A cord with beads of plastic moulded on to it at intervals
is better for some purposes than a metal chain (Fig. 1.489¢).

- ’
a c

Fig. 1.489. Use of plastics belt.
a. Endless timing belt.
b. Endless timing belt: reinforced and with nylon-sheathed serrations.
c. Cord with beads of plastic moulded on to it.

0 ,
) 2
3
(g
a b c d e
Fig. 1.490. Chains.
a. Oval link chain. d. Flyer chain.
b. Patented chain. e. Bead chain.

c. Hook-link (jack) chain.
1 = rod. 2 = punched and pressed bead. 3 = seam.
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To provide the necessary flexibility, metal cables are built-up of several
strands, each containing two or three individual wires. The materials used
are steel, nickel or phosphor bronze.

Metal bands and chains are suitable for transmitting heavier loads without
stretching unduly. Some of the bands are made endless and perforated to
run on toothed rollers.

Fig. 1.490 shows common types of chain, namely:

e Oval link chain, with open or closed links, used in modern clocks: flexible
and easily guided on rollers.

e Patented (chandelier) chain, used as a suspension or pull chain.

® Jack (or hook-link) chain: its load capacity is small: it can run on toothed
rollers.

o Flyer chain: very narrow and able to withstand relatively heavy tensile
loads. Used in combination with a conical drum and driving spring
to supply a constant driving force (Fig. 1.491).

e Bead chain, consisting of punched beads linked flexibly by short rods:
used in pull switches.

A drum is used to wind up (or take up) a driving belt, as shown in Fig. 1.492.
Figure 1.493 shows a composite drum for a driving cord. Whilst this particular
drum is smooth, the periphery can also be helically grooved as a guide, to
prevent the turns from overlapping. The same result can also be obtained
with a smooth drum by imparting a suitable traverse to this during winding.
See also Section 1.11.6 (b) and Fig. 1.520.

When flexible bands are used to transmit compressive forces in very much
the same way as tensile forces, it is necessary to ensure that the force cannot
cause the band to buckle in the guide. Such guides take the form of sheaths
or conduits, in which the band is adequately supported and retained
(Fig. 1.494).

A variant of this is the pressure drive with balls. Figure 1.495 shows a vice
in which the compressive force is transmitted via balls which can be thrust
along the conduit.

117/ /. £
N N
|
Fig. 1.491 Fig. 1.492 Fig. 1.493
Fig. 1.491. Conical drum with flyer chain and spring, to deliver a constant driving

force.
Fig. 1.492. Drum to take up driving belt or band.
Fig. 1.493. Smooth composite drum for cord.
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Fig. 1.494. Transmission of compres-
sive force by sliding band.
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Fig. 1.495. Transmission of com-
pressive force via balls in a suitable
conduit, used on a vice.
1 = pressure screw.
2 = balls.
= clamped workpiece.
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Fig. 1.496. Transmission by hydraulics.

1 = cylinders.

2 = pump. 3 = corrector.

4 = duct. 5 = piston.

6 = O-ring. 7 = cylinder.

Compressive forces can be transmitted also by driving a cable through a
flexible conduit (Bowden cable). For particulars, see Section 1.4.2 and

Figs. 1.251 and 1.252.

As a further development on these lines, it is possible to employ hydraulics,
a very simple version of which is shown in Fig. 1.496. Here, two cylinders (1)
are driven by a piston pump, and the system regulated by a piston

corrector (3).

Such systems are constructed from a kit of components (cylinders, slides,
valves, non-return valves and other circuit elements) to serve as controls
and/or boosters in machines and appliances.
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The high working pressure (about 10 N/mm?) enables substantial forces
to be transmitted without bulky parts. Given flexible conduits, the work
cylinder does not have to be in a fixed position relative to the pump: the
two can be moved relative to one another. An adjustable safety valve protects
the system against overload.

Pneumatic systems are only used for such purposes when accurate
indexing between the end positions is not required.
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1.11 Friction drives™-!#

1.11.1 Introduction

Drives in appliances, and sometimes in machines, often take the form of
friction transmission systems, transmitting force and motion through the
friction set up by a driving member rolling on a driven member. Sufficient
friction can only be obtained if there is enough contact force between the
driving and driven members, and if friction materials having a suitably high
coefficient of friction are employed.

This is the essential difference between friction transmission systems and,
say, transmission by gears. Beyond a certain limit, slip is to be expected,
causing the driven member to lag the driving member. The lower the coeffi-
cient of friction, the greater the normal pressure required to transmit a given
torque.

Formulated:

M= W.R =uN.R,
where M is the torque to be transmitted,
W is the frictional force to be transmitted,
u is the coefficient of friction,
N is the normal force between the members in contact, and
R is the radius of the friction disc up to the point of contact.
For further details of design theory see Volume 1, Chapter 2.6.

In the absence of slip, the transmission ratio of friction wheels, like that

of gears, is inversely proportional to the ratio of their diameters. By slipping,



STRUCTURAL ELEMENTS 175

a friction drive may act as a torque limiter, and give protection against
torque overload (see also Section 1.9.8).

The coefficient of friction () between two interacting friction materials
is not a constant. It depends on such factors as: surface condition, lubrication,
relative velocity, specific pressure, humidity and temperature of the friction
surfaces, and u can vary from twice, to half, its average value.

To ensure effective transmission of the friction as planned, the normal
force should be two or three times that calculated from the data concerning
torque and friction coefficient.

Apart from the coefficient of friction, another factor governing the choice
of materials is the noise made by the mating rollers. Cast iron is quieter than
mild steel; synthetic resin bonded fabric or paper, and nylon, are even
quieter. Plastics may be permanently deformed when subjected to a force
continuously for some time with the drive at a standstill. The coefficient of
friction depends on the relative velocity (v) of the surfaces rubbing together.
To put this another way: the value of the coefficient of friction depends
partly on the amount of slip (Fig. 1.497).

For most of the different combinations of materials, x4 reaches a peak at
a velocity v = 0, that is, with static friction (1,), falls off rapidly in response
to a very slight increase in velocity, and then gradually increases with further
increasing velocity, until the frictional energy generated at a very high
velocity finally destroys the surface of the material. An exception to this
progression is the combination of dressed leather on metal, which leads to a
constant pu as regards differences in velocity between the members rubbing
ogether. Leather therefore does not have any tendency to snatch (stick-slip).

Ho

Ho

Fig. 1.497. Variation of coefficient of
friction with increasing slip velocity,
for different combinations of materials. Ho
1. Metal on metal, lubricated.
2. Driving cord on metal.

3. Leather on metal.

Because the coefficient of friction increases with the difference in velocity
between friction surfaces, insufficient normal force leads to a state of balance
at a relatively higher slip velocity, and therefore at a higher coefficient of
friction. In given circumstances, the slip velocity may therefore depend on
the frictional force that can be applied and on the normal force available.
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Table 1.2 lists some representative values of friction coefficients for
combinations of materials commonly used in friction drives. For a reliable
friction drive, it is advisable to allow a wide margin in the calculation. The
coefficient of friction can be increased by knurling one of the friction members
slightly.

TABLE 1.2

Representative values of friction coefficients for different
combinations of materials (not lubricated)

Driving member Driven member u
Leather, ground free from grease Steel, ground 0-4
Leather Steel, polished 0-3
Rubber Steel, ground 0-45
Rubber Steel, polished 0-3
Rubber Paper 0-4
Steel, polished Paper 0-2
Cast iron, polished Rubber 0-3
Brass, knurled Paper 0-4
Steel Vulcanized rubber 05
Brass Zinc, knurled 05
Fibre Steel, ground 0-4
Synthetic resin bonded paper )
Synthetic resin bonded fabric } Steel, ground 025

Permanent deformation and wear must be taken into account. Fibre does
not reveal much change in coefficient of friction after prolonged use, but
is unsuitable for some purposes, because it is hygroscopic. The coefficient
of friction of cast iron used with synthetic resin bonded paper or fabric shows
little variation.

1.11.2 Friction drives with parallel shafts

Friction wheels are preferred for precision adjustments of, say, variable
capacitors, as a simple means of obtaining the exact tuning required with
a high transmission ratio and a minimum of backlash.

The shaft of steel or brass in Fig. 1.498 is finely knurled to give it a good
grip (u=0-5) on the driven zinc or aluminium disc. The normal force is
sustained by a tension spring. For greater friction, the shaft can be grooved
instead of knurled, to increase the frictional force by increasing the effective
normal pressure. The increase thus obtained is a factor of 1/sin d, where
J, the half-apex angle, is between 10° and 15° in Fig. 1.498b. The angle of
the disc has been taken larger than the angle of the groove, to ensure general
two-point contact between shaft and disc and thus avoid undue wear owing
to slip. The drawbacks of this construction are that:

e The vernier shaft is not fixed accurately in place, so that the drive may be
interrupted by clumsy handling.

e If the disc is driven by direct manipulation for coarse tuning, fine tuning
and coarse tuning involve rotation in opposite directions.

o There is likely to be more wear with the shaft seated in an elongated hole
than in a round hole.
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Fig. 1.498. Friction drive for precision adjustment

a. Friction increased by knurl on shaft.
b. Friction increased by groove in shaft.
1 = driving shaft. 2 = driven disc.

3 = tension spring.

STINIRN RSN

Fig. 1.499. Friction drive with rubber idler.
1 = driving shaft. 3 = helical spring.
2 = idler. 4 = driven disc.

Fig. 1.501. Very .simple friction disc
drive.

Fig. 1.500. Simple friction
wheel drive.

1 = driving roller.

2 = helical spring.

3 = driven wheel.

Figure 1.499showsa drive without these faults. The rubber idler is preloaded
against the knurled shaft, and is held against the disc by a helical spring.
A simple friction drive appears in Fig. 1.500, where the normal force is
supplied by a helical spring fitted on the driving shaft, which clamps the
wheel between two driving rollers of hardened steel.
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In the still simpler construction of Fig. 1.501, the normal force is derived
from the resilience or elasticity of two relatively large friction discs which,
before assembly, are flat, with a slight radius at the edges.

These discs are made of spring steel strip, to avoid deformatian after
prolonged use. The small friction wheel is hardened and polished to avoid
erosion and undue wear.
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Fig. 1.502. Planetary vernier drive. Fig. 1.503. Determining the trans-
1 = driving shaft. mission ratio of a planetary vernier
2 = three balls. drive.
3 = driven shaft. 1 = driving shaft.

2 = three balls.
3 = driven shaft.

1.11.3 Friction drives with concentric shafts

Concentricity of the driving and driven shafts is exemplified by the plane-
tary ball vernier drive of Fig. 1.502. The balls, usually three, function as
planet wheels and are clamped between the driving shaft and the stationary
housing by a spring. When the shaft rotates, the balls are driven by friction
and roll against the stationary housing. The ball cage, connected to the
driven shaft, is carried along. To stop the transmission of motion, the shaft
must be retracted against the thrust of the spring.

Fig. 1.503 illustrates the method of determining the transmission ratio.
With the driving shaft rotating at an angular velocity w, and with a peripheral
velocity v, at the position of the balls, the peripheral velocity of the ball
centres is }v;, associated with an angular velocity of the driven shaft w,,
and measured at a radius 7, +r,. Thus,

3V, = @y(ry +12) = joiny
and the transmission ratio is
Wy 2(ry +12)
w,  r
In the extreme case that r, = 0, the transmission ratio is a minimum, and
equals 2. Usual transmission ratios are between 2:5 and 6.
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A drawback of the construction in Fig. 1.502 is that the driving shaft
must not be acted on by an axial force that would oppose the spring pressure
and thus affect the torque transmission adversely. Another drawback: it
is often difficult to position the centre-lines of the ball seats (holes) in a
plane at right-angles to the centre-line of the shaft, as must be done to ensure
smooth and torsionless running of the vernier drive. The points of frictional
contact between the balls and shaft should therefore be located on the same
peripheral circle of the cone. Fig. 1.504 shows a system not subject to these
drawbacks. Here, no axial force is exerted on the ball cage to balance the
spring pressure, so the shaft cannot affect the ball friction. See also Volume 7,
Section 2.5.2.

Fig. 1.504. Vernier drive in which the shaft does not affect the ball friction.

1 = driving shaft. 3 = driven shaft in the form of
2 = three balls. slip roller for cord.

Advantages of planetary ball vernier drives compared with other precision
controls are:
e They can be accommodated in a small space, or built into a bearing if
necessary.
e They need fewer bearing points, due to the absence of a parallel shaft.
e They can be fitted on the shaft stub of a driven member.
e There is no reversal of direction of rotation.

The three-stage variator, or variable-ratio transmission, shown in Fig. 1.505,
is a friction drive with a transmission ratio continuously variable over a
very wide range. In it, several coned discs are employed, which can rotate
independently on a common shaft, with the exception of the extreme left-
hand (1) and right-hand (7) discs, which are keyed to the driving and driven
shafts, respectively. Every second disc (4) carries three balls at angles of 120°,
which can be thrust outwards and towards the centre by means of the
lever (10), used to adjust the transmission ratio. When disc (1) rotates the
first group of three balls, disc (3) is driven at a slower speed due to the
difference in the radii r; and r,. Disc (3) then drives disc (5), which in turn
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drives disc (7), each with the same speed ratio. The final speed of the driven
shaft (9) depends on the product of the three transmission ratios. Thus, a
compact variator with a wide range of speed variation is obtained.

Fig. 1.505. Three-stage frictional drive with continuously variable transmission
ratio giving a wide range of speed control.

1 = disc keyed to driving shaft (8). 6 = compression spring,

2 = disc to hold three balls at angles of 120.° 7 = disc keyed to driven shaft (9).
3 = disc free to rotate on shaft. 8 = driving shaft.

4 = disc on speed control lever (10). 9 = driven shaft.

5 = disc free to rotate on shaft. 10 = speed control lever.

1.11.4 Friction drives with intersecting shafts

Fig. 1.506 is an example of such a transmission with a fixed transmission
ratio and with the shafts intersecting at right-angles. This conical wheel
drive is used to operate film take-up spools in a projector. The driving
pinion is made of synthetic resin bonded fabric, or of leather, and is drawn
against the cast iron driven wheel by a spring. This transmission is quiet,
readily engaged and disengaged, is free from backlash, and can be used as
a slip coupling or clutch. Drawbacks are the unfavourable bearing load and
the spring power required. In practice, it is difficult to comply with the
requirement governing pure rolling motion, namely, that the line of contact
should pass through the point of intersection of the two shafts. For this
reason, the two wheels are often only brought into contact along a section
of the contact line. Fig. 1.507a gives an example of this. The transmission
continues to function correctly even when shaft (1) does not pass exactly
through the apex of the cone wheel. Hence, right-angle friction drives, with
a flat disc as the driven wheel, are employed (Fig. 1.507b).

It is a simple matter to design friction drives in such a way that the trans-
mission ratio between two shafts is continuously variable, or the direction
of rotation of the driven shaft is reversible. Fig. 1.508 shows several such
examples, involving an additional, movable friction roller.
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In Fig. 1.509a and b, the friction roller is revolved. Fig. 1.510 shows
how the direction of rotation is reversed by shifting a hub with two discs.
Such reversal can be accomplished too by sliding the driving friction wheel
beyond the centre of the driven disc.

a - b
Fig. 1.507. Simple friction drive.
. — . . a. With conical wheel and (disc
Fig. 1.506. Friction transmission with shaped) friction roller.
conical wheels. b. With flat disc and friction roller.
1 = driving shaft.

R

P B

B}'%{f:

Fig. 1.508. Friction drive with continuously variable
transmission ratio, obtained with sliding friction
roller.

a. Between two conical wheels.

b. Between two flat discs.

c. Between cylindrical wheel and flat disc.
d. Between conical wheel and flat disc.
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a b
Fig. 1.509. Friction drive with continuously variable Fig. 1.510. Direction
transmission ratio, obtained with pivoted friction of rotation reversed
roller. by means of friction
a. In combination with spherical wheel. roller and two sliding
b. Between two discs with toroidal recess. discs.

1.11.5 Friction transport and feed mechanisms

One example of a friction transport mechanism is a miniature locomotive
running on rails. An indoor transport-system for letters is similar in principle
(Fig. 1.511). The frame supports the bearings of the traction wheels, the
largest of which is driven, thereby moving the trolley along the two taut
wires. The guides on each side of the lower wire prevent tipping.

Friction also plays a part in feed mechanisms, e.g. the paper feed of a
typewriter (Fig. 1.512).

Fig. 1.511. Indoor transport system for letters.

1 = frame. 3 = two taut wires.
2 = driving traction wheel. 4 = guide.

In Fig. 1.513, the axially-retained roller drives a skew wheel which is
spring-loaded against the roller and shifted sideways by it. At the end of the
stroke, the wheel swivels so as to transverse in the opposite direction.

The mechanism in Fig. 1.514 is a more refined version, involving special
ball bearings whose inner shaft ring is arched clear of the shaft. The driving
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shaft is encircled by three of these bearings, in such a way that the middle
bearing is pressed down on the shaft whilst the other two cushion the rebound,
so that the mechanism in itself is load-relieved. Given suitable contact
between shaft and rings, fairly heavy loads can be transmitted by a small
mechanism. The skew setting of the bearings results in traversing motion
when the driving shaft rotates. At the end of the stroke the bearings tilt
over to reverse the traverse.

In Fig. 1.515 a revolving shaft sets a sleeve in sliding motion by means of
balls seated in a number of separate grooves. These balls are clamped between
shaft and sleeve, except through a certain angle «, within which the gap
between shaft and sleeve is wider. Within this angle, the balls are returned
before moving forward again in the rest of the groove and taking the sleeve
with them. Here, the pitch of the movement is not adjustable, as it is in the
other two mechanisms.

L 5_‘&_._._? .

Fig. 1.513. Friction transport mechanism with skew friction roller driven
by cylinder, to supply reciprocating motion.
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Fig. 1.514. Friction transport mechanism with three skew ball bearings whose
arched inner ring is driven by shaft to supply reciprocating motion.

1 = driving shaft.

2 = ball bearings with arched inner ring.

3 = loading spring.

Fig. 1.515. Sliding motion of sleeve obtained by means of revolving shaft with
balls in separate, specially-shaped grooves.

1 = driving shaft. 2 = sleeve. 3 = balls.

1.11.6 Cord and belt transmission systems
(a) Introduction

This section deals with transmission systems in which engagement of the
driven member is not positive, as it was in Section 1.10, but frictional. In
precision mechanisms, the following are used for transmitting the tensile
load; hemp, cotton or silk cord and nylon rope or catgut 06 mm or more
thick, depending on the forces involved. For greater forces, e.g. in small
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machines, round or flat laminated plastics belts are used (see Figs. 1.516
and 1.517). The belt should not stretch appreciably, but should not lack
flexibility and be very hard-wearing, with a fairly high coefficient of friction
relative to the material used for the friction driving rollers, which is generally
brass or nickel-plated steel.

Fig. 1.516. Welding the ends of a round
plastics belt together by means of a
heated blade.

1 = round belt. 2 = heated blade.

a b c
Fig. 1.517. Flat, laminated plastics belt.
a. Cross-section. 1 = layer of plastic. 3 = bonded adhesive
b. Shape of weld. 2 = layer of fabric. joint

¢. Honeycombed surface.

Vee-grooved sheaves are used to guide ropes and cables. The groove is
shaped to minimize squeezing and deformation of the cable or rope, with
an included vee-angle from 60° to 90° and a groove radius of about half
the cable thickness. Guiding sheaves for metal wires or cables, often con-
stituting precisely that connecting span of the tensile linkage in which length
variations can least be tolerated, are given a larger diameter than those used
for cord. This is necessary to limit the bending stress of the metal cable, with
its high modulus of elasticity. For the same reason, the cable is made up of
several strands, each containing several individual wires.

Where a rope or cable sheave has to transmit an effective torque, a large
area of contact is desirable and the included angle is 60° (Fig. 1.518a).
A sheave of the kind shown in Fig. 1.51854, with an included angle of about
45° and a small radius, grips well, and provides more torque from the motion
of the cable.
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Sheaves used in sets and appliances are usually made of moulded thermo-
setting plastics, extruded thermoplastics or turned metal (e.g. brass) and
are sometimes assembled from blanked metal parts (Fig. 1.518c).

Factors giving easy running of a sheave are:

e High ratio of sheave diameter to sheave trunnion diameter.

o Suitable combination of sheave and trunnion materials.

e Suitable surface conditions, specific pressure and lubrication of the
bearing surfaces.

e Adequate sheave diameter, having regard to the stiffness of the cable.

In cheap drives, or where space is limited, smooth, stationary pins are
sometimes used instead of sheaves and cause a great deal more friction.
Pin diameters range from 5 to 8 mm for use with 1-mm thick cord.
Aluminium is unsuitable for cord guides.

60° 45°

Fig. 1.518. Sheaves.

a. Groove profile giving large area of contact. ¢. Composed of blanked parts.
b. Groove profile in which cord sticks.

>3

Fig. 1.519. Determination of the ratio

of the two side forces of a cord slipping
1 round a shaft or roller.
yd F, = force on side 1.
[ 2 F, = force on side 2.

« = encompassed angle.
¥F 2

(b) Shafts for friction drive with cord

They are grooved or fitted with a special slip roller on which the cord
runs. From such a shaft, both sides of the cord run to the driven member
and, if necessary, to an indicator also.

Theoretically, the maximum ratio (f) of the two side forces on a revolving
cylindrical shaft (Fig. 1.519) is:

F,
= — = eua
f F,
where F, is the force on side 1;
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F, is the force on side 2;
e is the base of the natural logarithm;
1 is the coefficient of friction between cord and roller;
o is the angle encompassed by the cord (radians).

This holds for the direction of rotation indicated in the diagram. In
practice the side force ratio (f) is smaller than the formula suggests, mainly
owing to the stiffness of the cord, which affects the normal force adversely.

Another uncertain factor in the formula is the coefficient of friction y,
which depends not only on the different materials and the surface condition
of cord and shaft (or roller), but also on the slip velocity of the cord. With
the drive running, a certain amount of slip is inevitable, because the cord
stretches in response to increased tension as it passes from side 1 to side 2.
This rules out static friction y, (Fig. 1.497), but leaves p,, increasing with
the slip velocity, which may lead to a state of balance between the trans-
missible tangential force on the shaft or roller and the frictional force
increasing with the slip velocity.

Plain brass or nickel-plated steel are the materials most used for the driving
shaft or slip roller, the surface roughness of which should not exceed 15 ru
(microinch) if undue cord wear is to be avoided. Experience has shown that a
used slip surface on a shaft, roller or cord acquires a very much lower
coefficient of friction, by becoming smoother as a result of slip.

To obtain good driving torque, the cord is wrapped two, three, or at most,
four times round the shaft or roller. With the drive running, the cord moves
in the axial direction and takes up space in the structure. This can be limited
by causing the cord to ride-up against a collar on the shaft or slip roller in
such a way as to slide back regularly without catching, that is, without the
turns overlapping, as determined by the radius of the collar (Fig. 1.520).
The tangential frictional force set up by slipping as the cord slides back is
smaller than when the turns are on the cylindrical portion of the shaft or
roller. From this point of view, the roller in Fig. 1.520a is correctly shaped,
since it limits the need for slide-back. Fig. 1.520¢ gives the best assurance
against snagging.

I bl |
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a b
Fig. 1.520. Slip roller profiles, with collar to limit the axial motion of the cord turns.
a. With cylindrical part which limits the need for slide-back of the turns.
b. Turns slide back regularly: prone to snagging.
¢. Turns slide back regularly: snagging is avoided.

(c) Belts (see also Section 1.10)

Round belts fall into two main groups:

e Those woven out of synthetic yarn (polyamide).

o Those made of solid plastics (polyurethane rubber or polyvinyl chloride)
with diameters from 2 to 15 mm.
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The stranded (built-up of twisted strands) round belt is endless and seam-
less and must be ordered to exactly the length required. The solid belt is
readily welded and stored in long lengths on spools. Welding is done by
pressing the two ends to be joined against a heated blade and then with-
drawing the blade (Fig. 1.516). These belts are flexible in all directions
without stretching and possess sufficient adhesion when used with pulleys
made of the customary materials. They are employed in light engineering
projects involving flexure in several directions, e.g. engraving machines,
textile machinery and electrical engineering equipment.

For all practical purposes, leather belts are no longer used in precision
mechanisms and machines; they have been superseded by belts built up of
one, two or three layers of plastics laminated with fabric woven from synthetic
yarns or fibres (for instance, a combination of chloroprene and polyurethane,
reinforced with polyamide). These belts, up to about 5 mm thick (Fig. 1.517)
are strong and flexible and have a roughened (honeycombed), hard-wearing
surface that clings well to a pulley. A slightly convex (motor) pulley is excellent
for holding the belt in position. Suitable equipment for the preliminary
treatment and finishing of adhesive joints is available. Such belts can be run
at fast speeds and are used to drive grinding heads, diamond drilling machines
(Volume 3, Chapter 4) and finger-tip drilling machines (Volume 10, Chapter 2).

Flat belts, or belts round or square in section, made of chloroprene
rubber (Neoprene) or polyurethane rubber (Vulkollan and Genthane), are
used in cheap, lightweight drives for, say, playback equipment (tape
recorders). These endless belts are cropped from a hat-shaped injection
moulded piece and in many cases finish-ground to remove burrs and eliminate
any troublesome deviations of form.

For particulars of vee-belts and other belts for heavier duty in engineering,
see the appropriate handbooks.
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1.12 Gear wheels and gear transmissions [toothed]" ~¢: 14 341

1.12.1 Introduction'~9- 12. 13. 16. 21, 24, 31, 521

Unlike friction wheels, gear wheels in transmission systems are coupled
through the meshing of mating shapes. This rules out slipping altogether.
In principle, gear wheels and gear teeth are governed by the laws of con-
ventional engineering, but the requirements for precision engineering shift
the emphasis somewhat. For instance, the main concern is with transmission
systems that are slow running; have to transmit only minor forces; and
are permitted some variation in the transmission ratio as they pass a tooth.

For this reason, they are usually cheap, as indeed they have to be. Again,
gears with only slight backlash, or sometimes free from backlash, are needed
in a number of cases. This can be accomplished in various ways. For example,
when a precision transmission system with a perfectly constant angular
velocity ratio is required for measuring purposes, the tooth flank should
be as close as possible to the theoretical profile, since this is designed on
the basis of a constant speed ratio between interacting members.

(a) Involute teeth

In precision engineering, as in conventional engineering, gears are almost
invariably involute, because:

e The simple rack shape simplifies the basic tooling.

e Accurate machining is possible.

e Precise engagement is ensured, despite minor changes in spacing.
e Teeth of this kind are suitable for change wheels.

A pressure-angle of 20° has been adopted for most purposes. The pressure-
angles of 14° 30" and 15° formerly employed have been abandoned because,
towards fewer teeth, a small pressure-angle imposes a higher limit on the
minimum number of teeth obtainable without undercutting. In choosing
the 20° pressure-angle, it has been necessary to forgo the advantages of
slightly higher efficiency, quieter running and a higher contact ratio.

For further particulars on involute gear teeth, and the cycloidal gear
teeth mentioned later, see Volume 1, Section 2.5. For details of standard
basic rack profiles and modules, see Volume 1, Section 1.9.

An important aspect of gear design is that the gear often has to be accom-
modated in a small space. If helical gearing cannot be used, this leads to
small modules (to 0-1 mm), possible only in low-torque transmissions.
When, as often happens, the driving torque is only slightly greater than the
product of the resistive torque and the transmission ratio, it is most important
for the gearing to run lightly despite dirt, metal dust caused by wear, or
resinous residues from the lubricant. In the case of involute gear teeth, the
remedy is to increase the bottom clearance and the flank clearance, which
also makes the process of gear cutting less critical. To avoid detracting from
the contact ratio, the addendum is also increased, to 1-2 module (m)
(NEN 1628 and DIN 58400). In this way, the centre distance is increased
by the equivalent of twice the increase in the addendum (Fig. 1.521).

7.
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Gears having a high transmission ratio (up to about 1 : 10) are used
more in precision, than in conventional, engineering. Here, everything
depends on the ability to reduce the number of teeth on the pinion to a
minimum. From this point of view, involute gearing is at a disadvantage.
With a pressure-angle of 20° and an addendum equal to the module, at least
16 teeth are required to mesh with a wheel having 111 teeth or fewer, without
undercutting. Position correction of the pinion enables the minimum number
of teeth to be reduced considerably, namely to 7, but not to the extent pos-
sible with cycloidal gearing, where there is no difficulty whatever in using
6 teeth without undercutting and where the line of action (or path of contact)
is favourable enough to ensure a sufficiently high contact ratio. This,
together with the relative insensitivity to dirt, explains the preference for
cycloidal teeth in clocks, although the number of teeth on involute helical
gears can be similarly reduced by employing a small addendum (0-8 m).
The reason for not using helical gearing is that manufacturers are not
prepared to accept the drawbacks, namely, that such gears are more difficult
to cut and that the tooth pressure has an axial component (see also Section
1.12.3 (a)).
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Fig. 1.521. Involute teeth with enlarged bottom clearance and increased addendum
(deep profile) for modules from 1 up to 20.
a. Theoretical rack profile with rack profile of the counter wheel.
m = module; »m = pitch; « = pressure angle = 20°.
b. Two wheels rolling in contact.
1 = base line; 2 = pitch circle; 3 = extra space between normal pitch
circles; 4 = extra large bottom clearance.

(b) Cycloid teeth
In watches the diameter of the generating circle of cycloid gearing equals

half the pitch circle of the gear wheel or pinion. The root of the tooth
is thus limited by straight, radial flanks (Fig. 1.522). The teeth of the wheel
are designed heavier than those of the pinion:

etooth thickness: pinion 1-14 m; wheel 1-57 m;

ewidth of tooth space: pinion 1-14 m; wheel 1:57 m;

eflank clearance at circumference 0-43 m.
The material used for the wheel is brass and that for the pinion is steel, so the
strength is also taken into account. The wheels use the full available part of
the epicycloid as flank for the addendum, thus the tip is sharp. The addendum
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varies between 14 m and 1-8 m and increases with the transmission ratio and
the number of teeth of the pinion.

This broad, sharp and thus high tip ensures that when two teeth move out
of mesh the next pair of teeth is already near the centre-line between the
centres of the two cycloidal wheels (Fig. 1.523). Thus the unfavourable
situation of Fig. 1.524 is avoided. As used in watches, the wheel drives the
pinion and the tooth (4) of the pinion encounters the frictional force exerted
on the movement. This hardly applies for Fig. 1.523.

Fig. 1.522. Cycloidal teeth with ample
flank clearance.

1 = tip circle.

2 = root circle.

3 = pitch circle.

4 = rolling circle.

5 = tooth thickness.

6 = width of tooth space.

7 = start of meshing.

8 = end of meshing.

r

Fig. 1.523 Fig. 1.524 Fig. 1.525

Fig. 1.523.

Fig. 1.524.

Fig. 1.525.

When two teeth move out of mesh, the next pair of teeth is already
near the centre-line between the centres of the two cycloidal wheels.

1 = pitch circle. 2 = rolling circle. 3 = centre line.

Pinion encounters resistive torque because of the frictional force uN
exerted by the driving cycloidal gear wheel on tooth (4).

1 = pitch circle. 3 = centre line.

2 = rolling circle. 4 = tooth of pinion.

Usual, simplified tooth tips on cycloidal pinions.

a. Pointed tooth: r = tooth thickness.

b. Semi-pointed tooth: r = 5/6 tooth thickness.

¢. Round tooth: r = 1/2 tooth thickness.
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The high contact ratio enables part of the line of action to be dispensed
with. Omitting the sector where the tip of the pinion makes contact enables
the shape of this tip to be simplified (Fig. 1.525). This tip can be bounded
by one or two arcs of a circle which mate exactly with the epicycloids at the
pitch circle but encroach inside them elsewhere. Thus, the contact ratio is
invariably slightly greater than unity. However, the pointed tooth is retained
in very accurate movements (Fig. 1.525a), whereas the semi-pointed (Fig.
1.525b) and round tips (Fig. 1.525¢) are used in ordinary clocks. Of the three
simplified shapes, the round one gives the greatest saving in terms of material
and tools. The principal requirement is that the torque transmitted should
vary as little as possible.

Drawbacks of cycloidal gear teeth are:

o The centre distance cannot be changed.

e A wider range of more complex tools is required.

® Accurate machining is difficult because the flank profile is made up of
two different curves.

e The shape of the tooth is not suitable for blanking, since the tip is too
pointed and the root too narrow.

e They are not suitable for change wheels, because this calls for rolling
circles of equal size.

2
2,=6 _Ll

Fig. 1.526. Pin wheel transmission. Fig. 1.527. Star wheel drive.
a. Pin wheel and gear wheel in mesh. 1 = pin wheel. 2 = star wheel.
b. Construction of pin wheel.
1 = pitch circle.
2 = epicycloid.
3 = equidistant of the epicycloid.
t = pitch.

As we have seen, cycloidal teeth give considerable scope for variation. One
version worth mentioning is the pin wheel transmission (Fig. 1.526), a
simple and very old-established mechanism found in clocks, toys and in
the engineering industry. It runs efficiently, even in accelerated drives, and
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requires remarkably little attention even in dusty surroundings. Friction
can be reduced by using rollers instead of fixed pins, but this is conditional
on good lubrication. The tooth flanks on the wheel are equidistant from
the epicycloids described by the pin centres. The tooth space is semicircular,
with a diameter of 0-6 ¢ (pitch). The line of action is unilateral. The tooth
crest is raised high enough to ensure a contact ratio greater than unity.

Teeth of this kind are used in star wheel drives too. In Fig. 1.527 the pin
wheel drives the star wheel and then leaves this motionless for a time. The
radii of the pitch circles of the two groups of pins are different, in order to
satisfy the requirements imposed.

(c) Choice of material

In precision engineering, the choice of materials is governed mainly by:

o The method of manufacture and the associated costs.
e The resistance to wear.
o The resistance to corrosion.

Because the dimensions, and therefore the amount of material used, are
generally small, material costs are relatively unimportant.

As in ordinary mechanical engineering, unlike materials are chosen for
mating gears, the smaller wheel being the more hard wearing of the two.
A much-used combination is steel and brass, with steel for the smaller wheel.
Steel is used for pinions and worms and for those wheels that must combine
small dimensions with great strength and limited wear. Accordingly, these
parts are often hardened as well. Brass is used mainly for slow-running gears
and to transmit small forces, as in clocks, musical boxes, counting mechanisms
and so on. Bronze is employed instead of brass where wear must be a
minimum. Steel is usually chosen as the mating material. White metal, or
anti-friction metal, with a high percentage of tin, diecast zinc and aluminium
are preferred for transmitting small forces in the counting mechanisms of
tachometers, mileage indicators, electricity supply meters, etc. Leather,
fibre, synthetic resin-bonded paper and fabric are used, as in conventional
mechanical engineering, for quiet drives. Plastics, such as polyamides (nylon)
and polyacetal (Delrin), are being adopted more and more.

(d) Efficiency

Cylindrical spur (or straight toothed) gears are the most efficient. Given
good workmanship, alignment, bearings and lubrication, an efficiency
n = 0-90 is assured. The efficiency depends very much on the pressure-angle
and the tooth face friction. Reduction gears are more efficient than accelera-
ted gears.

Means of reducing the loss owing to tooth face friction are:

o Many teeth, that is, teeth that are small in relation to the wheel diameter.

o In effect, this amounts to shortening the path of contact and thus elimina-
ting the largely sliding portions.

o Internal teeth. Such gears are more difficult to cut and support, however,
and are therefore relatively expensive.
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e A low coefficient of friction, or in other words sound surface conditions,
good lubrication and a correct combination of materials.

e Reduction of the contact ratio(a pressure-angle of 20°is better than 15°). But
this makes little real difference to spur gears, because their contact
ratio is already limited.

Using helical, instead of spur gears, reduces the contact ratio appreciably,
but does not create any problems, because of the overlap involved. At the
same time, the gain in terms of reduced frictional loss is nullified by
increased pressure on the slanting tooth. The following worm efficiencies
can usually be obtained: # yom = 0-6 (single start), 0-65 (two-start), 0-7
(three-start) and 0-8 (four-start).

Whilst a very much higher efficiency can be obtained with two pairs of
spur gears, they take up more room and make more noise.

(e) Gear noise'®*

Noise can be cured by:

e Very accurate workmanship of finish and assembly.

e Suppression of percussive and inertial forces, amongst other things by
helical gearing, insertion of elastic members to transmit power from
gear ring to wheel body, and flexible couplings to unite with the
adjoining machine members.

e Damping, e.g. with lubricating oil or by plastics wheels or gear rings.

e Prevention of propagation and resonance, amongst other things by
avoiding bell-shaped wheels, by stiffening flat walls and by interposing
sound-absorbing material.

e For methods of cutting gear teeth, see Volume 10, Section 2.7.

1

Fig. 1.528 Fig. 1.529 Fig. 1.530

Fig. 1.528. Pinion milled in shaft.
1 = milling cutter run-out.
Fig. 1.529. Two pinions milled simultaneously in shaft.
1 = allowance for cutting off.
Fig. 1.530. Milled pinion with root circle diameter larger than shaft diameter.

1.12.2 Spur gearing with parallel shafts™1 15. 191
(a) Pinions

Many different types of pinion are known. The choice is governed by
considerations of space, production method, resistance to wear, strength
and cost.

Machined pinions (Fig. 1.528) are milled in the shaft (of a motor, for
example). This method is too expensive for longer production runs. Pinions
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cannot be machined more than two at a time (Fig. 1.529). Cutting-off after
milling causes a horizontal burr in the tooth space which is difficult to
remove. Good shaft material may be difficult to machine, so a rough face
is obtained. Moreover, the milling cutter run-out may present a problem
from the point of view of the bearing. If the root circle diameter is larger
than the shaft diameter, the pinion can be milled according to Fig. 1.530.
A drawback of this method is that often a considerable part of the shaft
length has to be machined. The advantage of the versions shown in Figs.
1.528 and 1.530 is that the pinions can be made to a fine tolerance, as
regards wobble of pinion relative to shaft.

Unwinding or generating several pinions at a time on a mandrel is a
cheaper method.

One or two methods of fixing the pinion on the shaft are: interference
fit (Fig. 1.531), plastic or adhesive joint (Loctite, Araldite) (Fig. 1.532),
dowelling (Fig. 1.533), two pointed or cup-ended grub screws at 120°
(Fig. 1.534), and screwing by means of extra ring on a thin-walled hub
Fig. 1.535). A drawback of these methods is that the teeth may wobble
relative to the bearing. This wobble may be more serious than with the pinions
milled in the shaft. The least wobble is obtained by the fixing method of
Fig. 1.532, if the gluing is done in an accurate jig. A point to watch when
using Loctite is the removal of surplus liquid, since it does not set in the air
and may therefore give trouble later by seeping into a bearing,

When pinions are made by unwinding or extruding bar material, the
subsequent cutting off results, as we have seen, in burr.
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Fig. 1.531 Fig. 1.532 Fig. 1.533

Fig. 1.531. Fixing pinion on shaft by means of:

a. Interference fit. b. Knurled shaft forced in.
Fig. 1.532. Pinion fixed to shaft by adhesive joint.
Fig. 1.533. Pinion dowelled to shaft.
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Fig. 1.534. Pinion fixed on shaft by Fig. 1.535. Pinion fixed on shaft by
two grub screws. two screws and extra ring.

Pinions, particularly for light loads, can be made by methods other than
machining, such as cold working, sintering and extrusion (metal and plastics).
Plastic pinions should preferably be given a land flash for dividing the mould
(Fig. 1.536). The method of fixing them on the shaft may present problems.
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In principle, the methods shown in Figs. 1.531 to 1.535 can be used for
metal pinions. When interference fits are employed, the relative weakness of
the material must be taken into account. To allow for an interference fit, or
to enable, say, a gear wheel to be fastened to the pinion by rotary riveting, a
metal hub can be incorporated as an insert in moulding or injection moulding.
Fig. 1.537 shows one or two practical examples of such hubs.

In drives restricted to one direction of rotation, a shaft stub threaded
like a wood screw, and therefore self-tapping, can be screwed in Fig 1. 538.

Because of the possibility of wobble, both pinion and stub are manu-
factured to very strict requirements. The shaft can also be embedded as an
insert in injection moulding, which at once solves all the'problems of
fastening. Examples are shown in Fig. 1.539.

—!'/‘—-— 3
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Fig. 1.536. Plastic Fig. 1.537. Metal insert as hub for plastic pinion,
pinion. anchored by:
1 = land flash. a. Two saw cuts: a single saw cut would allow possible
axial play due to shrinkage.
b. Diamond knurl.
c. Recess and straight knurls.
3
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Fig. 1.538. Pinion Fig. 1.539. Injection moulded pinion with shaft as
screwed on to shaft insert, anchored by:
stub threaded as a a. Rough-turned surface of recess in shaft.
wood screw. b. Two saw cuts in shaft: a single saw cut would allow

possible axial play due to shrinkage
¢. Diamond knurl on recessed surface of shaft.

(b) Gear wheels

As a rule, they are thin in relation to their diameter. The mass of the
wheel can be reduced by making holes or constrictions in the wheel body.
The wheels can be turned from full-length stock and then milled on single-
or multi-spindle machines, or made from round blanks milled in stacks.
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Gear wheels are fixed to the shaft in the same way as pinions (Figs. 1.531
to 1.534 inclusive). Generally, when turning from full-length stock, a large
amount of material has to be removed to form a hub (Fig. 1.540). It is
often cheaper to fasten a separate bush in the wheel instead, by pressing,
soldering, riveting or spinning over (Fig. 1.541).

Gear wheels can also be made by processes other than machining, e.g.
by blanking, sintering or extruding, or by injection moulding metals or
plastics.

When the wheels are blanked, the blanking arris (or detruded edge) must
be taken into account (Fig. 1.542). (See also Fig. 1.66).
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Fig. 1.540 Fig. 1.541 Fig. 1.542

Fig. 1.540. Gear wheel turned from full-length stock.
Fig. 1.541. Gear wheel fastened on hub by rotary riveting.
Fig. 1.542. Blanked gear wheel. 1 = arris.
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Fig. 1.543. One - piece injection Fig. 1.544. Injection moulded gear
moulded gear wheel and pinion. wheel with metal insert.
a. Deformation caused by uneven
shrinkage.
b. Improved version with a minimum
of deformation.
1 = deformation.

Injection moulded wheels should preferably be made with a land flash:
this permits a simpler mould, and produces a stronger tooth. However,
plastics gear wheels can be injection moulded without a land flash in a good
mould.

One or two consequences of using plastics gear wheels should be noted:

(i) Most plastics have a much higher coefficient of expansion than metal.
This must be given due consideration for transmissions with metal
inserts, exposed to a wide range of temperatures.
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(ii) Because the material shrinks after being injection moulded, the
mould cavity must be larger than the product. A reasonable approxi-
mation of the theoretical tooth shape is obtained on the injection
moulded wheel, by giving the mould a modulus

9 shrinkage
ml:(““% 100 g)m

(iii) In the case of plastics sensitive to moisture, it is necessary to allow
some deviation from the true dimensions, and the correct theoretical
tooth shape.

(iv) Some deformation due to uneven shrinkage is possible (Fig. 1.543).

These conditions can be covered by:

e Employing uniform wall thicknesses wherever possible.
e Keeping the shape symmetrical.

e Using a metal insert (Fig. 1.544).

o Moulding the product symmetrically.

(¢) Gear wheels and pinions combined

In reduction gears involving several transmissions, gear wheels and
pinions are combined (Figs. 1.545 to 1.551). They can be united in a variety
of ways. The joint must keep the relative wobble of the two wheels within
specified limits (tight limits where the module is small), whilst transmitting
the required torque.

Pinion and wheel can be fastened individually on a common shaft. The
two gears are usually joined direct by:

e Pressing in, spinning over, riveting, etc.
e Sintering or injection moulding in one piece.

Fig. 1.545 Fig. 1.546 Fig. 1.547

Fig. 1.545. Gear wheel and pinion pressed or glued on a common shaft.

Fig. 1.546. Gear wheel fastened on pinion with one end turned off as far as the
pitch circle: the tooth roots counteract twisting.
a. Pressed in. b. Staked.

Fig. 1.547. Gear wheel rotary riveted to hub, with driving torque improved by:
a. Three indentations.
b. Points turned on teeth of softer wheels (plastics).
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Larger wheels can be fixed by screws (detachable), tubular rivets or solid
rivets, provided they are centred accurately in relation to one another.
Sintered wheels, impregnated with oil, constitute a self-lubricating bearing
on a fixed shaft.

Arrangements of gear wheels in mesh are many and varied. Fig. 1.552
is an example of a transmission used in instruments, particularly with
accelerated drives. Here, thin rolled journals are often employed: a steady
supply of lubricating oil from chambers in the cover plate ensures long life.
Jewel bearings are often used in high-grade mechanisms or movements (see
also Volume 3, Chapter 4).

Fig. 1.548

Fig. 1.548.

Fig. 1.549.
Fig. 1.550.

Fig. 1.551.
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Fig. 1.549 Fig. 1.550 Fig. 1.551

Sintered combination of gear wheel and pinion, also suitable for self-
lubrication on stationary shaft (after being impregnated with oil).
Injection moulded gear-and-pinion combination with land flash.
Injection moulded gear-and-pinion combination with metal insert and
embedded shaft (screwed in and knurled).

Injection moulded metal pinion as insert in plastic gear ring.
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Fig. 1.552. Gear wheel transmission
for instruments.

1 = thin rolled journal.

2 = plate.

3 = cover plate.

4 = 0il chamber.

Fig. 1.553. Reduction gear suitable for
mass production.

1 = housing.

2 = cover plate.

3 = stationary shaft.
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Fig. 1.554. Universal gear box.
a. Diagram showing possible layout
of incoming and outgoing shafts.
b. Actual construction..
1 = incoming shaft.
2 = outgoing shaft.

Fig. 1.553 shows a version suitable for mass production. Reduction gear
boxes of this kind are widely used as programme switch drives in washing
machines, etc. Sintered and oil-impregnated gear-and-pinion combinations
revolve on hardened, stationary shafts. To avoid an expensive interference
fit of shaft in plate, the shaft can be used as a tool (Fig. 1.273d and e) to punch
its own seat in the housing: this ensures a sufficiently tight fit. The shaft may
be permitted to fit more loosely in the cover plate. The plate can be rotary
riveted, glued or soldered on to the reduction gear box.

With several shafts in, say, steel inserts, cheap plastics bearings moulded-in
by one operation can often be used (Volume 11, Chapter 5).

For universal gearboxes, which have to accommodate various trans-
mission ratios, a regular pattern of holes (Fig. 1.554a), suitable for different
transmissions with identical centre distances, can often be employed with
success. For example: transmission ratios of 1/1, 1/2, 1/3, 1/4, 1/5 with
numbers of teeth on gear wheel/pinion: 30/30, 20/40, 15/45, 12/48, 10/50.

Given the same module, the centre distance is 6—02f .

(d) Transmissions with little or no backlash™°: 28. 271

Transmissions with little backlash and high efficiency can be constructed
with precision wheels. Of course, there must also be very little variation in
the centre distances and bearings. Such transmissions can be realized in
several ways.
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In tactile instruments, or probes, as in clocks, backlash is eliminated from
a gear train by the pressure of a spring wound up into a flat spiral (Fig. 1.555).
Motion is transmitted without backlash in both directions between probe
and pointer-spindle.

Backlash can be eliminated from a single transmission by employing a
pair of gear wheels instead of a single wheel, one fixed on the shaft, the
other free to rotate on it. A tension or compression spring ensures that the
detached wheel can also transmit a torque greater than the driving torque
(Figs. 1.556a and b). A drawback of the compression spring is that it tends
to relax by bending into an arc, thereby causing extra friction when the
wheels move in relation to one another. If the angle of rotation of the gear
wheels is smaller than 360°, a bent flat spring can be used instead (Fig. 1.556¢).

Another possible method is to employ an injection moulded gear wheel
of tough, elastic plastic (Figs. 1.557a and b). By allowing slightly less than the
theoretical centre distance between pinion and gear, transmission without
backlash is obtained through the elastic deformation of the gear ring. To
obtain adequate bottom clearance, despite a certain amount of wear, the
crest is often dropped about 0-2 m.

The same effect is obtained with non-elastic wheels by means of an extra
spring, to press the teeth of the anti-backlash (involute) transmission into
mesh, or by using the elasticity of an existing structural member for the same
purpose. This can be done by installing one of the shaft bearings in a lever
pulled by a helical tension spring (Fig. 1.557¢). Provided the modules are
small, the shaft oscillation is minimal and the (short) journal bearing, that is, a
round hole in a bracket, is just able to absorb it. The lever pivot must be

Fig. 1.555. Anti-back- Fig. 1.556. Anti-backlash gear with pair of wheels
lash transmission in tac- (split wheels).

tile instrument. a. With compression spring.

1 = probe. b. With tension spring.

2 = flat spiral spring. c. With bent flat spring.

3 = pointer spindle. 1 = fixed gear wheel. 4 = tension spring.

2 = detached gear wheel. 5 = bent flat spring.
3 = compression spring.
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positioned as near as possible to the point of application of tooth pressure
in both directions of rotation, so that the torque exerted on the lever by
tooth pressure does not affect the action of the spring unduly.

The transmission shown later in Fig. 1.569, with two pinions pressed into
mesh with two racks, is likewise free from backlash. The two racks are part
of a spring slide, and are necessary to guide the slide in a straight line.

An anti-backlash transmission for one direction of rotation appears in
Fig. 1.558. It consists of two (involute) gear wheels, one of which has a
tooth fewer than the other, connected on the same rolling circle. The wheel
governing the transmission is joined to the shaft: the other, with the extra
tooth, is pressed against it by a spring. Rotation sets up a frictional torque,
which presses the tooth faces of the second wheel against the pinion tooth
faces which are not under load.

An anti-backlash gearbox is shown schematically in Fig. 1.559. The
complete transmission is duplicated and driven by a single pinion on the
ingoing shaft. One of the spur wheels on the outgoing shaft is joined to the

c
Fig. 1.557. Anti-backlash gears obtained by pressing the teeth of wheel and pinion
into mesh.

a. With flexible gear wheel by kidney-shaped slots.

b. With flexible gear wheel by circular gutter.

¢. With tension spring and lever structure.

1 = kidney-shaped slots. 4 = pivot of pinion spindle in lever.
2 = tension spring. 5 = lever pivot.
3 = lever. 6 = V-shaped bearings of 4 and 5 to

counteract backlash.
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X i 0

2 34

Fig 1.558. Anti-backlash transmission
for one direction of rotation.
1 = fixed spur wheel.

2 = free spur wheel with one extra Fig. 1.559. Anti-backlash gearbox.
tooth. 1 = ingoing shaft.

3 = coned disc spring. 2 = outgoing shaft.

4 = ring of friction material. 3 = torsion spring.

shaft: the other is free to rotate on it. The two wheels are linked by a torsion
spring, the torque output of which must be greater than the torque required
on the outgoing shaft.

1.12.3 Gearing (gear transmissions)™7- 221

(@) Of small dimensions™8- 2°. 28. 321

The dimensions of gearboxes (e.g. for motor drives) with substantial
reductions are much governed by the minimum number of teeth on the
pinions, the module, and the reduction per individual transmission. In the
case of (involute) spur gears with the theoretical basic rack profile, positively
corrected pinions having not less than seven teeth can be milled without
undercutting. But, because of tolerances on pinion, mating wheel, bearing
and centre distance, it is virtually impossible to combine them into a smooth
running transmission.

The minimum number of pinion teeth is smaller for an ordinary (involute)
helical gear (see next section). It also depends on the tooth angle. By reducing
the addendum, it is even possible to make pinions with one tooth which
mesh with wheels of sufficient width to provide a smooth-running trans-
mission, with an efficiency comparable to that of a spur gearbox having
the same transmission ratio. The overall size of the gear can be reduced
very much more by employing these pinions, but their smaller load capacity
is a drawback.

As seen in Sections 1.12.1 (a) and (b), straight cycloidal transmissions,
having pinions with six teeth, are used in clock mechanisms.

(b) Parallel shafts and helical teeth

The advantages and disadvantages of helical gearing, compared with
spur gearing, are as follows:
e Quieter running, less noise.
e Stronger teeth.
e Minimum number of teeth on pinion is appreciably smaller.
o Axial forces are involved.
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o The wheels cannot be used as change wheels.

The axial forces can be eliminated by employing herringbone teeth, by
fitting two wheels with identical dimensions but with their teeth angled in
opposite directions on the same shaft.

An example of a gear transmission with helical teeth designed for mass
production appears in Fig. 1.560. The overall reduction is 1/375, made up
of transmission stages 3/45 and 2/50. The three-toothed pinion and the gear
wheels are injection moulded in nylon, and the pinion with two teeth is
obtained by cold forming or cold working, which involves a shorter run-out
than milling and therefore permits a more compact structure. Because of
the difference in coefficient of expansion between the steel plates and the
wheels, the latter are provided with inserts. This enables the reduction gear
to be operated throughout a wide range of temperature. The three plastic
bearings are moulded in the plates in one operation. The dimensions are
about 309, smaller than those of a spur gearbox with the same transmission
ratio. At the same time, the overall efficiency of a spur gear transmission
of the same size is slightly higher.

| -
|2 :
| !
5 4 3 2 1
Fig. 1.560. Synchronous motor inte- Fig. 1.561. Worm wheel transmission
‘grated with reduction gear with helical for clock mechanism.
teeth, suitable for mass production. 1 = motor.
1 = rotor with three-toothed pinion. 2 = motor worm.
2 = shaft with pinion with two teeth. 3 = second worm.
3 = insert in gear wheel. 4 = spindle of seconds hand.
4 = plastics bearing. 5 = bearing.

5 = plate.

(c) Crossed shafts

In precision engineering, helical and worm gear transmissions are mainly
used for this purpose. Their efficiency is generally somewhat lower than
for the gears discussed so far, but they are quieter-running. If the worm
wheel is not made too wide, an ordinary spur gear wheel serves the purpose:
the worm shaft must then be slanted at an angle equal to the pitch angle.
Figure 1.561 shows two worm wheel transmissions with spur gear wheels
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Fig. 1.562. Simplified worm - and - Fig. 1.563. Simplified worm - and -

wormwheel construction. wormwheel construction.

a. Injection moulded worm with spiral a. Helical spring as worm, meshing
tooth, meshing with injection with worm wheel having conjugate
moulded worm wheel having special teeth.
teeth. b. Worm with normal screw thread

b. Worm pressed from sheet material meshing with worm wheel, pressed
meshing with blanked spur gear from sheet material, having conju-
having conjugate teeth. gate teeth.

used as worm wheels, as is often done in clock mechanisms. The motor worm
and the spindle of the seconds hand retain the second worm, supported in
elongated holes in the plate tabs.

When injection moulded worms are employed, the unscrewing of the worm
from the mould necessitates a long moulding cycle. With a seam through
the centre-line of the worm, there is risk of flash on the worm tooth.

Figure 1.562a shows a gear with a worm that can be injection moulded
without difficulty. The smallest radius of curvature of the worm must not
be too small, nor the worm wheel too wide, otherwise the worm will jam.
The worm wheel must be given either straight or slanting teeth, depending
on the position of the worm axis. Another greatly simplified construction
is shown in Fig. 1.562b, where the worm has only one turn and is punched out
of sheet material.

Worms in the form of a helical spring clamped on a shaft are used in the
manufacture of toys (Fig. 1.5634). The worm wheel is adapted (conjugate)
to them. The worm in Fig. 1.563b is simply an ordinary screw thread. The
wheel is pressed out of sheet material and its teeth made to match the worm
as far as possible.
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(d) Intersecting shafts'®1

Where shafts intersect, bevel gears and crown-wheel-and-pinion trans-
missions are mainly employed. A drawback of bevel gears, particularly
in mass production, is that when the teeth are straight, the apices of the
rolling cones must coincide, if the gear is to run smoothly. The crown-wheel-
and-pinion transmission (Fig. 1.564) is a relatively simple construction, but
its running characteristics are inferior to those of a bevel gear transmission.
Crown-wheels are made by index-milling, -cutting, or blanking and drawing.
The last method consists of blanking a flat gear wheel with a tooth shape
established by experiment and then raising the teeth by drawing. A reversing
mechanism is easily constructed by means of a crown-wheel-and-pinion
transmission (Fig. 1.565).

Fig. 1.564. Crown-wheel-and-pinion Fig. 1.565. Reversing mechanism with
transmission. crown-wheel-and-pinion system.

a. Shafts intersect at right-angles.

b. Shafts intersect at 45°.

a b c

Fig. 1.566. Right-angle transmission with straight-toothed (spur) wheels.
a. Ordinary (cycloidal) spur wheels. ¢. Gear wheel with corrugated periphery,
b. Two crown-wheels. driven between two spur wheels of
matched tooth shape.
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A right-angle transmission suitable for light loads (Fig. 1.566a) can also
be made with ordinary spur gear wheels. Other simplified transmissions for
intersecting shafts are shown in Figs. 1.566b and c.

1.12.4 Special transmissions

(a) Racks

By means of a rack-and-pinion, rotary motion can be converted into
translation, or vice versa. For example, Fig. 1.567 illustrates the principle
as applied to the adjustment of a stand.

It sometimes happens that the translational member also has to rotate on
its longitudinal axis, e.g. in an automatic tuner for television reception
(Fig. 1.568). Here, a shaft, with parallel grooves turned in it to form a standard
tooth profile, is used as the rack. Where a less accurate transmission will

Fig. 1.568. Part of automatic tuner Fig. 1.569. Double rack-and-pinion

with rack-and-pinion involving rotary system for anti-backlash transmission,
rack (or lead screw). 1 = pinion. 3 = guide ball.
1 = rack. 4 = stop. 2 = rack.

2 = pinion. 5 = bearings.
3 = turret.
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suffice, a combination of a trapezoidal screw and a pinion with helical teeth
can be employed.

Fig. 1.569 shows an anti-backlash transmission suitable for cheap mass
production. The double rack is blanked from thin sheet material and the
two guide balls preloaded on assembly.

(b) High transmission ratios'23: 28. 32. 331

Substantial reductions can be obtained within a small compass by means
of special (involute) planetary transmissions. They are generally less efficient
than the spur gearboxes previously discussed (see also Volume 1,
Section 2.8). Fig. 1.570 is an example of an injection moulded planetary gear
with a transmission ratio of 1/10 000. The number of teeth on the different
wheels is indicated in the diagram. To avoid bad meshing, a profile with a
large pressure-angle is chosen.

The planetary transmission with external teeth (Fig. 1.571) represents
another possible version. A special construction contains an harmonic drive,
in which the outer teeth are formed in a sleeve capable of elastic defor-
mation (Fig. 1.572). These teeth unwind on the inner teeth of the stationary
housing, thereby producing the motion of a planet wheel.

!2—1 5:100 , m/3 2__F1 T

" T ¢ =
— . N
1 z=101
O ..._z=100 Q 7o

Fig. 1.570. Injection moulded plane- Fig. 1.571. Planetary transmission with
tary gear with internal teeth and a high external teeth and a high transmission
transmission ratio. ratio.

1 = ingoing shaft. 1 = ingoing shaft.

2 = outgoing shaft. 2 = outgoing shaft.

3 = planet wheels. 3 = planet wheel.

4 = internal teeth. 4 = external teeth.

Fig. 1.572. Harmonic drive: simple (plastics) structure for high transmission ratio.

1 = ingoing shaft. 5 = bush to unite gear-ring
2 = outgoing shaft. with outgoing shaft.
3 = stationary housing. 6 = integral ball bearing.

4 = elastic gear ring.
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1.13 Brakes and dampers (or shock absorbers) -2 5

To slow down or halt the motion of a member, the kinetic energy can be
(mainly) converted into heat in the form of frictional losses or eddy-current
losses. Continuous forward motion is usually retarded by friction between
mechanical members. On the other hand, hydraulic friction, pneumatic
friction or eddy-current losses are only employed to suppress oscillation
or vibration of a structural member about a position of equilibrium. This is
called damping and the constructional elements concerned are called
dampers.

1.13.1 Brakes

They are of little importance for rectilinear motion in precision engineering
but axially or radially engaging block or band brakes are used to halt rotary
motion. In the block brake, several blocks or shoes can be arranged on the
periphery of the brake pulley (drum or disc) to relieve the load on the shaft
bearing. In precision engineering, the braking forces are usually so small
that the bearings can cushion them easily, so that braking on one side only
is sufficient. Band brakes are hardly ever used here, but, for particulars,
see conventional mechanical engineering literature. Nor is there much to be
said about the block brake systems employed.

However, electromagnetically-operated brakes are worth mentioning.
They usually work axially and are constructed in the same way as the electro-
magnetic friction clutches discussed in Section 1.9.10 (c).

The choice of friction material depends above all on the coefficient of
friction, the behaviour under varying operating conditions and the amount
of wear. Wood, leather, fibre or synthetic resin-bonded paper are used on metal,
where a great deal of friction is required. Limited friction and a uniform
braking action are best obtained through metal-on-metal, but the system
should be so constructed that the metals chosen do not weld (seize) together
as a result of the braking forces. For further particulars of friction materials,
see Section 1.9.8.

1.13.2 Dampers™!

The dampers discussed here are used mainly in weighing machines,
measuring or test apparatus and so on. The damper supplies a force, opposed
to the motion, which increases with the speed of the motion. The energy of
the reciprocal motion is exhausted by the damper, which thus restores the
state of equilibrium. This is possible only if the energy transmitted by the
damper to the moving system in the stationary state is zero, as it is with
frictional resistance and eddy-currents.
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The degree of damping in the system should be suited to the particular
purpose. Where a pointer setting has to be read direct, creeping (aperiodic)
travel to a new setting is deprecated, for it is likely to cause misreading.
It is better to have the pointer overshoot its mark two or three times before
coming to rest there. On the other hand, aperiodic damping is recommended
for graphic (or recording) instruments. See also Volume 1, Section 2.4.2.

Hydraulic dampers, or dash-pots, are used where near-aperiodic damping is
required of large masses or fast-moving instrument parts. The damping
medium is usually a viscous liquid, such as oil or glycerine. The oil must not
become gummy or resinous when exposed to air, and must not attack
neighbouring materials: also, its viscosity should not vary too much with
differences in temperature. Towards lower temperatures, damping increases
and the reading may become aperiodic and uncertain. Excessive damping
can be countered by (variable) electric heating or by (temporarily) increasing
the flow of liquid, sometimes in response to control by a bimetallic strip in
the structure.

Fig. 1.573 shows a practical damper for rectilinear or near-rectilinear
motion in a weighing machine. The piston (1), movable on the piston rod,
contains a number of ports (2). The passage of damping liquid, and therefore
the damping effect, is controlled by moving piston (1) in relation to the fixed
piston (3). This can be done by turning the knurled nut (4) and thus moving
piston (1) via tube (5) against the pressure of spring (6). The liquid (7) does
not fill the cylinder completely. For safe transport, the cylinder can be
sealed off by screwing the knurled nut into the cylinder cover, which prevents
the oil escaping.

Fig. 1.573. Variable dash-pot with Fig. 1.574. Dash-pot with piston for

piston for rectilinear motion. rotary motion.
1 = movable piston. 5 = tube.

2 = ports. 6 = spring.

3 = fixed piston. = liquid.

4 = knurled nut. 8 = cylinder cover.
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Measuring instruments rotating in bearings with a wide angle of deflection
can be damped by annular cylinders filled with liquid (Fig. 1.574). Practical
dampers of this kind have cylinders with an inside diameter of 4 mm and
pistons of 3-2 mm diameter. When the cylinder is made of glass, it can be
blown to different inside diameters at different points, so as to vary the
damping effect locally. Thus, the damping can be reduced by an expansion
coinciding with a stable position of the piston, giving added assurance that
it will register correctly.

Despite the effectiveness of hydraulic dampers, air dampers are often
preferred, when the presence of liquid in an instrument cannot be tolerated.
Air dampers, with a swivelling vane or diaphragm, are usually employed
for accurate measuring instruments (Figs. 1.575 and 1.576). The damping
effect of the system in Fig. 1.575 is influenced adversely by the gap through
which the swivel arm of the vane must pass. In the other system, this is
avoided because there is only a small gap to admit the shaft. Fig. 1.577
shows another practical version. The hairpin driving rod may be too weak.
The mass moment of inertia of the pivoting vanes is limited by making them
out of thin sheet aluminium, strengthened by flanging the edges. On no
account, of course, must a vane come in contact with the wall.

Eddy-current dampers operate on the principle that current is induced in
a metal plate when it is moved between the poles of a magnet, at right-angles
to the field. In doing so, the magnetic field exerts on the plate a force that is

Fig. 1.575. Air damper with vane
pivoting on a spindle outside the
damping chamber.

1 = moving vane.

2 = damping chamber.

3 = spindle.

Fig. 1.576. Air damper with vane
pivoting on a spindle inside the

damping chamber.
= moving vane.
2 = damping chamber.
3 = spindle.

Fig. 1.577. Air damper with
round piston and curved
damping chamber.

1 = piston.

2 = damping chamber.

3 = driving rod.
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proportional to the speed; is inversely proportional to the electrical resistance
of the plate material; and depends on the square of the magnetic flux.

Because the effect at rest is nil, the system can function as a damper. The
types shown in Fig. 1.578 have aluminium plates, a material that is suffi-
ciently conductive and, at the same time, light enough to have a low mass
moment of inertia. A variable magnetic shunt to control the damping effect
is possible, but is not shown in the diagram. Eddy-current dampers are used
for small precision measuring instruments in which the mass forces to be
damped are very small. The featherweight version of Fig. 1.578b is part of
a hot-wire instrument and brings about virtually aperiodic damping.
Similar dampers are found in torsion spring balances.

The coil former of a moving-coil can be exploited as a damper by making
it of aluminium (Fig. 1.579).

Fig. 1.578. Eddy-current damping with segment moving between two magnet poles.
a. Ordinary version. 1 = spindle.
b. Featherweight version. 2 = aluminium segment.
3 = permanent magnet.

Fig. 1.579. Moving-coil with alumi-
nium frame as coil former and two
glued pivots.
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1.14 Governors' -+ ¢

1.14.1 Introduction

The speed of a mechanism in motion can be kept constant by confinuous
adjustment of the energy supplied to the energy required, or through con-
tinuous (or step-by-step) dissipation of the surplus energy by braking. The
speed of fairly large machines and apparatus is governed by changing the
energy supply, which ensures a favourable level of efficiency. The energy
required in precision engineering is so low, however, that it need not be
used as sparingly (except in the case of clocks, etc.), so quite simple governors
can be employed.

To keep the speed of a movement (usually rotary, like a drive) within
given limits, the initial driving torque is set higher than the actual maximum
required. How much extra torque is adopted depends on the estimated
fall-off in efficiency due to wear, dirt and changes caused by temperature,
environment and so on. The surplus torque can be eliminated continuously
by a frictional moment. Friction can be generated between solid bodies or
through fluid friction or air friction, or it can be superseded by eddy-
currents, and afterwards exhausted in electrical conductors.

Intermittent governors block the travel of a moving mechanism by
alternately detaining and releasing a driven structural member. In governors
of the escapement type, the process has a specific rhythm, in which the
driving torque can only move the mechanism step-by-step.

1.14.2 Braking governors'®~8!

These continuously-operating devices eliminate the difference between
the energy supplied to a moving mechanism and the energy taken from it.
Formulated:

E,=E, + E,
where E, is the input energy.
E, is the output energy.
E, is the braking energy.
Referred to an equivalent revolving shaft, this formula becomes
M =M, + M,
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where M, is the input torque
M, is the output torque
M, is the braking torque.

The input energy is often obtained from electric motors, springs or
weights, and this determines the behaviour of the driving torque as a function
of the angular velocity (w) of the shaft. The relationship between the torque
output and this angular velocity may vary, and depends on the nature and
purpose of the mechanism. The governor must absorb the torque difference
M, — M, so as to keep the associated angular velocity within acceptable limits.

This is illustrated by Fig. 1.580, in which the torques M,;, M,, M, and
M, + M, are plotted against w (solid lines). The magnitude of the
(motor) torque M, is influenced in this case by the battery voltage, and is
limited by the two dotted curves on either side of the M, curve. Other motors
have other curves. The torque output M, is affected by the temperature of
the lubricating oil, and may therefore vary between the two straight dotted
lines on either side of the straight M,-line. The sum torque M,+ M, has as
its limits the dotted curves on either side of the (M, + M,) curve. To simplify
matters it is assumed that the curve M,, that is, the braking characteristic,

does not change.
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Fig. 1.580. Torque in a braking governor plotted against angular velocity.
M, = applied torque. M, = output torque. M, = braking torque.

With nominal torque values the curves M, and M, + M, intersect at
the working point (1): in other words the mechanism stabilizes at the speed
Wyom. With maximum and minimum torque, these working points lie at (2)
and (3) respectively. In a cold environment and in operation with under
voltage the working point is at (4) with a speed @y, in a hot environment,
likewise with excess voltage, the working point is at (5) with a speed Wpax.
The braking governor keeps the speed variation between the limits wp;,
and wp,,. In given circumstances, this variation decreases as the slope of the
braking characteristic becomes steeper, in the region of the working point.
For this reason, braking governors can usually be adjusted to optimize the
shape and/or position of the characteristic.
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(a) Governors operating with friction between solid bodies

It follows that governors of this type have to generate a braking force
that increases with angular velocity. The obvious course is to utilize the
centripetal force of one or more masses rotating with a shaft. This is called
a centrifugal governor. As the shaft revolves, a mass (Fig. 1.581) swings out
against the force of a spring until, at a given speed (w,), the brake<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>