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This is the third book by
Moore Special Tool Co.

Moore Special Tool Company, Inc.,
of Bridgeport, Conn., U.S.A., has built
a world-wide reputation since 1924,
both as a manufacturer of special
tooling to extremely close accuracies
and of machine tools which make

possible a very high degree of precision.

In the latter category, its jig borers,
jig grinders, measuring machines,

and the accessories related to this
equipment are considered to be among
the best of its kind produced in the
industrial world.

A simultaneous characteristic of the
company is its desire—and rare
ability—to communicate the intimate
knowledge it has acequired of these
specialties to a wide audience. “The
Moore Literature Library” is
well-known within the industries it
serves. Besides a wide array of
brochures and case-history material,
Moore in 1946 published a 44&-page
book, Precision Hole Location, by
J. Robert Moore, and, in 1954, Holes.
Contours and Surfuces, by F. C.
Victory and Richard F. Moore. These
two books, devoted to jig boring and
jig grinding, have sold over 40,000
copies. The latter book is still in print.

In this third book, Wayne R. Moore
has assembled in the 350 pages of
Fouwndations of Meckanical Accurucy
the company’s intimate knowledge of
and experience with mechanical
accuracy, and how to achieve it. He
has illustrated his text with over 500
original photographs and drawings.
This book tells how to attain precision
in manufacturing to millionths of an
inch and how to control such precision
by appropriate measuring techniques.

The book is divided into four main
sections: geometry, standards of
length, dividing the circle, and
roundness. A fifth section covers
“Universal Measuring Machine
Techniques and Applications.”

Introductory by M.L.T.’s
Dean-Emeritus of Science

The introduction is by Dr. George
R. Harrison, Dean-Emeritus, School
of Science, Massachusetts Institute of
Technology, a world-renowned
spectroscopist whose accurate
diffraction gratings are used for
measuring the lengths of light waves
in the laboratory and in astronomy.
Here are excerpts:

“Basic to man’s behavior is his
ability to determine, madify, and
adapt to his environment. This he
has been able to do in proportion to
his skill at making measurements,
and fundamental to all other
measuring operations is his ability

to determine locations in the material
world. Thus the science of mechanical
measurements is a fundamental one.
It is this science, and the art which
accompanies and informs it, with
which this book is concerned.”

After recoumting his experience in
working with the Moore Special Tool
Company since 1959 to develop more
accurate ruling engines for producing
diffraction gratings, Dr. Harrison
writes:

It is easy to see why the scientist

who is primarily occupied with

obtaining 100,000 straight grooves

in a single operation, each a

narrow mirror properly inclined to

the beam of light which is to be

reflected from them, welcomes most
gratefully the development of fine
mechanical machines which can, in
an almost literal sense, be ‘bought
off the shelves'. The amount of
painstaking labor, skill in design,

and the heritage of fine workmanship

required before machines can be
brought to such a stage of perfection,
will be appreciated most of all by
readers of this excellent book.”




Photo by William Vandivert

WAYNE R. MOORE literally grew
up with a passion for precision, which
he inherited from his father,

Richard ¥. Moore. In 1924, Dick
Moore, a toolmaker, had opened a
two-man shop in Bridgeport to make
special tooling for watch, clock and
typewriter plants. It has grown to
worldwide eminence.

Wayne joined the company in 1953
after earning a degree in economies
at Yale, and then completed his
apprenticeship as a tool and diemaker.
While at Yale, he captained, in
1952-58, what has been called the
greatest swimming team of Bob
Kiphuth, famous Eli coach. He won
gold medals in both intercollegiate
championship races and in the 1952
Olympics at Helsinki.

The research and writing of this
book, as well as the time he devoted
to supervising the extensive
illustrations, were sandwiched in over
a period of 7 years while he has been
active in helping the Moore Company
develop its advanced metrology and
machine tool products.

He resides with his wife, Janice,
and five children in Nichols,
Connecticut, where he is a dedicated
organic gardener.
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Preface

A TECHNICAL BOOK devoted to a little-ex-
plored subject originates long before it is
actually written. Many people contribute
to its content through their guidance and
assistance. This book is no exception.

I consider myself fortunate to be asso-
ciated with a company whose policy has
always been to share both its processes and
its techniques. To make available the re-
sources of Moore Special Tool Company
for the improvement of industry, science,
and society in general has been the philos-
ophy of my father, Richard F. Moore, who
founded the company in 1924. The policy
has been rewarding to the company in
many ways. I am grateful that I have the
opportunity of continuing in what has be-
come a Moore tradition.

In 1946, Moore published its first full-
length book, Precision Hole Location for
Interchangeability in Toolmaking and Pro-
duction, by J. Robert Moore. In 1954,
Holes, Contours and Surfaces, by Richard
F. Moore and Frederick C. Victory,
followed.

This volume was planned to explain in
graphic detail the significant course which
mechanical technology has taken since
Holes, Contours and Surfaces appeared.
This course is directed inexorably towards
greater accuracy. I undertook the task
largely because of Richard F. Moore’s en-
couragement, guidance and support. Most
of the mechanical principles described
herein can be traced to him.

The significance of the World’s Bureaus
in establishing and maintaining standards
is described in a special section, Pages 95—
97, written especially for this book by an
outstanding metrologist of each Bureau: P.
Carre, of the Bureau International des
Poids et Mesures, France; L. W. Nickols,
of the National Physical Laboratory, En-
gland; E. Engelhard, of the Physikalisch
Technische Bundensanstalt, West Ger-
many; A. G. Strang, of the National Bu-
reau of Standards, U.S.A. They made pos-
sible a description of the functions of their
sections of each Bureau, met with the au-
thor personally for helpful discussions, and
also contributed valuable additional ma-
terial. Their colleagues—Stanley P. Poole,
of NPL; Rudolf Noch, of PTB, and T. R.
Young, of NBS—also provided useful in-
formation.

I warmly thank T. R. J. Oakley, of NPL,
who not only reviewed the entire manu-
script and illustrations meticulously, and
gave innumerable suggestions and com-
ments. It was my good fortune to enlist
for this important role a man who soon
confirmed that I could have selected no
one with a greater depth of knowledge and
experience in the subject.

Richard L. Parnoff, the Chief Inspector
at Moore, also reviewed the manuseript
and the illustrations. He brought to the
project the same thoroughness and valu-
able suggestions that aided the authors of
Holes, Contours and Surfaces.

The Moore Company and I are singular-
ly honored to have Dr. George R. Harri-
son, Dean Emeritus of Science of the Mas-
sachusetts Institute of Technology, write

the Introductory. His encouraging words
and advice, including the refining of the
book’s title, were also in a personal sense
very important to me.

Robin Gosling, of the Science Museum,
London, and Bernard Bothmer, Curator of
Ancient Art, Brooklyn Museum, led me to
many historical works. I was able to find
items of historical interest with the help of

Gilbert L. Dannehower, of High Precision
Products Company; George Schaffer and

Rupert LeGrand, of American Machinist,
and Mrs. Nettie Wright Adams, editor and
publisher, The Lure of Litchfield Hills.

Many firms, institutions and individ-
uals, whose names are credited throughout
the pages, contributed to the content of
the book.

Years of exposure of the Moore staff to
world-renowned metrologists, who came to
Bridgeport in their pursuit of accuracy,
greatly enhanced the scope of the book.
I single out particularly James Bryan, of
the Lawrence Radiation Laboratory, Uni-
versity of California, with whom many in-
formative discussions were held.

Alfred Sturzenegger, of the Precima
Company, West Germany; Robert Mun-
dy, of the Catmur Corporation, England;
Claude Pardessus, of Stokvis et Fils,
France; Walter Zindel, of the Moore Office
in Switzerland, and Arvid Arvidsson, of
Sweden, all provided helpful liaisons within
their countries.




So many of my colleagues at Moore
Special Tool Company assisted in bringing
this project to a successful conclusion that
space doesn’t permit listing all by name.
Albert Johnson, chief engineer of special
products, and Anto Lindberg, chief engi-
neer of standard products, and their staffs;
Richard Kuba, advertising coordinator,
gave much time and interest to it. Mrs.
Justine Haydu not only typed and re-
typed the manuscript with unfailing good
humor, but managed to organize a moun-
tain of source material, pursue the bibliog-
raphy and maintain the paperwork so effi-
ciently as to permit a book of this size and
scope to be researched in an office con-
cerned with the engineering and sale of
machine tools.

My deep thanks go to numerous Moore
employees, some of whom appear in illus-
trations throughout the book and others
behind the scenes, for their cheerful co-
operation in so many ways.

The writing itself took place in the quiet
confines of the company’s legal offices, the
chambers of Charles Brody and Seth
Brody, old friends and advisors. To the
Brodys, their partners and staff, my grate-
ful thanks for the splendid retreat they
provided.

Since the Moore Company itself is pub-
lishing this book, we also required all the
disciplines associated with publishing. For
this, I was fortunate to have the services
of the company’s long-time marketing and
communications counsellors, The Fred
Wittner Company, which had guided both
previous books to successful completion.
Fred Wittner helped to shape the direction
of the book and to edit it for publication;
he also contributed sound advice, based on
his great breadth of experience. Sel Torby
designed it and supervised its production
with understanding, good taste, and con-
summate skill and patience.

All of the color and black and white
photography taken at Moore is the work
of William Vandivert, a resourceful journal-
ist-photographer, who was a Life Maga-
zine ‘“‘great’” for many years, and who also
proved to be a discerning critic and coun-
sellor. The engineering drawings are the
product of F. R. Gruger, Jr., outstanding
technical illustrator, who did the same
work for Precision Hole Location and Holes,
Contours and Surfaces.

WAYNE R. MOORE
Bridgeport, Connecticut, U.S.A.
July 22, 1970
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Introductory

Basic to man’s behavior is his ability to
determine, modify, and adapt to his
environment. This he has been able to do
increasingly as his skill at making measure-
ments improved, and fundamental to all
measuring operation is his ability to deter-
mine locations in the material world. Thus
the science of mechanical measurements is
a basic one. It is this science, and the art
which accompanies and informs it, with
which this book is concerned.

I am particularly happy to be invited to
write these introductory words because it
gives me an opportunity to testify to the
tremendous importance of the availability
of machines which make precise and ac-
curate mechanical measurements possible.
My acquaintance with the Moore Special
Tool Company ended a quest for instru-
ments of the utmost mechanical refinement,
which could then be refined still further
by the application of optical and electronic
controls in ways not previously attempted,
because the technologies needed for such
attempts had not previously been available.

As a spectroscopist interested in measur-
ing-to seven significant figures the lengths
of light waves, themselves only 10 to 20
millionths of an inch long, I was seeking
ways of ruling bigger and better diffrac-
tion gratings. With these the light waves
from atoms and molecules, whether in the
laboratory or in the stars, could be more
adequately studied.

The problem is simple to outline. On a
glass or fused quartz mirror blank coated
with a thin layer of aluminum deposited in
vacuum, one desires to engrave 100,000
long grooves, each straight to a millionth
of an inch, parallel to its neighbors to with-
in that tolerance, and equally spaced, so
that every groove is within a millionth of
an inch of its proper location. Furthermore,

any repeated or periodic errors in groove
location should be held to less than one-
tenth of a millionth of an inch.

Up until 1947 these specifications had
been fairly well met for gratings up to 6
inches in width by purely mechanical ruling
engines, builtin scientificlaboratories, usual-
ly in a cooperative effort between a physical
scientist and a superbly skilled instrument
maker. But many experts had spent long
years in futile attempts at ruling wider
gratings with longer grooves. Some had felt
that the way to solve this problem was by
making light waves themselves correct the
errors of the engraving machine during the
ruling process, but the proper technologies
for carrying this out were not yet available.

After having taken a solemn oath to my-
self never to get entangled with the unend-
ing problems of grating ruling, I decided in
1947 that the newly available mercury
isotope lamps might furnish light of a suffi-
cient singularity of color to guide such an
engine. When the University of Chicago
offered M.I.T. an old, warped, partially
rebuilt engine whose base castings had
been machined under the direction of A. A.
Michelson back in 1900, I felt that if inter-
ferometric control could make this device
work, it could make any engine work.

The next ten years were spent in devel-
oping optical control methods and servo-

mechanisms which did, indeed, reduce the
errors of positioning of the engine ruling
tool to 1/600th of their previous magni-
tude. With this so-called ‘““A” engine, de-
scribed in the last section of this book, my
colleagues and I were able to rule many
gratings of 10-inch width and of a quality
never previously attained.

In 1959 we were ready to build a second,
larger engine, and I began a search for
producers of very accurate screws. It

seemed of great importance to demon-
strate that a commercially built machine,
placed under interferometric control, could
be made to function as a ruling engine. The
Moore Special Tool Company had avail-
able drive screws which were nine times
more accurate than that used in our A
engine, and after testing two or three of
these we ordered a Moore Universal
Measuring Machine of 18-inch capacity,
without the superstructure. When placed
under interferometric control this proved
much more accurate than the ““A” engine,
and with it many outstanding gratings up
to 16 inches in width, with grooves up to 8
inches long, have been ruled.

Asrecounted later, when this engine was
successful we ordered a No. 4 measuring
machine from Moore, have now put this
under interferometric control, and have
ruled a number of gratings in sizes up to
12 x 15 inches. We hope eventually to pro-
duce 18 x 24 inch gratings with it.

From this story it is easy to see why the
scientist who is primarily occupied with
obtaining 100,000 straight grooves in a
single operation, each a narrow mirror
properly inclined to a beam of light which is
to be reflected from them, welcomes most
gratefully the development of fine mech-
anical machines which can, in an almost
literal sense, be “bought off the shelves.”

The amount of painstaking labor and
skill in design, and the heritage of fine
workmanship required before machines
can be brought to such a stage of perfec-
tion, will be appreciated most of all by
readers of this excellent book. That it will
be welecomed by a wide range of readers
goes without saying.

GEORGE R. HARRISON

Dean Emeritus, School of Science
Massachusetts Institute of Technology




..... the archatect in his work ought to be
practiced tn all accomplishments. Yet reason,

in view of the scope of matters, does not permit us,
as need demands, to have a complete, but only a
moderate knowledge of the various subjects involved.
Hence I beg your Highness and other readers of
these volumes to pardon any explanation that too
little agrees with the rules of literary art. For it is not
as a lofty thinker, nor as an eloquent speaker,

nor as a scholar practiced in the best methods of
literary criticism, but as an architect who has a mere
tinge of these things, that I have striven to write

the present treatise. But in respect to the meaning

of my craft and the principles which it tnvolves,

I hope and undertake to expound them with assured
authority, not only to persons engaged in building,
but also to the learned world.”

—Vitruvius, “De Architectura”




T1G. 1—The attainment of a “cubic
concept’” of accuracy in the Universal
Measuring Machine requires the
individual mastery of four mechanical
arts—geometry, length, dividing the circle
and roundness.

Throughout the text, an attempt will be
made, where relevant, to immediately
accompany each given dimension with the
equivalent figure in metric or English units,
whichever the case may be.
The converted figure will not always
be exact, but will be rounded off to what
seems to be the nearest significant figure.
This will be done with a special
bracket used only for this purpose.
For example:
10 millionths of an inch [0.00025 mm)]
100 mm [3.937 inches)
20°C. [68°F.]
It ishoped that this will provide
greater ease of reading to those who
might be more familiar with one or the
other system.
However, in those cases where the
converted figure detracts from clarity,
or does not aid in understanding, it will.
be omitted.
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We are confronted today with a bewilder-
ing array of measurement hardware and
measurement techniques. However neces-
sary, they tend to obscure the beautiful
and fundamentally simple nature of the
measurement process itself.

As did Vitruvius, we recognize our in-
complete knowledge of the total subject
involved, and certainly a lack of eloquence.
Yet, as builders of tools, we find ourselves
uniquely qualified to ‘‘undertake to ex-
pound with assured authority’’ the meaning
and significance of measurement . . . both
to show it reduced to its simplest elements
and to explain how these, in turn, relate not
only to advanced mechanisms, but to the
very frontiers of measurement.

The frontiers of measurement are ecriti-
cally related to the progress of civilization
itself, notably in interchangeability of
manufacture. When brought to their high-
est level, the concepts described here con-
tribute to extending the frontiers of scien-
tific knowledge to the outermost limits of
the universe. As an example, these princi-
ples have been applied to the manufacture
of ruling engines used to produce the most
accurate gratings now available—gratings
that are mated with giant astronomical
telescopes to analyze light from the most
distant stars.

The concept of measurement which un-
folds derives largely from our own experi-
ence. Because of this approach we may
dwell too lightly or even neglect certain
aspects which others may think more sig-
nificant; yet it is hoped that the gain to the
reader will be greater continuity and a
fuller comprehension of the total concept
of measurement.

At Moore, a goal had been set to build a
machine tool to a cubic concept of accu-
racy.* It would measure by coordinates
toa much closer tolerance than had previ-

*Richard F. Moore & Frederick C. Victory, Holes,
Contours and Surfaces, Moore Special Tool Company,
1955, p. 56.

ously been achieved. The cube would have a
tolerance of approximately 25 millionths of
an inch in an 11 by 18 by 17 inch travel
[0.0006 mm in 279 by 457 by 432 mm)].

The reader may appreciate the difficulty
of this task when reminded that the toler-
ance of a single gage block of the highest
laboratory quality is +0.000001 (1 mil-
lionth of an inch) per inch of length
[0.000025 mm per 25 mm] or approximately
18 millionths of an inch over 18 inches
[0.00046 mm over 457 mm] (if indeed a gage
block could be built to such a tolerance in
larger sizes).

Besides, this was not to be just a “‘static”
cube, but rather a “live” cube, within
which the ordinates must provide this po-
sitional accuracy of 25 millionths of an
inch, [0.0006 mm] including straightness
and squareness over an infinite number of
intervals within the cube, Fig. 1.

Existing in-shop standards and masters
were not capable of attaining the desired
accuracies. A complete re-evaluation led to
one conclusion: We had to go back to our
fundamental standards and build from
there.

This process forms the basis of our story.

To achieve this new generation of ac-
curacy and to incorporate it to the maxi-
mum in a Universal Measuring Machine
required the individual mastery of four
mechanical ““arts.”

1. Geometry

2. Standards of Length

3. Dividing the Circle

4. Roundness

1. GEOMETRY: The total geometry of the
machine tool has its foundation in the
flat plane. The familiar surface plate is
its embodiment. From the surface plate
evolvesstraightedges, squares, scraping
masters and machine ways.

2. STANDARDS OF LENGTH: Here the em-
phasis is on where the measuring ele-

ment of a machine tool—in Moore’s
case the lead screw—derives its accu-
racy. In the process of arriving at the
lead screw system, all possible forms of
length-measuring standards come under
consideration, such as: gage blocks, end
standards, precision scales and light-
wave measuring interferometers.

3. DivipiNG THE CIRCLE: Accurate circle
division is a requirement of all labora-
tories and machine shops. It is also
closely related to the cubice concept of
accuracy since a machine tool of the jig
borer family must measure by coordi-
nates as well as have the facility to
make angular measurements.

4. ROUNDNESS: Precision machine tools
must achieve roundness of many me-
chanical parts and especially with their
spindles. The focal point of roundness
here is the Universal Measuring Ma-
chine spindle. Its performance, in turn,
is dependent on the overall accuracy of
holes, shafts, balls and other compo-
nents which comprise its construction.

These four mechanical arts are truly the
“Foundations of Mechanical Accuracy,”
since all forms of measurement can be re-
solved into only these four fundamentals.

Geometry, dividing the circle and round-
ness need no reference to an outside au-
thority; the degree of accuracy depends
only on the technique, facilities and skill of
the maker. Standards of length, on the
other hand, are arbitrary, so are ultimately
derived from some authoritative source,
such as the National Bureau of Standards
of the United States, the National Physical
Laboratory of England, the German Stan-
dards Bureau, or the International Bureau.
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The foundation of the mechanical art of
geometry is the flat plane. Evolving
from the flat plane are master straight-
edges and squares, scraping masters,
laps, and finally the geometric accuracy
of the machine-members themselves.

FIG. 5—The foundaiion of all geometric
accuracy and tndeed of all dimensional
measurement is the flat plane.

Flatness is inherently attained by the
cross matching of three surface plates. These
master 48-inch [1219 mm)] surface plates
are made of stabilized iron, are square and
extremely rigid because of their box-type
construciion.







Preliminary to discussing the mechanical art of geometry, some common
misconceptions about cast iron, a prime material component of most of the
elements of geometry, must be dispelled.

Also analyzed here are the principles of recommended inspection procedure.
In the discussion of geometry that follows, frequent references will be made
to these principles.

ENVIRONMENTAL EFFECTS
ON CAST IRON

It is not uncommon for a cast iron part,
whether straightedge, surface plate, or
machine tool, to seem to lose its straight-
ness, flatness, squareness, or to change in
some other manner over a period of time.
The stability of the iron is often blamed
when, in fact, this is rarely the case.
This section has a threefold purpose:
1. To show that cast iron is inherently
stable;
2. To differentiate between real and
apparent sources of instability;
3. To point out those environmental
conditions essential to geometrical
accuracy.
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FIG. 2—T'he conclusion that cast iron 1s
inherently stable is based partly on strong
statistical evidence—that of thousands of
castings machined and scraped to a
higher order of aceuracy as well as eareful
records kept over many decades.



1. Foundry Technique

Foundry technique is a factor in stability
and hence in final accuracy.

A. Proper composition of the iron im-
proves machinability, wear qualities,
and the quality of the scraped sur-
face (it is physically difficult to ac-
curately scrape a bad casting or one
with blow-holes).

B. Stability of the iron depends mostly on
slow, uniform cooling in the mold after
casting. This, in turn, depends on
molds of the proper design, and on
allowing sufficient time for complete
cooling before the casting is exposed
to air. There is possibly no other met-
al more stable than cast iron that
meets the preceding two specifica-
tions.

Our faith in the stability of iron derives
from strong statistical evidence: the expe-
rience of thirty years of precision machine
tool manufacture, involving, at the time of
writing, over 7,000 machines, Fig. 2. It
also derives from the study of a jig grinder
which had been returned for repairs after
having been in a severe fire in an automo-
tive plant. Completely scorched, its paint
had been burned off and it was caked in tar
and soot. The temperature was high enough
to melt the aluminum guards into a puddle
on the table.

The component cast iron parts were first
immersed in a pit of solvent for cleaning,
then inspected. There was virtually no de-
viation from the original factory calibra-
tion. Any lingering doubts we might have
had about the stability of cast iron were
dispelled.

The inherent stability of cast iron was
also confirmed by Nickols of the N.P.L.,
who made tests on its stability over a pe-
riod of seven years.*

*L.W. Nickols, “Investigations into the Stability
of Castings (with particular reference to Meehanite
castings),” NPL Technical Bulletin S.S.193, May,
1940.

For the bases, columns, tables and cross
slides of the machine tools it builds, as well
as for surface plates, straightedges and
scraping masters, Moore uses only a Mee-
hanite cast iron, close-grained, of closely
controlled analysis and cooled slowly in the
mold.

II. Machining of Cast Iron

Despite its stability, cast iron does not
differ from many other metals in that the
removal of a substantial amount of ma-
terial by machining, especially the outer
skin, will alter its equilibrium. Before the
finish cut, the piece is first allowed to relax
by release of the clamps; it is then properly
supported and re-clamped without bend-
ing, Fig. 3.

The piece may or may not be free of
stresses, depending on the method by which
it was machined.

The preferred method of machining is
to single-point plane important functional
cast iron surfaces, Fig. 4. The reasoning

behind this procedure may be seen in a con-
trolled experiment conducted to determine
the effects of machining on cast iron. Using
cast iron gibs as test pieces, it was found
that with single-point planing, the gibs
would spring the least from machining and
would be absolutely stable henceforth.
Milling the gibs caused more machining
distortion and a somewhat permanent in-
stability until the gibs were stress-relieved.
In other words, it is possible to machine-in
instability.

II1. Elastic Deflection

A large cast iron section will easily bend
when a load is applied, or when weight is
added, or may even bend under its own
weight. So often and in so many ways does
elastic deflection occur, that it is easily mis-
taken for instability of the iron itself. De-
flection may be minimized through design
and support, but never completely elimi-
nated. In some instances, as the reader will
observe with the two-footed gage (page 26),

FIG. 3— For maxitmum accuracy when
machining surfaces, irreqularities in the
supperting surface are balanced out
through the use of shims. Most of the
heat and stress of machining s removed
in a first rough-cut.

The workpiece s unclamped, permitiing
1t to relax. It is supporied evenly once
again, clamped less tightly and finished
with a light skim cut.
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FIG. 4—Stabilily of the casting is ussured
aitially by slow cooling in the mold.
However, the method of machining may also
introduce siresses. Major functional
surfuces of machine members, such us the
ways, should be single-point planed.

deflection is not necessarily detrimental to
accuracy, since the amount of deflection is
almost perfectly constant, given like condi-
tions. In the case of the extremely rigid
48 inch [1219 mm] master surface plate, a
small amount of deflection still occurs, and
will be a temporary limiting factor in the
attainable accuracy of the plate.

It is important to recognize that, with
every step in the attainment of accuracy,
the problem of elastic deflection is always
present. This fact will continually be em-
phasized throughout the book.

IV. Temperature and Instability

A. Geometric relationships are not effected
by the value of ambient temperature,
providing it is steady. For example, a
surface plate, flat at a temperature of
T0°F. [21.1°C.], will be flat at a tem-
perature of 90°F. [32.2°C.]. A test
square, in error by .2 seconds of arc at
90°F., will be in error by .2 seconds
of arc at 70°F. [21.1°C.]. In a ma-
chine tool, two female V’s of one
member that match two male V’s of
another member where both are the
same temperature, will also match
each other when both are some other
temperature. The distance between
the V’s in each will change, but by
the same amount.

B. Temperature Differentials—If, how-
ever, the piece or pieces are subject
to localized heat or cold, not only
does growth or shrinkage occur, but
the piece may be subject to unpre-
dictable distortion. It returns to its
normal geometric relationship only
when the temperature throughout is
again made uniform. The distortion
which occurs as a result of uneven
temperature is the source of a great
deal of misunderstanding and confu-
sion. The result so resembles that
which one would expect from ‘un-
stable” iron that it is not surprising
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the iron is blamed. Imagine a situa-
tion in which a piece had been
scraped, inspected and, unknowing-
ly, proved accurate in a condition of
non-uniform temperature. When the
piece returns to uniform temperature,
attempts to repeat the previous accu-
racy check are in vain.

Some persistent, recurring sources
of temperature differentials are worth
mentioning:

— Proximity to radiators, doors, win-
dows or drafts;

—Heat from handling;

—Changes in room temperature.
This may particularly effect larger
pieces, because the time required
to “‘soak out’ may beseveral hours.

—Stratification—1It is extremely dif-
ficult to control the temperature of
a room accurately from floor to
ceiling. Even in advanced metrol-
ogy laboratories, where tempera-
ture can be controlled to + !4{°F.
[94°C. approx.] within a height of
two or three feet [0.6 to 0.9 meter]
there will usually be a difference of
2°F. [1.1°C.] from floor to ceiling.
This is satisfactory for small work,
buttheaveragemachine tool stands
at least six feet [1.8 meters] so will
be subjected to temperature gradi-
ents of the room. (This effect on
linear measurements will be dealt
with on pages 118, 119 and 171,
172). Temperature control is, of
course, the best answer but will be
of little value unless certain correct
procedures are also followed.

Conclusion

The theory that a cast iron part must be
exposed to the weather to rust and ‘‘age’ in
order to stabilize it is a carry-over from the
past. In the absence of closer measuring
facilities or adequate temperature control,
the stability of the iron was blamed. Sup-

posed cases of instability might have been
traced to machining practices, deflection
or, most often, to temperature variations.

Cast ironis an ideal material. It isreadily
available, can be easily cast to shape, and
is relatively uninfluenced by humidity. It
has nearly the same coefficient of expan-
sion as steel and will give a bearing to
which a piece may be scraped. Above all, it
is one of the most stable of materials. These
advantages are not present in all steels,
granite, or other materials which might be
considered as a substitute.

Requirements of an Inspection Tool

The requirements of an ideal inspection
tool are five-fold. They are analyzed here
in advance of the discussion of geometry
because they all pertain to the inspection
principles Moore espouses:

It is accurate;

It requires a minimum of operator skill;

It inspects a specific type of error;

It is fast to use;

It is self-checking.
The first two requirements are readily
understood: the degree of accuracy of cali-
bration depends on the accuracy of the in-
specting instruments; devices which reduce
dependence on operator skill contribute
to both efficiency and accuracy.

Inspection should not just show that
“something’s wrong.”” This only leads to
costly checking, misunderstandings, and
greater chance for error. It is sounder to
inspect for specific error; e.g., deviation
from a horizontal straight line travel of a
machine’s ways. Nothing should be as-
sumed to be correct and left uninspected.
For example, if the deviation from a hori-
zontal straight line travel of a machine’s
ways has been inspected, it does not follow
that the vertical straight line travel has
also been inspected.

The requirement of speed in inspection is
not generally appreciated. Inspection must

be performed fast for more than just eco-
nomical reasons. Where inspections become
“involved,” where there is a time lapse be-
tween start and finish of a check, the more
assuredly will errors creep in from temper-
ature change—change in the datum of the
calibration instrument, ‘“re-picking up,” or
from the necessity of lengthy calculations.
Even under the best of temperature-con-
trolled conditions, body heat alone can
still make metal bend, twist, or grow. This
can cause confusion if not understood.

Finally, a good inspection tool should be
capable of being checked against itself.
Ideally, in exploring for a specific type of
error, a method should be used which each
time simultaneously re-checks the gage. If
this is possible, the inspection method
gains much in reliability.
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FIG. 6—The classical method of creating a to match “‘C” (middle right). At this poind,
Jat plane is based on the cross maiching of  only conformity has been achieved. When
three plates, such as “A,” “B” and “C” “B” is compared to “C” (lower), error is
(top). The technique is unrelated to the revealed.

initial accuracy of the plates. ““A” is

scraped to maich “B” (middle left) and also
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FIG. 7— By systematically matching three
surface plates and scraping the high points
of their contact, three flat planes are created,
regardless of initial flainess of the plates.
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FIG. 8~ I'ig. 6 1s only partially true.

The classical three-plate method does not
apply when the plates are rectangular.
Two rectangular plates are shown with an
identical exaggerated “twist” (opposite
diagonals are high and low). Although the

plates are not flat, they will match perfectly,
even if turned end-for-end. This 1s
obviously also true if a third plate of
identical shape 1s introduced.

1. THE FLAT PLANE

The classical method of creating a flat
plane is based on the use of three plates.
The procedure is simple:

When two plates are not flat but still
match, one will not match the third. By
continually lapping or seraping the high
points of their contact until all three show
perfect bearing when intercompared, three
flat planes are created, Fig. 6 and Fig. 7.

Rectangular plates may have a “twist,”
Fig. 8, and still match each other to show a
perfect bearing even if turned end-for-end,
yet none of the plates may be flat. A square
plate turned 90° on its mate would reveal a
twist, Fig. 9, but it is not practical to do
this with a rectangular plate since the over-
hang would introduce as much error as it
was intended to discover.

The master flat planes illustrated in
Fig. 5, consist of 48 inch [1219 mm)] sur-
face plates of stabilized cast iron. They are
of box-like, or sandwich, construction with
strong internal ribbing, Fig. 10. This makes
them many times more rigid than conven-
tionally-designed surface plates, Fig. 11.

Awareness of the potential rigidity in
this design came from a technical report*
on the rigidity of a welded steel surface
plate, fabricated of two steel plates with
internal steel ribbing of an overall thickness
to resist bending. This design is much more
rigid than conventional surface plate con-
struction. The reader may prove this to his
own satisfaction by a practical experiment.
Simply take a flat piece of wood and add
only ribbing and four sides to it. Try bend-
ing this ‘““conventional” design. Next, attach
a second flat piece to form a sandwich, and
try to bend the assembly. Rigidity is in-
creased many-fold.

However much rigidity is desirable, the
possible instability of a weldment rules
against having this design as a master. Not

*Adolph Kleinsorge, “Welded Surface Plates,”

Bulletin 60-WA-241, American Society of Mechani-
cal Engineers, New York.

FIG. 9— A square plate will reveal a twist,
stnce it may be turned through 90° and
applied once again.
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FIG. 10—2600 lbs. (1180 kg¢.), box-lype
surface plate, with internal ribbing, 1s
many times more rigid than conventional
surface plates. Flatness that can be
aclieved by the three-plate method s for the
most part, dependent on rigidity.

FIG. 11—42-Tnch (1067 mm) square
surface plales, designed with deep exlernal
ribbing, and supported on three points, one
of which 1s a balance beam-—were first
adopted as the master flat plane.

The superiorily of the box construction
later became apparent.

FIG. 12—The degree of flatness which can
be attained with the master 48-inch
(1219 mm)] surface plate, and also 1ts
aceuracy in use, depends on the lype of
support il receives.

Three-point support is used for geomelric
stabilily. The single-leg side uses a balance

beam, laking the weight from the corners

of that side. To further distribute the weight
and to minimize bending, each of the four
support points in the corners is itself a
three-pad contact. This provides a total of
12 support points, each placed under the
corner of a rib.



F1G. 13~ To preveni siress, each of the four
supporl points of the master, box-type
surface plate is free lo pivol. Arrangement
of the 12 contact points, each under the
corner of a rib, ts shown.

Stde lifting plate is aitached through use of
shoulder bolts, which provide clearavice o
the side plate all around, wmininizing both
bolling and lifting siresses.

until a similar construction of cast iron was
seen at the Dixi company (Le Locle, Switz-
erland), was it realized that such a con-
struction was feasible as a solid casting.
Complexity of the pattern and difficulty
in casting both proved to be much less
hindrance than first anticipated. Accord-
ingly, six 48-inch [1219 mm)] surface plates
were designed and cast. All the rigidity that
could be desired, plus the stability inherent
in cast iron, was found in this design.

The basic design underwent further evo-
lution. The plate was supported on its
underside at three points for geometric
stability. A “two-legged equalizer” on the
single-point support takes the weight from
the corners of one side. To further distribute
the weight and to minimize bending, each
of the four support points in the corners
serves as a three-pad contact. Each pad
is, in turn, located directly under a corner
of a symmetrically-placed ribbing arranged
in squares, Fig. 12.

While this construction has the advan-
tage of the geometric stability of three-
point support, note also, Fig. 13, that the
weight of the surface plate is distributed on
twelve points to minimize local bending—
especially important when carrying the
weight of large workpieces, machine mem-
bers, or scraping masters. Resistance to
bending is also necessary in achieving its
initial accuracy, since it must support its
mate in the process of cross-matching and
scraping.

The 48-inch [1219 mm] surface plates
have 14 inch [12.7 mm] thick internal rib-
bing and 34 inch [19 mm] side thickness.
Top and bottom surfaces are of one-inch
[25.4 mm] thickness. Each surface plate
weighs 2600 pounds [1180 kg.].

F1G. 14~The round shape of the granile
surface plale is also geometrically correct
Jor establishing flatness. Granite surface
plales are the most familiar form of the flai

plane and are convenient for many classes of

nspection. The surface plale shown 1s flal
to 50 miltionths of an ineh [0.0018 wm),
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FIG. 15—Surface plates “A,’ “B”’ and
“C” are twisted, having opposite diagonals
high, “H,’ and low, “L.” W hen matched
as shown (top), the bearing appears
uniform. When any one of the plates 1s
rotated and applied once again (bottom), the
bearing paitern then appears as tllustrated.
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Creating a Master Flat Plane

The 48 inch [1219 mm)] surface plates are
square. Most surface plates in use today
are rectangular, having something like a
4:3 relationship (which is the usual longi-
tudinal to cross-travel relationship in ma-
chine travel). Square or round plates are
geometrically most correct for creating aflat
plane by the three-plate method, Fig. 14.

To create a Master Flat Plane, the pro-
cedure is to systematically cross-match
three 48 inch [1219 mm] cast iron surface
plates as well as to successively turn them
90° one to another to reveal “twist,” Fig.
15. Red rouge is commonly used on the
plate which, though in error, is periodically
chosen as the master, and a lighter orange
rouge used on the plate to be scraped. The
result is a pleasant, visible contrast of dark,
high spots on a soft, non-glare background.

Initial deviations from flatness are usu-
ally considerable. The hills and wvalleys,
Fig. 16, are kept low and wide while rough-
ing by using a wide, flat scraper blade and
long, deep cuts until some uniformity is
achieved, Fig. 17.

A liberal use of rouge is found to be de-
sirable at first, but the difference between
smears, or ‘‘false bearing,” is noted, and
emphasis is placed on cutting the areas of
dark, glossy spots. The rouge actually has
size, so it is wiped thinner and drier as the
bearing closes in to insure almost direct
contact of plate to plate without any false
bearing. As the bearing is closed in, it be-
gins to have a ‘‘salt-and-pepper’’ appear-
ance. As the spots become progressively
more uniform and evenly spaced, a nar-
rower blade is used, the angle of cut is
raised gradually from the horizontal, and
the stroke is shortened.

The type of seraping stroke found most
satisfactory is the ‘“half moon,” Fig. 18.
The advantage is that the stroke starts
from the valley, reaches its greatest in-
tensity directly on the spot (plateau), and
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FI1G. 16—The “bearing” of a scraped
surface 1s a series of uniformly high
plateaus, which are wide apart when
scraping begins. After repeated scrapings,
the bearing comes closer and closer together
(top to bottom).



FIG. 17— A skilled, patient scraping hand
can achieve almost unbelievably accurate
surfaces purely by scraping to the bearing
imparted, and without the use of auxiliary
mspection equipment.

FIG. 18— Dark areas are plateaus of
bearing, the lighter areas the valleys in
between. The ‘““half-moon’’ stroke starts from
the valley, reaches 1ts greatest intensily
directly on the plateau and again fades to
nothing as 1t passes to the other side.
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PIG. 19—"Two-fooled hivist gage, sensifive to
a few millionlhs of un dneh lone-tenth pn)
18 used for inspection of overall

twist. The method is foolproof and
completed 1n a maller of minutes.

again fades to nothing as it passes to the
other side. The type of cut used also de-
pends on the purpose for which the surface
is to be used. For instance, a surface to be
used as a master for bearing should be cut
deep for longer life, whereas the cut should
be shallow on the ways of a machine where
rollers are to be used for smoother rolling
action.

The scraping procedure takes consider-
able skill and the experienced scraping
hand is a precious resource. A novice can
easily ‘“‘break up’ the bearing into small
spots toosoon, creating a “‘salt-and-pepper’’
effect, but with wide gaps between the
spots. A poorly done job will sometimes
reveal either the remnants of spots in a
straight row, which can only mean they
are retained from the original planing, or
telltale hard spots on the edge of the plate
where the spots are harder to hit. A require-
ment of a certain number of spots to the
inch does not mean as much as would be
supposed. For instance, a surface plate
worn evenly may have wide spots and still
be flat. Of much more importance is the
uniformity of bearing.

The procedure just outlined will result
in three plates flat to 50-75 millionths of an
inch [oneor two um]. They are not yet truly
flat due to their own elasticity, despite
adequate ribbing and support. The bearing
may appear perfect, but the plates contin-
ually bend to conform one to the other.

To achieve the sought-after 25 millionths
of an inch [0.0006 mm) requires inspection
at this point. A two-footed twist gage, Fig.
19, is employed. An electronic indicator,
with its base resting on the plate, is set so
that its measuring probe registers zero or
datum on asmall central lapped pad on the
gage, when the end feet rest on the diagonal
corners of the plate. Leaving the zero set,
the twist gage is quickly swung 90° to the
opposite diagonal corners. The relative
difference in heights, or “twist,” is regis-
tered as a plus-or-minus reading against
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FIG. 20— T'hree-fooled twist gage has two
gaging pads ab the corners of one side. A
small gage having a slight taper of
0.000050 inch per one-half tnch
japproxrimately one pmn per 10 mm]

of length is applied al the two

gaging pads. The teist gage is self-proved
upon being turned 90° on the surface
plate and lested once again.

the lapped pad. Even though the twist
gage is known to sag appreciably, this sag
is a constant, as evidenced by extremely
good repeatability of the zero.

More local errors may be detected by
exploration with the three-footed twist
gage, Fig. 20. The gaging points with this
instrument are two lapped flats, fixed on
the bottom corners of the single-foot side,
and facing the plate. A wedge-shaped gage,
taperedaccurately 0.0003 inch over 3 inches
[0.0076 over 76 mm] or 0.000050 inch for
every inch of length {0.00254 mm for every
25.4 mm)] of length, is pushed under the
lapped flats to calibrate change in height of
the two lapped flats.

A third method uses a surface gage with
a protruding arm to which an electronic
indicator probe is fixed. The plate may be
searched for even more local errors in this
manner, Fig. 21.

It is important to note, however, that if
the correct scraping procedure is followed,
errors will not be of a local nature, but only
those of overall bow or twist.

In a fourth method, overall “bow” is in-
spected with a “‘straddle’ surface gage, and
a special straightedge having two support
feet .554L apart* and three indicating pads,
Fig. 22. The straightedge can be reversed
for self-check, Fig. 23.

There will be a large area in the center of
the plate which is perfectly flat. The ex-
planation for this will be seen in a test for
rigidity:

The two-footed twist gage is positioned
on diagonal corners and the indicator
zeroed on the central pad. Two hundred
and fifty pounds [113 kg] can be added to
the center of the table with a deflection
of no more than 5 millionths of an inch
[0.000127 mm]. Two hundred and fifty
pounds [113 kg] added to the corners will

*When a straightedge is supported on two points
equidistant from its ends and separated by the factor
.554L (where L is the length of the straightedge), it will
deflect the least from elastic flexure.

FIG. 21-—1In searching for local errors, an
electronic indicalor and stand and a small

lapped block are employed.
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FIG. 22—O0verall curvature of the plate is
inspecled with a “straddle”’ surface gage
and a straightedge having support feet

554LL apart, and three indicaling pads.

FIG. 23— (tnserl) The special straightedge is
self-checked by reversal.

cause a deflection of 15 millionths of an
inch [0.0004 mm].

The plates must now be scraped not only
to the bearing, but to the errors found from
inspection. There is no doubt that the
rouge is slightly abrasive and to a certain
extent also laps the plates flat, but the
practice of stoning to remove local errors is
of dubious value. The temporary accuracy
achieved is at the expense of uneven wear
as the plate is used. Stoning may be used
sparingly and evenly over the whole plate
but only for the purpose of removing the
slight burr resulting from scraping.

An autocollimator may be used to cali-
brate a master plate, using the method
shown diagrammatically, Fig. 24. While it
is an extremely sensitive instrument, one
disadvantage is greater time consumption
(during which temperature fluctuations
may change the datum). Cumulative errors
may result from moving the reflecting
target mirror and changing the span of the
target mirror feet. The necessity of making
charts and analyzing the results can con-
tribute to error. Accuracy of determination
is not much better than the 50-75 mil-
lionths of an inch [one or two um] achieved
without an inspection.

15-Minute Check for Flatness

This dramatic test was made on three 42
inch [1067 mm] master plates—

Three plates were matched one against
the other for bearing. Bearing was close
and uniform.

The two-footed twist gage was set on
diagonal corners on the first plate and a
datum zero set. Moving the twist gage to
the opposite corner, then actually repeat-
ing this on the other two plates without
changing the datum (this involves care-
fully moving the electronic indicator and
stand), revealed no more than 15 mil-
lionths of an inch [0.0004 mm] spread of
indicator readings for all 6 diagonals. Total
time elapsed: 15 minutes.

A guest metrologist who was present at
this time conceded that autocollimating a
surface plate completely, as illustrated in
Fig. 24, would take about three hours per
plate, or a total of nine hours.

I fthe scraping were not of the highest order,
so that the “bearing’ could be relied upon to
prove the absence of local error, the 15-minute
check for flatness would be netther adequate
nor valtd.

Cast iron is of fairly porous texture. Can
such a surface, which is, moreover, flat
only on “plateaus’ spaced apart with de-
pressions, be called flat to 15 millionths of
an inch [0.0004 mm]?

Such tolerances are stated with the reali-
zation that they begin to conflict with the

controversial subject of ‘“‘surface texture”
and all its inherent uncertainties and dis-
crepancies (see pages 125-129). On the other
hand, such readings are entirely reliable
when a square inch (25 mm square] or so
of the scraped surface can be spanned,
Fig. 25, Fig. 26. Further clarification is
difficult since “‘surface texture’ definitions
are not adequately descriptive.

Granite Surface Plate

Granite, for use as a surface plate, is ac-
knowledged to be a very satisfactory ma-
terial for all types of shop, inspection and
laboratory work. It is by far the most
widely used.

On the other hand, the claim that the
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FIG. 24— T'he calibration of a master
surface plale (as shown with an
autocollimator) requires about three hours
and tnvolves cumulalive errors.

FIG. 25 (cenler)—A scraped surface is made
up of a series of plateaus. To indicate
directly over this surface is incorrect
procedure. Instead, a sufficient area should
be spanned with a hardened steel block,
which has been lapped flat and parallel.

cast iron surface plate is headed for extine-
tion is not borne out in actual practice.
Many machine-tool manufacturers, for ex-
ample, still use and prefer cast iron surface
plates.

The granite surface plate does not pro-
vide as acceptable a “‘bearing’ as does cast
iron to which one can scrape masters and
machine members. For this reason, it does
not have a place here in the ‘“evolution”
which will be followed to machine geom-
etry.

See outline of the most important ecrite-
ria to apply in closer evaluations of the ad-
vantages and disadvantages of cast iron
compared to granite for use as a surface
plate. One point in the outline calls for
further clarification:

GRANITE AND MOISTURE—The claim that
the flatness of a granite surface plate is
effected by moisture has not been proved
conclusively.

In a controlled test by Oakley*, two black
granite plates were copiously wetted with
water for some 70 hours. Measurements
made at intervals after the surfaces of the
plates had been dried showed only a small
change in flatness, but revealed that the
plates took about 10 days to regain their
original flatness. This would seem to argue
against the practice of wetting to clean.

Oakley cautions, however, that the
effect of a high-humidity atmosphere has
not been tested. This raises the possibility
that some loss of flatness may result from
high humidity.**

The results should also alert manufac-
turers of granite surface plates to the po-
tential danger involved in lapping with a
liquid solvent. The prevalent practice of
lapping followed by immediate autocol-
limation should be avoided.

*T. R. J. Oakley, “The effect of moisture on the

flatness of black granite surface plates,” “NPL Tech-
nical Bulletin GGG-P-463b, August 3, 1961.

*¥Unpublished letter from T.R.J. Oakley, Febru-
ary 21, 1968.

Turning Simple straightedge Autocollimator

mirror 7
NG 0

Target
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FIG. 26— “Scraper’s block” of hardened
nitralloy steel, lapped flat and parallel

{0 .000005 inch [0.000127 mm), s used
as a gaging poinl when inspecling scraped
surfaces.
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A Comparison Between Cast Iron and Granite

for Use As Surface Plates

CHARACTERISTIC

Wear
Stability
Rigidity

Relative Weight for Comparable Strength

Moisture
Fabrication, reconditioning

Bearing

Accuracy
Burr
Available shapes and sizes

Versatility in use

Temperature effect (absorption)

Temperature effect (radiation)

Temperature effect (coefficient)

Cost

CAST IRON

Good
Excellent
Excellent

High strength for given weight
(ribbing easily cast integral to plate)

Rusts, but will not distort
Lapped or scraped

Will give up a bearing (advantage)

Depends on manufacturer
Raises up (disadvantage)
Limited, often needs special pattern

Excellent—can be machined,
drilled and tapped

Fast to absorb heat, slow to dissipate
(can be advantage or disadvantage)

Reflects radiant heat (advantage)

The same coefficient of expansion
as most steels (usually an advantage but
can be a disadvantage)

Fairly expensive

GRANITE

Good
Excellent
Excellent

Strong, but less for given weight
(impractical to apply ribbing)

Won’t rust, but may distort
Must be lapped

Will not easily give up a bearing
(disadvantage in use, may also limit
attainable accuracy)

Depends on manufacturer
Makes a hole (advantage)
Almost unlimited, can be sawed or shaped.

Good, but needs inserts and fasteners.

Slow to absorb heat, slow to dissipate
(can be advantage or disadvantage)

Absorbs radiant heat,
especially black granite (disadvantage)

Coefficient unlike steel
(usually a disadvantage
but can be an advantage)

Relatively inexpensive
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FIG. 27— A stratghiedge of the form shown
was used to scrape the dovetail ways of
No. 1 and No. 2 Model Jig Borers. Ils
accuracy was limited due o lack of
rigidity and because ils 45* form was nol
self-proving.

2. STRAIGHTEDGES

All straightedges are derived from the flat
plane, but design will vary with different
applications.

A straightedge, Fig. 27, was used as a
master for seraping the dovetail ways of the
Moore Model No. 1 and No. 2 machines.
Its uniform structure minimized distortion
from heat, but it was not sufficiently rigid
to prevent bending, either from its own
weight or from the application of pressure
to produce a bearing. A further disadvan-
tage was that its 45° form, unlike a 90°
form, was not selfproving.

In the quest for a straightedge capable
of producing closer accuracies, other de-
signs evolved, Fig. 28. It was observed that
while each would resist bending in one di-
rection, none possessed sufficient cross-
section rigidity to resist bending in all
directions. Also, being of non-uniform con-
struction, they easily distorted from un-
even temperature distribution.

Case History No. 1

A straightedge of a type shown at left in
Fig. 28 was matched to a master surface
plate. The bearing pattern continually
shifted, yet tests indicated that the shift
was not caused by deflection. A chance re-
mark revealed that the surface plate had
recently been transferredfromanotherarea.

The suspicion that temperature was the
culprit was easily confirmed by deliberately
holding the top of the straightedge for a
short period of time. The heat of the hand
made the bearing pattern shift even more
drastically. What had taken place was that
the temperature of the air differed from the
temperature of the surface plate. The top
of the straightedge was influenced by air
temperature, and the base was influenced
by the temperature of the surface plate
upon which it rested, with uncertain gra-
dients of temperature in between. The re-
sult was a changing and unpredictable dis-
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FIG. 28— The straightedges shown were at
various times used as masters for

machine ways, but were not self-proving,
not sufficiently rigid, and unduly sensitive
to temperature vartations.
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tortion of the straightedge due to its own
non-uniform temperature.

CoNcLUSION—This type of straightedge
was judged too susceptible to distortion un-
der slight temperature differentials, making
it impractical to use where close tolerances
are required.

Case History No. 2

A machine V-way was scraped, using
the middle straightedge of Fig. 28 as a
master, until the bearing was uniform. To
self-prove the straightedge it was turned
end-for-end in the V-way. The bearing was
still uniform. Yet subsequent autocollima-
tion revealed that machine “V”’ had con-
siderable horizontal deviation from a
straight line.

CoNCLUSION— This straightedge was bend-
ing to conform to the machine “V,” and
had insufficient rigidity to be used as a
master.

Bearing in mind the limitations which
were apparent with conventional straight-
edges, a master straightedge was designed,
Fig. 29, with the following features:

1. Rigid cross section to minimize de-

flection in all directions;

2. A symmetry and uniformity which
minimize distortion when thestraight-
edge is subjected to uneven tempera-
ture distribution;

. A 90° form to be used as a master to

construct a master “V”’;

. A 90° form and straightness which are
self-proving both in fabrication and
in use.

YY)

>

Creating a Master Straightedge

Fig. 30 shows the approach taken to scrape
the master straightedge. Side 1 of the
straightedge is matched to the master sur-

i

PIG. 29 1The box slradghiedge 1s the Gest
LAt 1s exiremely rigid, 1ls 90°
form 1s self-proving and il 18 relalively

tnsensitive to lemperalure change.

Side No. 2

(Flat and parallel
tosideNo. 1)

Side No. 3 )
(Flat and square Side No. 4
to sides Nos. 1 & 2) (Flat and parallel
to side No.3)

SideNo. 1
(Flat)

F1G. 30-~The sides of the bor straighiedge
are scraped in the order of the numbers
lisled.
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PIG. 31— Afier side 1 1s seraped flut, side
2 18 seraped parallel to it. I'nspection uses
the master surfuce plate as a flat datum,

face plate. Side 2 is also matched and, by
means of a thickness check, Fig. 31, also is
scraped parallel to side 1. Side 3 is scraped
square to sides 1 and 2. Inspection is by a
common method, Fig. 32. With thestraight-
edge supported on side 1, a knife edge on
the indicator stand is pressed against side
3, and a zero set. The straightedge is turned
180° to side 2, the indicator and edge again
pressed into contact with side 3.

Any out-of-squareness is revealed as half
the difference between the two indicator
readings and gives the direction in which
side 3 must be adjusted for squareness while
still maintaining flatness. For highest ac-
curacy and in order to avoid local flatness
errors in the master surface plate, the
straightedge should be turned end-for-end,
as well as through 180°, so that the position
of the indicator stand on the surface plate
is not altered.

Once 3 is completed, side 4 is scraped
parallel to it, which means that side 4 is
automatically square to sides 1 and 2.

The resulting straightness can be no
better than the 25 millionths of an inch
[0.0006 mm] flatness of the master surface
plate, since the straightedge will bend this
amount and, in fact, may have as much
as 40 millionths of an inch [0.001 mm] bow.
This is not revealed in a check either for
bearing or for thickness. Any improvement
upon the 40 millionths of an inch [0.001
mm)] straightness can only be achieved by
proving the straightedge against a Measur-
ing Machine. Squareness and parallelism,
however, are obtained to 10 millionths of an
inch [0.00025 mm], since the overall bend-
ing does not effect local cross-sections.

Itisimportant tonote that bothstraight-
ness and squareness have been developed
from the surface plate. Other designs of
straightedges and squares are created simi-
larly.

¥1G. 32—NSide 3 18 scraped flat and square
lo stdes 1 and 2. The knife edge on the
wndicator stand is pressed against the

lower area of side 3. Any oul-of-squureness
is revealed us half the difference of the
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indicator readings when the
stratighliedge (s lurned over (180°), to side
2 and compared again as shown,



F1G. 33— A single, female V can be made
extremely accurate simply by seraping lo
the bearing imparted when rubbed (o the
master siraighledge.

The function of the master straightedge
will be to produce the straightness and 90°
form of a master “V.”

3. THE FEMALE DOUBLE V
MASTER

An accurate female V master, Fig. 33, is
created by matching a machined V to the
right-angle corner of the master straight-
edge. Purely by scraping to the bearing im-
parted, and without the use of auxiliary
inspection devices, the 90° form of the V
will be in error less than 10 millionths of an
inch overits1 14 inch depth of flank [0.00025
mm over 38 mm] and its straightness will
be close to 0.0001 inch [0.0025 mm] accu-
racy over its length, for these reasons:

1. The straightedge is highly resistant
to deflection across its diagonal sec-
tion;

2. Since the squareness error of the
straightedge over 8 inches [203 mm)]
was less than 10 millionths of an inch
[0.00025 mm], the 114 inches [38 mm]
of corner being used will be propor-
tionately less in error.

3. The straightedge can be self-checked
by reversal;

4. Each of the four corners of the
straightedge provides another cross-
check and long wear-life.

The ability to achieve straightness to 25
millionths of an inch [0.0006 mm] depends
on the support given the female master. If
supported only on a rough-cast surface
when being rubbed for bearing, it will bend.
Even the precaution of supporting the fe-
male master on its points of least deflection
will not prevent bending when the weight
of the straightedge is added, Fig. 34. The
proper method is to scrape the underside
of the female master flat, and when being

FIG. 34~ The female double V masier will
easily bend if supported on a rough-~cast
surface, or even if supporied on the poinis
of least deflection, as shown.



rubbed for a bearing, to support it on the
master surface plate, directly over the
triangle of the three-point support, Fig. 35.

The single V must be straight and of 90°
form. The double V presents, in addition,
more complex problems of geometry: lean,
center-distance, horizontal parallelism and
vertical parallelism (‘“twist’’), Fig. 36. For
reasons of machine design, which will be
fully explained in a later section, Moore
uses double V-ways of 614 inch [165 mm]
and 813 inch [216 mm] center-distance
on the base construction of its No. 114
and No. 3 machines. The female double V
master will be the authority for these
double V’s.

Scraping each V to the straightedge only
results in two straight 90° forms, but ran-
dom in space. To bring the V’s into a pre-
scribed geometric relationship to each
other, there must be a systematic inspec-
tion and correction of each type of error
mentioned in Fig. 36.

The now-flat underside of the female
master not only provides a deflection-free
support, but in conjunction with the
straightedge and the 48-inch [1219 mm]
plate on which it is supported, provides a
reference datum in many of the following
inspection procedures.

1. Form—F1ig. 37.—The 90° V 1is chosen
mostly because of its unique relationship
to the flat plane, so it is easily duplicated
and proved. An exact 90° is not a pre-
requisite to the ultimate accuracy of the
machine V provided the mate to the
female V is of an identical angle.

It has been seen that the right angle is
precisely achieved through use of the
straightedge. One method of proof of the
90° angle sometimes suggested in treatises
on measurement is by means of two round
pins,such as 214 inches [57.15 mm] and 1%

F1G. 35— T'he proper method of support for
a master is to scrape its underside jflat and
to rest it on a perfectly flat surface.
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FIG. 36— Form, lean, cenler-distance,
verlical and horizonlal slraightness,
horizontal and veriical parallelism-—all
neust be established and tnspecied in the
double V design way system.

T
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CENTER DISTANCE

A
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‘“Horizontal bow" //A

STRAIGHTNESS HORIZONTAL PARALLELISM VERTICAL PARALLELISM OR “TWIST”
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FIG. 37—"1"he 90° V-form is established by
the master straightedge and can be made
very accurately because of its unique
relationship to the flat plane.
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All dimensions shown are in inches.

inch [12.7 mm] whose sizes are accurately
known, Fig. 38.

Measuring their relative differences in
height in the V by comparison with gage
blocks will reveal the correctness of the 90°
angle. This method, however, involves
many cumulative errors (size and round-
ness of the pins, picking up their high point
in the V, the line-contact of the pins in the
V,theerrorinthegage blocks, etc.). A better
method would be to use a master cylinder
square in the V and view a light gap against
one flank of the V while set against the
other.

Neither method would match the accu-
racy already achieved by matching the V to
the straightedge.

2. Lean—F1g. 39.—In two methods of in-
specting for ‘“lean,” the V’s are compared
to a common datum, the flat underside of
the female master. In the first method, a
4 inch x 4 inch [100 mm x 100 mm] square
gage, fixed to the end of the straightedge
which rests in one of the V’s, is inspected
for parallelism to the surface plate, Fig. 40.

Lean of the V relative to the base of the
female master shows as an out-of-parallel-
ism of the gage. Lean of the V’s relative to
each other shows as an out-of-parallelism
of the gage when the straightedge is placed
in thesecond V. This set-up is self-proving.
If the straightedge is truly square, paral-
lelism of the gage will be identical as each
of the four corners of the straightedge are
placed in the same V. The straightedge
may be turned end-for-end to inspect the
square gage.

In another method,.a small V-gage,
which has two sides at 90° to each other, is
used. The third side, at 45° to the other
two, isindicated across, Fig. 41, to discover
any localized lean. Repeat readings made
when the gage is reversed in the V-way
self-checks the gage.

FIG. 38—O0ne method of proof of the 90°
form awhich 1s sometimes advocated does nol
resull 1n accwracy in prociice.
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PIG. 89~ -Lean.

FIG. 40—Lean of the V is inspected as
shewn. The straightedge is self-proved
by being iuwirned end-for-end as well as
by placing each of its corners in the V
and repeating the check.
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V1G. dt—Another method of inspecting
fean, but more locally, employs a small
V-gage.
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F1G. 42+~ Center-distunce of the V's.
Standardized center-distances of 6.5000
inches [1685.100 mm | and 8.5000 inches
[215.900 mm] are used for convenience of in-
terchangeability of machine-members. An
exact center-distance vs nol a prerequisite to

accurate performance, providing maliny

members are the same center-disiance.

! CENTER DISTANCE !
1 1
6.5000
! // // // 6.0000 / / |
D rcl)llers /
i ]
h
- 8.5000 center distance vl

All dimensions shown are in inches.

FIG. a4 The Universal Measurimg Machine
s the most accurate method for establishing
center-distance of double V masters.
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16, 43 —{center) Measurenment of center-
distunce of the V's by mcans of gage pins 1s
not sufficiently reliable,

3. Center-Distance. Fig. 42. —It might be
debated that the center-distance of two
V’s is not a derivative of the flat plane but
a linear function, hence more properly
treated under “standards of length.”
However, as with the 90° angle, a known,
measured center-distance is not a pre-
requisite to an accurate system. Mating
V’s must only be compared by inspection
to verify that they are of the same center-
distance.

Standardized center-distances of 6.5000
inches [165.100 mm] and 8.5000 inches
[215.900 mm] are used on No. 3 and No. 1Y/
machine V-ways for convenience and
interchangeability.*

In one method of establishing distance,
the correct stack of gage blocks must fit
between two pins in the V’s, Fig. 43. Since
this method relies too much on “feel,” a
better method is to check the center-
distance of the V’s on the Moore Univer-
sal Measuring Machine, Fig. 44.

Once the center-distance is established,
it is transferred to other “working”
masters by means of a special double-V
gage. One V of this gage is reed-hinged to
allow setting against an electronic in-
dicator, Fig. 45. Once a datum or “zero” is
set, the scraping master may be com-
pared to the double-V gage, Fig. 46. The
female master is never again used in pro-
duction, but only periodically as the
ultimate arbiter of center-distance.

4. Vertical and Horizontal Straightness,
Fig. 47 (left and right respectively). It has
been seen that 0.0001 inch [0.0025 mm]
straightness can be achieved through use
of the straightedge alone, but straight-
ness in the horizontal plane is more easily
achieved than that of the vertical. The
reasonis that the straightedge,when rest-

*Due to historical circumstances, the standardized
center distances are not actually nominal as implied, but
are known precisely.

Chief Inspecior here esiablishes
center-distance of the ultimaie masier,
which is a hardened, ground and lapped
double V gage.



FIG. 4510 lransfer cenler-dislonce from

the wltinale master, a double V male gage F1G. 46--Once the dalum 1s set, the

18 used. One V oof the goge 18 reed-hinged cenler-distance of the female double V
to allow setting a dalum with an electronic master can be compared to the hardened
Tndicalor, master and scraped to agreement.

i
[ 2z

“Vertical bow" “‘Horizontal bow"’

STRAIGHTNESS

¥1G. 47— Veriical (left) and horizontal
(righl) curvatures in V-ways are shown.
Straightness in both planes 15 establi'shed
through wuse of the straighledge and masler
surface plale by self-proving methods.
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R1G, 48— The straightedge Tmparts is
stradghiness lo the female V. The
straighiedye 1s self-proved wpon berng
reversed 180° and examining the bearing.
e method 13 sensitive, since any ervors
are opposed upon reversal.

ing in the V-way, has greater force down
through its vertical diagonal due to its own
weight than across its horizontal diagonal.
The straightedge thus bends more to con-
form to errors of curvature of the female
master in the vertical plane.

Self-proving the horizontal by revers-
ing the straightedge end-for-end reveals,
through bearing change, even the slightest
bow of the straightedge itself, Fig. 48. Self-
proving the vertical direction by turning
the straightedge upside down, Fig. 49, self-
proves the vertical straightness, but to
some extent repeats the vertical deflection.
Fortunately, the vertical straightness devi-

-

P

§
|

ation can be given two good inspections. In
the first, change in height of a 114 inch x
114 inch [28.6 mm x 28.6 mm] square section
gage with a small indiecating pad is recorded
over the length of each V. In a second
method, each V is autocollimated for verti-
cal straightness, Fig. 50.

The most convenient method of inspect-
ing horizontal straightness of each V is by
autocollimation.

5. Horizontal Parallelism, Fig. 51. Since
all double-V’s at Moore have standard
center-distances, ultimately derived from

the 614 inch [165 mm] and 814 inch [216

42

mm] female double-V masters, the actual
center-distance need no longer be measured.
The problem is now only that of maiching of
the V’s in terms of horizontal parallelism,
without the connotation of any actual
distance.

Horizontal parallelism is inspected with
a fixture, shown in Fig. 52 (or the gaging
setup of Fig. 45 may be used). An indicator
and arm are fixed to a cylinder resting in
one of the V’s. Rotating the cylinder slowly
in the V (against a spring helper) registers
a zero of the indicator against the high
point of a cylinder in the adjacent V.
Parallelism is charted by ecomparing sub-



proved by Luining ightedge
'de down. The indicator shown at the

rify the straightedge, as in




FI1G. 50--7"he most convenienl tnspeciion
Sor straightness in both planes s by
autocollimation.

sequent readings taken over the length of
the V’s to this zero. The latter inspection,
whileitmayrevealcertain errors of straight-
ness, should not be the basis of correction
for straightness. (Attention is called to
‘“Requirements of an Inspection Instru-
ment,” page 19). This inspection does not
reveal which V deviates, or how much. Sim-
ilarly, an inspection for horizontal parallel-
ism would discover no error in two V’s which
were parallel but not straight.

6. Vertical Parallelism —known also as
“twest”’, Fig. 53. “Twist” of the V’s is
inspected in the same manner as the indi-
catormethod under‘““‘verticalstraightness,”
Fig. 54, using a precision plug gage, except
that the V’s are now presumed to be
straight, and are inspected for parallelism.

Autocollimation will only reveal devia-
tion from a straight line, and thus does not
inspect either horizontal parallelism or
twist.

For simplicity, the procedure outlined
was confined to the female master. In
practice, a mating male double-V master
was developed simultaneously by matching
it to the female master. By reversing, both
the male and the female masters are self-
checked for center-distance and straight-
ness, Fig. 55. Although accurate, the
straightedge is not as sensitive and reliable
as is the final check where mating double-V
masters are reversed. It is a definite advan-
tage to have masters that encompass both
rails.

Of all the various way-designs in com-
mon usage, such as the V and flat, or the
gib-type, only the double-V can be reversed
as a self-check, if a master is to be used
that gives bearing on both rails at once.

The inherent value of the double-V con-
struction was apparent as early as 1931
when it was used between the column and
housing of the No. 1 machines, Fig. 56.
The double-V design was repeated in the
column of the No. 2 machines. This ex-
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¥IC. 51~ Horizontal parallelism of the

178 must be generaled and tnspected when
a double V-way design 18 employed.

PG, 53— Vertieal parallelism or “lwsist”
1s one of the moest difficull and
troublesome errors to eliminale in machine
slide-ways. Many machive-lools have u
Lwist 1n their ways because the masters
used are developed from surface plales
having a “lwist.”’

L

7

HORIZONTAL PARALLELISM

A\

VERTICAL PARALLELISM OR “TWIST"”

WG, 52— Horizontal parallelism s
nspected with this gaging set-up, or by the
reed-hinged gage shown in Fig. }6.
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FIG. 54— T0 inspect for twist, the height of
both V’s is compared over full length, using
the master surface plate as the datum.

FIG. 56-—The advantage of the double V

was recognized early and was used in the

column of the No. 1 Jig Borer.

Male scraping master

\_—________———'

Female master

Same male master turned end-for-end

Female master, same position

perience formed a basis for the evolution
of skills and techniques necessary in work-
ing to a double-V.

In singling out the specific types of
errors, the writer recognizes that it is one
thing to discover them and quite another
to translate analysis into correction. Serap-
ing the double-V, involving many combina-
tions of errors, will put a good scraper to
his mettle. He must thoroughly understand
the “geometry” involved, for he may be
scraping for several types of errors simul-
taneously. An unnecessary amount of time
may be expended if he fails to put a proper
value on each.

Usually, several years of training are re-
quired before a man is given the task of
scraping a «ouble-V. It is readily admitted
that when badly done, a double-V can be
the worst type of machine construction.
An accurate double-V, on the other hand,
besides being a “natural” standard, will be
seen to be the most advantageous in terms
of actual machine performance.

4. MACHINE DESIGN

Coordinate Location

A machine tool with two movable axes,
“X” and “Y,” each with its measuring
element, can position to any point in a
plane, Fig. 57. X and Y axes may both
carry the piece to position it relative to the
spindle, or the X axis may alone carry the
piece and the Y axis carry the spindle.
Coordinate location may be in a vertical as
well as a horizontal plane.

With a third axis, “Z,” perpendicular to
X and Y, the location is to any point in a
cube bounded by these three travels. A
full measuring element is not always neces-
sary in the Z axis (a machine may work
mainly on through holes), but auxiliary
means are usually included to establish
distance.

FIG. 55— "The advantage of the double V is
best illustrated here. If male and female
conform, but are not stratght (left), then
upon reversal (right), the errors are
opposed. The bearing 1s non-uniform
(lower right). The ability of double

46

V masters, or machine-mermbers to be
reversed provides a quick, sensitive check
which 1s always available.



Geometry as a Function of
Machine Accuracy

Straightline Travel: A Factor in
Locational Accuracy

Relatively slight errors of straightness in a
machine’s ways may result in very sizable
errors in location when machining or mea-
suring holes and surfacesin an actual work-
piece.

The nature of this error can be pictured
as spokes in a wheel, Fig. 58. For example,
a horizontal curvature of only 0.0001 inch
in10inchesof travel [0.0025 mm in 250 mm)]
will introduce a locational error of 0.0008
inch at 10 inches out [0.02 mm at 254
mm] from the machine’s lead screw (or
other measuring element). The actual
travel is greater or less than nominal de-
pending on whether the interval that is set
is on the side of the lead screw axis farther
from or nearer to the center of curvature of
the ways.

The same magnification of error.also
occurs in the vertical plane. In the case of
a concave arc, Fig. 59, travel is foreshort-
ened, the axes of the holes are out of paral-
lel, and point at one another at some dis-
tance above the table.

In the case of a convex are, Fig. 60,
travel is lengthened, the axes of the holes
are out of parallel, and point at each other
at some distance below the table.

The principles involved here have to do
with what is often referred to in metrology
as the “Abbe effect.”

Causes of an Arc in Travel

The causes of an arc in travel are:
1. Original error of straightness scraped
or machined into the ways.
2. Deflection of machine members.
To prevent deflection, each axis must be
supported in its full travel. The designer is
often tempted to increase the travel of the

F1G. 57— T'he theory of coordinale-location
to establish any point in o plane is shown
here. The principle is the same with all
coordinate-locating machine-tools, even
though the type of machine construction,
way design and measuring elemeni may
paTY.
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FIG. 58-—Curvature of travel 1s best and oceurs regardless of the type of
visualized as spokes in a wheel. The measuring element in use (lead screw,
measuring element remains unaliered, but precision scale, laser interferometer, elc.).
the actual distance the part moves varies

along the spoke. This error 1s very severe
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FIG. 59— A concave travel in the vertical
plane 1s shown. 0.0001 inch curvature in
10 inches of lravel [0.0025 mn per 260 min]
will cause a shortening of travel of .0008
inches [0.02 mm) at o distance 10 inches
[250 mm] above the ways.

Only 9.9992 inches travel at
10 inches above ways.
(In error by 0.0008 in)

/[ﬂw\\

j 79,9992 inches

- T
I =
I = -

] [ %
e

Luw, 10 inches travel
i

.0001 in. curvature

axes without support, since it is less expen-
sive. The tolerances required of vertical
millers and similar machines will permit
this, but it is an unfortunate compromise
in high-accuracy machines. The resulting
‘“overhang”’ causes a sag as the table passes
beyond its support, Fig. 61. Deflection
from weight can have a constant value, but
the conditions of deflection must be iden-
tically repeated for this to be so. For ex-
ample, in Fig. 62, the ways can be scraped
concave to compensate for the deflection
caused by the table, but not for the variety
of weights of workpieces that may be
mounted on it.

Wear of Machine Ways

The ways in a machine tool tend to wear
concave, because the center of the travels

is most used. Wear can be minimized in de-
sign by:

1. An overall machine configuration or
way design that tends to minimize
wear;

2. Having the two guideways on each
axis subject to uniform load, uniform
friction;

3. Preventing excessive wear on one
short portion of the travel.

The machine’s measuring element is usu-
ally blamed for loss of positioning accuracy
when more often the cause is wear in the
machine’s ways.

Deliberately putting an error into the
measuring element to compensate for wear
is a poor practice. Accuracy is still attained
at one distance and only one distance from
the ways, Fig. 63. At all other distances
along the “‘spoke,” that axis will be in error.
Instead, every possible design precaution
should be taken to discourage wear, espe-
cially uneven wear, since even a relatively
small arc can produce serious errors.

Another poor substitute for geometric
accuracy is shifting a machine tool’s pre-
cision scale to compensate for curvature of
travel.

Squareness of Travel Is a Factor
in Locational Accuracy

Coordinate location demands a 90° rela-
tionship of the X-Y travels. Out-of-square-
ness causes a locational error, Fig. 64. Out-
of-squareness most often has a constant
value with each machine, but there are
circumstances under which this is not so.
Squareness may be altered by deflection,
shift of the travels (due to poor guide
ways), or heat. If the axes do not travel
straight, squareness calibration can only
have a mean value, Fig. 65.

When used in one relative position, the
Z axis is usually not a function of coordi-
nate location accuracy. However, loca-

FIG. 60— A conver are tn the vertical plane
1s 1llustrated. Error 1s magnified us in
Fig. 59, but the center-distance of holes 1s
now established too far apart, and out of
parallel us shown.
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G, 61-—1[ the ares are nol supported over
full travel, movement of maclhine members
caunses a sag, resulling in errors as shown
mn figs. 59 and 60.

PiG. 62— Allempls to compensale for
“overhang” by scraping the ends of the
lravels high (left) 1s tnadequate, since the
deflecting force 1s nol always the same
(right).

Travel T

oo™

Table

- Overhang

Base

Pl

Travel

Scraped high

7 e

e L

Base

Measuring element compensated for height “'h’".

Actual inch

Locational error in *“X’’ from out-of-squareness

el

TR

Y not Isquare

x

Y not square

¥IG. 63— Compensalion for curvature of
travel by lengthening the measuring element,
or shifting il while the axis moves, 1s also a
voor subslitute for geometric accuracy. The
aclual travel 18 only correct at one point
along the “spoke.”’

F1G. 64— Qui-of-squareness of X and Y
axes causes a localional error.

11G. 65—1If the ares do not travel straight,
squareness can only hlave a mean value.
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FIG. 66--Locational error may be caused by
the out-of-squareness of the 7 axis, when
horing holes al different heights,

Actual position
True position L

Z axis

locational error

PIECE PART

-

Column

tional error is in proportion to the out-of-
squareness of the Z axis, and the extent of
the Z axis used, Fig. 66.

An additional error is caused when quill
travel is not parallel to the Z axis, Fig. 67.

Temperature Effects on Geometry
of the Machine

Sources of uneven temperature distribution
from the environment have already been
mentioned in regard to scraping masters.
Consequences of temperature variation are
even more detrimental to the accuracy of
a machine tool.

Most subtle and most difficult to combat
is “stratification’” of room temperature,
which usually takes the form of a cold floor
and warm ceiling. A machine tool also has
its own heat-producers—motors, spindle
bearings, gear and belt drives, lights, heat
from cutting.

FIG. 67— Misalignmeni of the qiill may
also cause a locational error.
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It is impossible to completely eliminate
uneven temperature distribution in a ma-
chine. It s possible to minimize the loss of
accuracy due to “temperature’” through
observance of the following design con-
siderations:

1. Sources of heat should be removed or
insulated from the main body of the
machine;

2. Spindle bearing heat should be iso-
lated from the coordinate (X-Y) axes.

3. If X and Y axes are at the same room
level, the measuring element of each
will be more nearly the same tempera-
ture;

4. Where possible, the coordinate axes,
the measuring element and the work-
piece should all be in the same ‘“‘heat
sink.”

MACHINE CONFIGURATION

Accurate hole-location machine tools are
best represented by those in the ““jig borer
family’’ where the most sophisticated con-
struction is employed. Despite individual
characteristics, jig borers can be classified
under three basic designs:

1. Planer-type

2. Horizontal spindle

3. Compound-type
While thereis overlapping of function, each
design has a certain realm of work for
which it is best suited. It will be observed
that none of the designs is perfect. A fea-
ture of one may be an advantage only by
compromising elsewhere. The user must
analyze the design with a view to what fits
his own type of work. It is instructive to do
so with these considerations in mind:

1. Deflection
a. Of the machine’s members from

movement
b. From cutting pressure
Temperature
Type of workpiece
Operator convenience
Wear

o g0 po




The Planer-Type Jig Borer

The design of the planer-type jig borer,
Fig. 68, includes a long base which supports
the table, or X axis, in its full travel. Two
upright columns, straddling the base, are
joined at the top for rigidity. The two col-
umns guide and support a cross rail, which,
in turn, carries the spindle housing contain-
ing the spindle, quill, spindle gears, feed
gears, etc. The spindle housing, guided by
waysin therail, travels as the Y axis.

The cross rail is positioned vertically by
twolead screws, oneat each end, whichmust
be of identical leads to maintain parallel-
ism of the rail to the table at all heights.

There are two primary advantages of the
planer-type design. Foremost is the fact
that X and Y axes can each be given sep-
arate support. This is of benefit especially
in larger machines to limit deflection in the
base (contrast this with the compound-
type). Secondly, it achieves large capacity
without becoming unduly massive.

To establish parallelism of the spindle
housing travel to that of the table, the
column mounts are scraped. Squaring the
X and Y travels is accomplished by shift-
ing the columns and then taper-doweling in
place.

The rail guide-way is scraped convex to
compensate for the deflection of the rail
which results from the weight of the spindle
housing. The amount of deflection can be a
constant factor, but only if the conditions
of deflection are repeated.

For this reason, it is necessary in order to
achievemaximum accuracythatthespindle
housing be returned to a central position
before the rail is clamped to the columns,
or is elevated or lowered. This procedure is
required in terms of the rail-elevating
screws as well. They must be of an identical
lead to maintain parallelism of rail to table.
This is possible only when the load shared
by each is constant.

The precaution of coming to center can
effectively reduce the variance of deflection

RiG. 68 The planer-tyupe jig borer achieves

capactty in one plane withoul

ccoming unduly tve, and 18 besl

suited for flal work.

Z axis

Quill housing

Rail

Y axis

Column

which would otherwise occur, but adds to
the time required for setting.

The top way of the rail also is scraped
convex for reasons of wear. The center of
travel is subject to more than normal wear,
since most of the load is carried by the
upper way in the rail. An arc in this rail
results in a locational error, magnified with
the distance of the cutting tool or indicator
from the ways, Fig. 69. With better condi-
tions of support in the base, there should
be no undue wear in the base ways. If the
tabletravelsin an arc in the vertical plane,
positional error will be magnified with the
height above the bed ways.

Worksize limitations are determined by
the configuration of the machine. The
piece must fit under the spindle and be-

LG, 60— Anr are in the rail of the
planer-type jig borer will resull in a
locational crror magnified with the distanee
of the cutling lool or indicator from the

WAaAYSs.
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F1G. 70—"7"he horizontal spindle 51y borer
18 a rigid design, well-suiled for heavy
machining and box-type workpieces.

FIG. 71—(cenler) T'he quill of the horizonlal
spindle jig borer sags of ils own weight as il
is extended from the housing.

Work piece

tween the columns. For this reason, the
planer-type is more suited to flat work.

Besides the necessity of returning to

center of balance before elevating the rail
(which includes the weight of dials, gears,
ete.), setting time is increased by two other
factors:

1. Since the spindle housing moves as
one of the axes, it is at times difficult
to reach by the operator for tool
changing, operating spindle controls,
or indicating the workpiece;

2. Separation of X and Y axes places
positioning indexes and handles far-
ther apart on the machine.

With the indirect relationship of the trav-
els—the spindle housing travels on the
rail, the rail on the columns, the column
fastened to the base—temperature be-
comes more critical. Any localized heat,
such as from spindle-bearing warmup or
heat on one of the columns, can more eas-
ily alter parallelism and squareness of the
travels. Stratifications of room tempera-
ture may cause the measuring element in
the rail to be warmer than the measuring
element in the base.

The Horizontal Spindle Jig Borer

As with the planer-type, the horizontal
spindle jig borer, Fig. 70, gives separate
support to X and Y axes. The bed sup-
ports the table, or Y axis, in its full travel.
However, the spindle is horizontal, and its
housing travels as a vertical Y axis. Coor-
dinate locations are then in a vertical plane.

The spindle housing is usually elevated
by a lead screw and guided by the ways in
a single or sometimes double column.

In addition, there is a Z axis in a hori-
zontal plane on the base, parallel to the axis
of the spindle, to accommodate different
size workpieces, or to control depth of cut;
this axis is equivalent to the rail-height
adjustment in the planer-type machine.

A horizontal spindle can sag of its own
weight as it is extended, Fig. 71, or can

P1G. 72— Use of end supporis as shown will
prevent loss of accuracy of the horizonlal
quill only wilh a greal deal of lime und care.
Use of the Z uxis lo feed the workplece
with the quill fixed i3 arother melhod
whereby error due lo quill sag is avoided.
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The most satisfactory method is o use an
accurate indexing table and to in-line bore
the piece half-way from each side.



FiG. 73— T'he compound-lype jig borer s
preferred in the smaller machines. In the
larger size, it becomes vory massive,
considering ils capacily, bul is somelimes a
desirable compromise when the class of work
falls in behween the requirements of the
planer-type and horizontal spindle jig borer.

settle as its weight squeezes out the oil
film between the quill and its bearing.

An early method of minimizing spindle
sag in horizontal spindles by means of end
supports, Fig. 72, is still widely used today.
This procedure achieves accuracy only
with care and time. Another way to cope
with spindle sag is to use the Z axis to feed
the workpiece into the spindle. This, in
turn, introduces location problems, because
the table rises on an oil film as it moves.
Use of roller ways will minimize the prob-
lem of oil film, but introduces the even
more serious problem of shielding the
rollers against dirt and chips.

Actually, the problem of spindle sag has
been satisfactorily solved with the advent
of accurate indexing tables. To avoid long
quill extensions, the piece is indexed 180°
and ‘“‘in-line”’ bored from the opposite side.

Where use of the horizontal spindle pre-
sents problems of sag, there is an advan-
tage in being able to take a heavy cut with-
out deflection: the spindle is backed by the
full rigidity of the column.

Extremely heavy workpieces, such as
box jigs, gear boxes, and housings, can be
machined most productively on this ma-
chine. They are easily indexed to all four
sides, a good cut may be taken, and they
can be accommodated on the table with no
obstructions. However, flat pieces are more
awkward to handle because they must be
mounted on an angle iron to be presented
to the spindle.

Operator accessibility to controls is diffi-
cult to achieve in a large machine, and is
probably best met by the horizontal spindle
design. The spindle and positioning con-
trols can be reached by the operator from
one position.

There should be no inherent wear prob-
lem due to the horizontal design, but an
arc in the travel would, as in the planer-
type, magnify positional error the greater
the distance of the spindle from the column
ways or from the bed ways.

With this type of column construction,
localized heat would cause no undue distor-
tion, but the squareness relationship of the
travels is not as direct as with the com-
pound-type machine. Spindle warmup can
be a source of positional error, because the
spindle housing moves as one of the coor-
dinatesin location. With the box-type work
for which the horizontal machine is best
suited, the Z axis may be just as important
as X and Y axes, in which case having a
spindle in one of the axes is unavoidable.
Since the spindle housing is at the work
level, stratification of room temperature is
notasseriousa problem asin the planer-type.

The Compound-Type Jig Borer

The base of the compound-type machine,
Fig. 73, supports both travels. The com-
pound slide itself, being guided and sup-
ported by the ways in the base, moves as
the Y axis. The upper ways of the com-
pound slide, guide and support the table
travel, or X axis. The squareness relation-
ship of the travels (X and Y axes) is thus
embodied in one member, the compound slide.

A single column mounted on the back of
the base carries the spindle housing in its
vertical adjustment, or Z axis. This ad-
justment is used for depths beyond the
range of the quill travel, or to accommo-
date larger workpieces, and must be per-
pendicular to the X and Y axes.

As with the planer-type jig borer, the
spindle is vertical and coordinates are in
the horizontal plane.

Loss of accuracy from temperature is
minimized in the compound-type machine
for the following reasons:

1. The single column design minimizes

distortion from localized heat;

2. Table, compound slide, both linear
standards and workpiece are all in
the same equalizing ‘‘heat sink.”

3. Thelinear standards of X and Y axes
will be the same temperature despite
stratification of room temperature;

Column

Table

Compound
slide

Base

4. Squareness of the travels, being main-
tained in one member, the compound
slide, is not likely to be altered by
temperature conditions;

5. Spindle bearing heat is isolated from
the positional axes (although the
spindle axis will still shift due to
heat).

There should be no undue wear due to the
compound-type design. The most common
error resulting from wear is a concave are.
The workpiece limit is defined by the
throat distance (column to spindle), and
by the working height under the spindle
nose. However, with this design, riser
blocks (spacers) are easily installed be-
tween column and base to increase work-
ing height. Large, box-type pieces are not
machined as efficiently as on the horizontal
spindle machine.

In the smaller compound-type machines,
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FIG. 74--The Voand flal way design,
thowugh often considered the ideal, has
many disadvantages, nolably In unequal
friction of the ways and inubility to

cenlralize e thrust.

016G, 75— When o welght is placed over the
Aat way of the V' und flai design, the abilily
of the V o guide 1is diminished. The
thrusting element s now not balanced.

Unequal friction,
unequal wear

5

&/J_H

Thrusting element
cannot be centralized

positioning handles and spindle controls
can be reached by the operator from a
standing, or even sitting, position. Rapid
adjustment for work height is possible with
a counter-balanced housing and a simple
clamping arrangement. The larger the com-
pound-type machine becomes, the less con-
venient it is to operate.

Because of the small overhang of the
spindle housing, the advantage of a vertical
spindleis gained without sacrificing cutting
rigidity, although relatively speaking, not
as rigid a cut is possible as in the horizon-
tal-spindle machine.

Both table and compound slide must be
supported in their full travels which means
that, for additional capacity, the machine
gains in size virtually as its cube. The
compound slide, in moving, has the addi-
tional weight of the table to support. If the
table is at the extremes of its travel, or if
a large workpiece is not centered, the com-
pound slide must move an off-center
weight. For these reasons, deflection in the
base and a deflection or shift in travel in
the compound slide are difficult to prevent
in the larger compound-type machines.
Because of lesser workloads involved, this
is not as much of a problem in the smaller
compound-type machine.

No guide
to weight

50 Ibs

Thrusting element
should be here

In the smaller size machine, the com-
pound-type is to be preferred. The design
of the larger-size machine depends on the
type of work it is to do. It is, therefore,
much more difficult to select a design.

In the larger machine category, it would
seem that there is much in favor of the
horizontal spindlemachine where thereis to
be heavy metal-cutting, especially of box-
type pieces; the planer-type is preferred
where capacity is needed for large, flat
pieces, especially measuring-type work;
and the compound-type as a compromise
for all-around work.

Machine Way Design

So far, it has been shown only how the
double-V seraping master evolves from the
flat plane and how its design lends itself to
being made quite accurately.

The reason the double-V design is pre-
ferred in a coordinate machine is best un-
derstood by a consideration of the alterna-
tires to it.

Three classifications, the V and flat,
the gibbed way, and the central V would
generally include all those designs most
commonly used for accurate locational
machines.*
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menlally correel,
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Thrust centralized

Each type should be analyzed in the con-
text of five important criteria:

1. How good a guide does it provide for
straightline travel?

2. What will be the wear conditions?

3. What type of scraping master can be
used?

4. Can the ways be self-checked?

5. Is a gib necessary?

1. THE V AND FLAT, Fig. 74

Despite widespread acceptance and use of
the V and flat in machine design, it has
many disadvantages.

Friction, or ‘“‘drag” is greater on the V
than on the flat.

The single V, placed to one side, is not a
sufficient guide for horizontal straightness
when there is side pressure. Thus, the
thrusting element (lead screw, rack and
pinion, or other), is not centered between
V and flat, but is usually placed directly

*Cylindrical guide-ways have been suggested as
one other alternative for a jig borer type of machine.

The shortcomings of this design become evident
with this question: ‘“How are the cylinders to be
madeand fixed to the machine in such a manner that
accuracy is achieved, and yet be rigid enough to
eliminate deflection, either from the sag of the cylin-
ders themselves, or from the weight of a heavy mov-
ing carriage?”’



21G. 77 Dovelail-type gibbed way. FKesisls
lifting pressures, stde shift.

v, 78—"Fhe cenlral Veway design. Weight
given more guide than with V and flai,
howerer the thiust cannol be centralized
unless the V 4s eul wway o spread, then
mast be more massive.

Fi1G. 72~ The double V-way design with
off-centey werght.

Gib

under the V, or at least favoring the V, in
an attempt to balance the thrust, Fig. 74.
This can only be a compromise, for the
same conditions of thrust do not apply
when the workpiece weight is added. More
seriously, if the workpiece is mounted off-
center on the flat-way side, Fig. 75, there
will be a twisting effect, or a ‘“‘shift’” when
the direction of travel is reversed. This re-
sults because a V-way depends on weight
to work; if weight is removed, its ability to
guide is diminished.

Since there are different conditions of
friction on each rail, it would not be ex-
pected that this design would wear well or
uniformly.

It would be impractical to use a scraping
master that encompasses both rails since
the relative height of V and flat would
have to be maintained so exactly that there
would be virtually no wear-life to the
master. If such a master were used, it
would not be capable of reversal for a self-
check, nor could the table be reversed on
its bed as a self-check when scraping. No
gib is necessary with the V and flat design.

2. THE GIBBED-WAY, Fig. 76 and Fig. 77

The gib-type way, two forms of which are
shown, actually has much in its favor.

Needs support
to prevent deflection

Wear in the machine’s ways can be ad-
justed for, prolonging useful life.

Both the square-type and the dovetail
gibbed way provide a good guide against
“shift” in travel. The thrusting element
can be symmetrically placed. An off-center
weight is well-guided.

The dovetail is a practical design to re-
sist heavy lifting or side pressures which
result from ‘“‘overhang,” or from large,
overhanging workpieces, or from heavy
machining cuts.

The square-type gib is geometrically
more correct for producing accuracy. How-
ever, neither gibbed design is capable of the
ultimate in accuracy. When the gib is ad-
justed for wear, there is not an identical
repeat of fit or alignment.

Commonly, a machine’s ways wear in
the middle of the travel. Adjusting the gib
for wear can thus only be a compromise
between a good fit in the center and a good
fit on the ends of the travel.

The square-type gibbed way can use a
master that encompasses both rails; the
dovetail-type cannot. Neither design is
truly self-checking by reversal.

3. THE CENTRAL V, Fig. 78

Although less frequently used in machine

design, the central-V would be thought a
more desirable alternative to the V and
flat. The thrusting element can be cen-
tralized under the V. An off-center work-
piece would be more adequately guided.

Its infrequent use may be explained by
thefactthatit is often impractical to mount
the thrusting element directly under the V
(in which case the central V loses much of
its value), or because the central V requires
two outer flats for support.

As with the V and flat design, it would
not be practical to use a master which en-
compasses all rails.

However, the table can be reversed on
the bed as a self-check. No gib is necessary
with the central-V design.

4. THE DouBLE V, Fig. 79

The double-V provides the best guide for
straightline travel. The thrusting element
is symmetrical between the V’s. Each rail
is subject to uniform friction.

From Fig. 79, it is seen that no matter
where the workpiece is placed, there is
always weight on a V to enable it to guide.

The symmetrical way construction re-
sults in the most uniform wear, and the
longest wear-life.

The double-V master, it will be remem-
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F1G. 80— When « way-form less than 90°
s employed, there 1s grealer jriclion of
movement and wear rapidly diminishes

ACCUTACY.

F1G. 81 -A way-form more than 90° does
not provide adequate horizonlal straighi-line
guide.

Force wedges e=error

1 Pt
\
@

Wear

(side resistance on table)
Force

Force (holding)

Force (displacing)

bered, encompasses both rails and can be
reversed as a self-check (see page 44). The
bearing of the machine ways may also be
self-checked by reversal. No gib is neces-
sary with the double-V design.

The 90° Form V-way

Similarly, the advantage of the 90° form is
best understood by examining the alterna-
tives to it.

With a form less than 90°, Fig. 80:

1. There is a weaker cross section;

2. Difficulty is encountered in accu-
rately scraping to a bearing;

3. There is a wedging action as the table
slides on its mate, causing greater
resistance;

4. A small amount of wear rapidly di-
minishes accuracy.

With a form of more than 90°, Fig. 81, there
is less guide against ‘‘side shift.” In fact, it
would act as an inclined plane.

It has already been shown that the 90°
form has the most direct relationship to the
flat plane. If some angle slightly more or
less than 90° represents the ideal way-form,
certainly the 90° form is close enough to
that ideal to be the best practical choice,
Fig. 82.

5. THE MOORE NO. 3 DESIGN

Based on the analyses already presented,
it was concluded that the ideal design for a
coordinate machine of 11 inches x 18 inches
[279 mm x 457 mm] travel* should incor-
porate the following, Fig. 83:

1. 90° V-ways;

2. A compound-type configuration;

3. Double V construction on all three

axes.

*It will be seen that in the larger model Measuring
Machine, something more akin to the planer-type
machine was selected.
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F1G. 82--The 90° form V-way 1s the
best quide for straighi-line travel and has
the most direct relationship lo the flat plane.



FIG. 83--The Moore No. 3 design
employs double V~-ways on all three axes,
(jig borer shown).

The base of the machine supports cross-
slide and table in their full travels. Double
V-ways in the base guide the cross-slide
and fully resist any side shift. In addition,
two outer flats prevent deflection of the
cross-slide member, either from table or
workpiece weight.

Double V’s in the cross-slide guide and
support the table in its full travel.

From Fig. 84, it is seen that with the
double V design, even when the table is at
the extremes of its travel with weight
added, deflection is prevented and the
cross-slide is still guided for straight-line
travel. Thrust of lead screws in both axes
is centralized between the V’s.

In contrast, if this same example is
applied to some form of V and flat design,
Fig. 85, so often considered the ideal, it is
evident that one V is not a sufficient guide
against “side shift.”

Fig. 86 shows the machine members that
make up the Moore design—base, cross-
slide, table, column, housing. The hardened
and ground ways are bolted to accurately
scraped surfaces and lapped in place to
final accuracy. Mating cast iron way sur-
faces are scraped to match the lapped ways.

Two closely related reasons dictated the
decision to use hardened, ground and
lapped ways: 1) The attainment of accu-
racy. 2) The prevention of wear.

1. Attainment of accuracy:

a. Finer corrections are possible in
the lapping operation.

b. Coordinate movements must be
as friction-free as possible to as-
sure that accuracy of positioning
is commensurate with the poten-
tial accuracy of the lead screw.

2. Prevention of wear:

a. The wear-life of the hardened,
ground and lapped way construec-
tion is estimated to be at least 10
to 1 over that of the conventional
cast-iron to cast-iron way design.

b. The consequent reduction and

/ \ 50 Ibs
50 Ibs
— = . C
h N\ 1_7 "J | e W r—F"
“V’' to guide No guide

¥IG. 84--The Moore No. 3 design double
V-way provides a good guide for
straight-line travel sinee the weight is
always over one of the Vs,

FiG. 85— When the lable and weight are
off-center, the V and flat have lost much of
their ability to guide.
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FiG. 87--The ns of s (
niasier slide ways are:

1) flat 78, 2) feniale double V wmaslers
7

and &) male double V nasiers,

almost complete elimination of
wear insures retention of the ini-
tial accuracy of straightness and
squareness of the movements.

SCRAPING MASTERS

Absolute interchangeability of the ma-
chine members is not feasible when working
to millionths of an inch [tenths of a um].
There are economies to be realized by
attaining a degree of interchangeability
up to the point of final mating. This is
accomplished through the use of highly
accurate ‘‘scraping masters’’ of threeforms,
Fig. 87: 1. Flat masters, 2. Female double-V
masters, and 3. Male double-V masters.
The origin of these masters and their con-
tribution to accuracy have already been
described.

At each operation, such as the scraping
of the female V’s in the base, two masters
are provided, one for roughing and one for
finishing. After approximately eight opera-
tions, the finishing master is worn too
much to be relied upon and is now used as
the roughing master. It in turn is replaced
by a freshly scraped master. The roughing
master is completely re-scraped. To follow
such a schedule on a production basis, an
adequate inventory is kept of all the vari-
ous types of masters needed.

1. BasEg, Fig. 88

The female V’s and the flat ways in the
base are not used as way surfaces, but are
to receive the hardened way inserts. They
are nevertheless scraped to 0.0001 inch
[0.0025 mm] accuracy in order to achievea
good mounting surface for the hardened
ways, and to minimize the subsequent
amount of lapping on the hardened ways.

The master used on the flat ways is
sufficiently rigid for the tolerance at this
stage to transfer its straightness to the
flats, but not enough to prevent twist. In-
spection for twist is by means of a two-
footed twist gage.

TG, 88— No, 3 Base—rovgh-seraped.
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FI1G. 89—No. 3 base, inspection of
parallelism of V’s to flals.

F1G. 90— No. 3 cross-slide, rough-scraped.
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The female V’s in the base are scraped to
a male double-V master. Inspection for
vertical straightness and parallelism, as
well as parallelism to the now-finished flats
is accomplished by means of a “bridge”
fixture (see ‘‘Geometry,” page 77). The V-
master is also continually reversed.

A special table, to which is fixed an in-
dicator, Fig. 89, is used to cross-check
parallelism of the flats to the V’s. The
masters are depended upon to produce
uniform center distance of the V’s.

2. CROSS-SLIDE, Fig. 90

The fixture shown in Fig. 91 has hardened,
ground and lapped V’s of 8.5000 inch
[215.900 mm] center distance. These V’s
are parallel to the scraped top surface of
the fixture and also square to two scraped
end posts.

The top V’s of the cross-slides are first
scraped to a male double-V master so that
they may be used to rest the slide on the
fixture without deflection.

While mounted on thefixture, the follow-
ing geometry, Fig. 92, is scraped into the
cross-slide:

1. Vertical straightness of the V’s and

flats;

2. Vertical parallelism of the V’s to each
other and to the flats;

3. Uniform thickness of top to bottom
ways;

4. Squareness of top to bottom V’s. It is
important to note that the squareness
of the coordinate axes is embodied in
only one machine member, and has
to do with the relationship of top to
bottom V’s of the cross-slide.




F1G. 91— Squaring fixiure for cress-slide.

FIG. 92-—Squareness of the compound-slide hardened V's of the fixture on which the
Vs is established by traversing a table cross-slide s now mounted. Other features
kolding an indicator past end posts. The end which may be inspected are shown by the
posis have been scraped square to the two other indicators on stands.
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F1G. 83— No. 3 table.

3. TABLE, Fig. 93

The V’s in the table are scraped to a male
double-V master. The table-top is in-
spected for parallelism to the V’s while
resting on the master surface plate, Fig.
94. Inspection for parallelism of the V’s to
table top is performed by indicating with
an indicator and stand across a gage held
inthe V’s (performed by operator, Fig. 94).
The sides of the table are lastly scraped
parallel to one another, parallel to the V’s,
and square to the table top. The indicator
and stand setup to inspect parallelism of
sides to V’s is shown at the far end of the
table, Fig. 94.

4. COLUMN, Fig. 95

A double-V master is used to scrape the
column ways. The surface used to mount
the column to the base is scraped flat and
roughly square to its V’s, Fig. 96. Since
adding any appreciable weight to the col-
umn will alter its relationship to the base,
final squaring of the column is done after
all parts are assembled to it.

5. QUILL HOUSING, Fig. 97

An abbreviated study of the “operations”
on the quill housing affords an interesting
example of the painstaking procedures re-
quired for the attainment of accuracy, Fig.
99. Operation 12, jig grinding the bush-
ings is shown in Fig. 98.

FIG. 94— While the table s resting on
the surface pluie, the parallelism of its
V's to its top is inspected, as is the
parallelism of the V's to its sides using
an wmdicator and stand with o knife edge
(far right).
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FIG. ¢5--No. 8 Measuring Machine F1G., 07~

colv mn~—rough-scraped.

~No. 3 Measuring Machine

quill-housing rough-seraped.

FIG. 06— The column 1s tnverfed and s
mounting surface lo the base 1s scraped
roughly flat and square to its oun V’s. A
special squaring master is fastened to the
column V’s and used as a dotum from
whick to meagsure.

F1G. 98— T'0 establish alignment of the quill

to the housing ways, the hardened bushings
i the quill housing are jig ground while
the quill housing 1s mounted on a sturdy
angle tron.
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FIG. 99-—An abbreviated “methods sheet”
affords an interesting example of the
procedures required for the altarnment of

accuracy.

Note thal there are four separate
serapings, plus a lapping operation on
the V’s of the qulll housing.

Dat Order No. No. Pcs. Lot

METHODS o— er No o. Pcs. This
First Load Center— Planer - 0.S.

Material— G.D. Meehanite Part No— 4870 Class— 7#3MM

Size— To Pattern Part Name— Quill Housing - 2nd Half #1-1/2m

Form— Casting Std. Lot— Req Per Mach.—

NO. OPERATION TOOLS REQUIRED

10
11

12

13

15

17

21

Check casting for mis-match.
Plane back section & v's to B/P gage. Plane
to 9" dia.

Rough scrape V's. Assemble hardened ways (no.
5064 2 req'd.)

Season.
Re-scrape V's and scrape pad.

Grind bushings to size leaving .0006" - .0007"
for lapping.

Lap quill housing bushing to plug gage. After
rescrape finish lap bushings and do necessary
bench work to #4870 (Quill Housing) before
painting. After painting clean up for assembly.

Remove harden ways (quill housing), check
bearing with master. Re-scrape using plug in
bushing hole to check alignment. Final check
after ways are reinstalled - Master #8552.

Rescrape column-Vee's to new master. Match
quill hsg. to master. Assemble and lap harden
ways to match column ways. Scrape for alignment.
Lap quill hsg. ways with 38-1200 compound to
column: ways.

Alignment of quill with column upright .000025
T.I.R.
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FINAL GEOMETRY

The procedures, techniques and masters
described here are common to the No. 3
Jig Borer, No. 3 Jig Grinder and No. 3 Uni-
versal Measuring Machine, which are the
same in their basic designs. The only essen-
tial difference is that the No. 3 Universal
Measuring Machine is carried to a higher
order of accuracy. In regard to geometric
accuracy, the higher level of accuracy of
the Universal Measuring Machine takes
place in ‘““final geometry.” For consistency,
all operations and tolerances in this section
will be referring to the Measuring Machine.

Trueness of geometric relationships—
straightness, parallelism, center-distance,
and the fit between matched, sliding sur-
faces—is achieved through use of a com-
bination of precise fixtures and gages,
autocollimators, electronic indicators, vari-
ous sizes of master laps and checking mas-
ters—all used in temperature-controlled
environments.

The Master Laps

The master laps, both flat (shown in
Fig. 100) and double V type, can be com-
pared to the scraping masters in that they
are both scraped to final accuracy by
identical means (pages 35-45). The master
laps differ, however, in that they are lastly
impregnated uniformly with diamond lap-
ping compound. Thus, the seraping master
imparts a bearing to which the ways are

BIG. 100~-The master flat lap 7s scraped
aecuralely, then impregnaled uniformly

with diamond lapping compound. Il 1s

vaed to relate the two ouler hardened flat
waYs.
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T - RS
master for e hardened ways 1s in the
foreground. Behind it 7s the master lup,
on whick is a diamond paste applicator
and charging block. Bearing rouge and
, aiud

bluing are used to check bearing
gloves to minimize the conduction of body
lieat tnto maslers.

Master lap Master lap

{ —

Hardened ways

T Hardened ways

70 millionths inch
overall

¥iG. 102—The master lap 7s too rigid
to bend locally, right, but may deflect
as muceh as 70 millionths of an inch
[0.0018 man] overall, left.
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F1G. 103— Because the master laps will
bend overall, small hand laps are also
necessary.

cut, while the master lap tiself cuts the
ways. In Fig. 101, a scraping master is
in the foreground and the lapping master
behind it.

There is a difference in the type of
surface which results. The scraping opera-
tion is used to produce a series of uniformly
high spots in an unhardened material,
such as cast iron. The master laps are used
to produce a very high micro-finish in the
hardened steel ways.

The master lap, although accurately
scraped, does not automatically lap out
the slight errors remaining in the hardened
ways after being fixed to the machine. It
will be recalled (see page 26) that elartic de-
flection takes place. Small, local errors are
eliminated, but not those of overall bow
and twist, Fig. 102.

The operation of lapping requires that
a load be applied so that, in the process,
the lap wears as well as the machine ways.
If used too long, the lap rapidly loses its
accuracy.

The master laps thus will not correct
geometry strictly by themselves. For this
reason, the lapping operation involves all
four of the following steps:

1. Use of small hand laps, Fig. 103,

allows the ways to be lapped locally,

Fig. 104;
2. Use of scraping masters, in this ap-
plication more properly termed

‘“‘checking masters,” which aid in the
hand-lapping by indicating areas of
bearing, Fig. 105;

3. Frequent inspection (again the em-
phasis is on quick, accurate, fool-
proof checks);

4. A more discriminate use of the master
laps.

Wear of the master lap is evidenced by
its failure to agree with the checking

¥IG. 104— Hand-lapping of the hardened
double V' requires an experienced hand
and a thorough understanding of the
geomelry involved. If the surface 1s lapped
too deep locally, many additional hours
may be spent bringing the tolal surface
down lo this low poinl.
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FIG. 1056—The use of highly accurate
checking masters greatly facilitales the
lapping of the dowble V-way. A careful
study of the bearing reveals where and
how the V’s must be lupped next.

master when both are rubbed on the ways
for a bearing.

The reader might ask, “Why not cor-
rect the hardened ways first, then fix them
to the machine?’ The answer is that
bolting causes distortion, Fig. 106. Also,
the ways do not seat exactly. They must
be corrected in place to assure correct
geometry. This is the reason behind the
master laps. The ways to which the hard-
ened ways are fixed have been scraped
very accurately in order to provide good
mounting surfaces and also to minimize
the amount of lapping necessary.

THE ELECTRONIC
INDICATOR AND THE
AUTOCOLLIMATOR

Two measuring instruments—the electron-
ic indicator and the photo-electric auto-
collimator—have become virtually ‘‘stan-
dard equipment’’ for the precise operations
required in final geometry. It is appropri-
ate here to include a brief description of
these instruments and their use.

The introduction of the electronic in-
dicator, in particular, has contributed sub-
stantially to a whole new plane of accuracy.

Yet, the potential level of accuracy in
which these instruments permit one to
work is only achieved in fact by creating
the proper environment, taking precautions
against the errors which may be introduced
by the instruments themselves (or through
their use), and by the development of spe-
cialized supporting equipment.

The Electronic Indicator

The mechanical dial indicator has long
been the workhorse of the workshop. With
modern designs, Fig. 107, one can be fairly
certain of readings within 25 millionths of
an inch [0.0006 mm]. Sometimes, it is nec-
essary to gently tap its mount with some
smallrigid object to overcome any friction,
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¥iC. 106~ The three varialions 1 surface
appearance are very shallow depressions
(local errors) in the flat ways revealed cfier
the application of the master flal lap—in
ihis case caused by bolling the ways to the

base. This example tllustrates how
sensitively local eryvors are revealed by the
master laps and also why the hardened
ways must be corrected in place.

FIG. 107 The mechanical indicalor 1s a

very mecessary shop measuring tool.

However, tn those applications where an

indicalor 1s required, bul in (olerances (o

millionths of an inch {one or two pm

or less|, the elecironic indicator is generally

preferred. 69



G, 108—Schemalic diagram of « typical
electronic tndicator
Courlosy of Fadaral Products Corporation, Providence, Rhode Isiand,
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or “lag,” of the internal mechanism when
making readings. Such a precaution, to-
gether with the relatively high gaging
force, lends some uncertainty to measure-
ments below the 25 millionths of an inch
[0.0006 mm] figure.*

The practical limit reached on magni-
fication by mechanical means was over-
come with the introduction of the electronic
indicator. This instrument is made up of a
gaging head and an amplifier.

The gage head may consist of one of
several kinds of transducers to which is
brought a continuous alternating voltage.

In a typical system, Fig. 108, mechanical
movement of the contact probe alters the
output or voltage of the gage head, pro-
portional to displacement. The small alter-
ation in voltage is amplified by means of a
sensitive meter (except in the case of the
capacitive-type head), to be read in terms
of units of length.

Switching selection enables a convenient
range of magnifications in one instru-
ment. Magnifications are available of up
to 100,000 to 1, where 1 millionth of an
inch [0.000025 mm)] is easily discernible.

A more detailed analysis of the circuitry
is not included here since this information
is well covered by suppliers and other
sources. **

The electronic indicator has many func-
tional advantages:

1. High magnification—ranges extend

up to 100,000 to 1;
2. A range of magnifications in one in-

*Mechanical indicators to ‘‘millionths” magnifica-
tion do exist, but are more vulnerable to damage,
harder to read and to use, and not as universal.
They are more suitable for use in a fixed position,
being too awkward, for example, in general surface
gage use.

**See ‘“Air and Electronic Gaging,” American
Machinist, October 12, 1964; L. O. Heinold, Jr.,
‘“Electric and Electronic Gages” in Handbook of In-
dustrial Metrology (ASTME Publication, 1967), pp.
232-245; Ted Busch, Fundamentals of Dimensional
Metrology, pp. 225-227.

FIG. 100-— Mlectronic indicators may suffer
a loss of linearity ever a period of lime,

so they should be re-calibrated on a regular
calendar basts. Kven with this precaution,
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the best measuring practice 18 to avoid
large ranges of meter readings and lo use
the indicator as much as possible as a

“nulling” device.



strument—which adds greatly to

convenience in line-up, initial refer-

encing, choosing the right magnifica-
tion for the job, etc.;

3. Light gaging force—1.5 oz. [43 grams]
and even less;

4. Ruggedness—since amplification is
by electronies rather than by delicate
mechanical parts;

5. Immediate response—due to use of

electronics;

Flexibility—with the proper sup-

porting tools, the electronic indicator

has an almost unlimited applicability
to inspection procedures.

The following may be considered pos-
sible sources of error from the instrument
itself and may have a bearing on working
accuracy:

o

REPEATABILITY—or a short run ability to
repeat readings.

DRIFT—The indicator may be relied upon
for a datum but wanders over a period of
time.

TEMPERATURE— The effect of temperature
change, apart from the temperature of the
workpiece, may alter the calibration of the
instrument.

MAGNETISM—Some makes of electronic in-
dicators may be influenced by even the
slightest residual magnetism.

VOLTAGE FLUCTUATION—An indicator that
works from ordinary line current may be
subject to short-run wandering due to volt-
age fluctuation (especially noticeable in the
higher magnification range of 50,000 and
100,000 to 1).

BATTERY DETERIORATION—While a bat-
tery-operated indicator may be more sen-
sitive and stable over the short run (not
being subject to voltage fluctuations), it

FiG. 110 Careless handling detracls from
the accuraey of the instrument. T'he operator
has allowed the cord leading to the gaging
head to rub against the working areaq,
cansing erroncous readings.

may be prone to a more sudden loss of cali-
bration as the cells lose their charge.

Loss OF LINEARITY— Periodic adjustments
for linearity are expected, but short-run
changes stemming from unstable compo-
nents can be dangerous in the inspection
procedure.

DEGREE OF LINEARITY —It should be con-
tinually borne in mind that the electronic
indicator is a comparator, with its own lin-
earity tolerances; if habitually relied upon

for wide ranges, the greater the error from
non-linearity.

The essential point is that the foregoing
potential sources of error can impair the
accuracy of determination unless proper
precautions are taken. One device for main-
taining the calibration of electronic indica-
tors, Fig. 109, is a hardened, ground and
lapped wedge, tapered accurately 0.0003
inchover 7 inches [0.0076 mm over 178 mm)]
or 0.000010 inch [0.00025 mm)] per line in-
terval. Another is a voltage stabilizer which
gives consistent voltage to the 0.000001
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F1G. 111 The pholo-electric autocollimalor,
with a suitable targel mirror, such as that
shown in the foregrovnd, will inspect
straighiness of a machine's ways in both
the horizonial and vertical plane.

High intensity lamp "< Z

Condenser ]

Monochromatic filter ————————
Target graticule

Optical micrometer refractor block
Eyepiece graticule

Eyepiece Beam splitter

Micrometer drum

Beam splitter
Vibrating slit

Objective

Reflector

Photocell ———»

Amplifier l:1 Discriminator l___@

Meter

FIG. 112 Pholo-electric autocollimator
schemutic diagram.
Model T'A-5 (monockromatic) is shown.

Courlesy of the Rank Organization, Hhilgar-Watts Division, Landon, England.
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FIG. 113-A typical series of aulocolltmator
readings 1s recorded. Actual error may be
determined algebraically as shown. A
graphic representation of velual error 1s
easiest to visualize for the purpose of
corrective lapping.

inch [0.000025 mm] indicators used in cali-
brating step gages (see page 182).

There are, in addition, sources of error
in the environment, such as dirt, oil, air
film, stability of the setup, finish and geom-
etry of the workpiece, deflection, angle of
the probe tip to the work, vibration, ‘“‘tem-
perature,’”’ parallax, etc., not related to the
instrument itself. Again, these and other
potential sources of error are well described
by suppliers. These can only be eliminated
through the education, experience and
awareness of the user. A common operator
error is to allow the cord leading to the
gage head to rub against nearby surfaces,
causing invalid readings, Fig. 110. The
proper method to avoid this is shown in
Fig. 109.

Autocollimator

The autocollimator is an optical instru-
ment used in conjunction with a reflecting
mirror to accurately measure very slight
deviations from a datum angle. Briefly, a
target line, placed at the principal focus of
an objective lens, is illuminated. The emer-
gent collimated (parallel) rays carrying the
image are reflected back into the instru-
ment by a suitable target mirror. When this
mirror is tilted through an angle 6, the re-
flected image rays are tilted through 26 and
the displacement of the image in the in-
strument is measured by a micrometer-
microscope in the instrument. By turning
the dial of the micrometer screw, the image
is re-zeroed at each reading between two
parallel setting lines viewed through the
eye-piece. The angle of tilt can be measured
in the horizontal or the vertical plane and
is read directly on the micrometer dial.
Operator fatigue and possible error in
setting have in recent years been overcome
with the development of the photo-electric
autocollimator. The instrument is shown
in Fig. 111 and a schematic of its operation
in Fig. 112. The idea for this system origi-
nated in England with the National Phys-

ALGEBRAIC DETERMINATION OF ERRORS

Lengthofways Reading Accumulated Correction Actual error
(inches) secondsofarc secondsofarc secondsofarc secondsofarc
0
6 0.0 0.0 +0.7 +0.7
12 —-0.4 —0.4 +1.4 +1.0
18 —0.2 —0.6 +2.1 +1.5
24 —0.8 —14 +2.8 +1.4
30 —1.5 -29 +3.5 4+0.6
36 —-1.3 —4.2 +4.2 0.0
GRAPHIC DETERMINATION OF ERRORS
Inches of ways
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FIG, 114~

When “slepping-off " the largel

mirror, the requirement that the steps be

related must be carefully adhered lo (above)

if the readings obtained are to be valid.

Failure lo do so (lower) may lead lo error
in ealibration.
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FLCG. 115-=Adr cwrrents tn the oplical path
hetween the autocollimator and the larget
rvirror cause fluctuations in the readings
oblarned. Thi's effect becomes progressively
more damaging to accuracy as the dislanee
from awlocollimator to targel mirror
MCTeases,

Air 4 currents
4 s .
{o Mirror

,\

F

ical Laboratory. It consists of a vibrating
slit, a photoelectric detector, and an elec-
tronic amplifier for magnified viewing on a
meter.

The autocollimator, with suitable re-
flecting surfaces or optical gages, is thus
capable of calibrating straightness, flat-
ness, or the division of the
cirele.

Checking Straightness with the
Autocollimator

squareness,

Checking straightness with the autocolli-
mator requires a simple setup—a rigid
mounting surface for the autocollimator,
and a two-footed mount to which the mir-
ror is fixed.

Three elements areinvolved in the deter-
mination of straightness by ‘‘stepping-
off”” the mirror:

1. The angle of each step;

2. The length of each step;

3. The relation of the steps to one

another.

The autocollimator measures the first ele-
ment, the angle. The second element, the
length of each step, is established simply
by using mirror-mount feet with some nom-
inal center-distance length, (if element No.
2 is absent, the test cannot be made). The
third element—relating the steps—is ac-
complished by positioning the forward foot
of the mirror-mount at that point where
the rear foot previously rested, for the full
length of the surface to be inspected.

In this manner, the autocollimator read-
ings are translated into a total calibration
of the straightness of the bed, Fig. 113.

Generally, the choice of center-distance
of the feet is a compromise: if too short,
the greater number of readings required
may accumulate errors in calibration; if
too long, then local errors are not shown.

If element 3 (inter-relationship of each
step) is not strictly enforced, the results of
the inspection are invalid. Using Fig. 114
as an exaggerated example, if the steps are
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not related, no error is shown, although
the actual error may be many seconds.

Many of the sources of error already
attributed to the electronic indicator apply
as well to the autocollimator, in addition to
which should be added, fluctuations from
air currents, Fig. 115. Errors can be intro-
duced through use of the instrument: the
flatness and reflectivity of the target mirror
should be of high quality.

Where both the autocollimator and the
target mirror gage can remain fixed, ex-
tremely close readings may be taken and
repeatability is excellent. Conversely, when
mirror or instrument must be moved often,
great care is required. For example, in-
specting a surface plate by autocollimation
involves an accumulation of readings, a
time lag, perhaps a temperature change.
Much depends on how accurately the tar-
get mirror can be moved. Errors are also
easily introduced when the autocollimator
itself must bemoved toatie-down point. The
autocollimator should be used toshow over-
all deviations. Where possible, local devia-
tions are more truthfully shown by rubbing
for a bearing. Thefabrication of the 48-inch
[1219 mm] master surface plates already
described is a good example of this point.

While the autocollimator is an indispens-
able instrument, it will be seen that certain
inspection procedures are faster and more
directly interpretable by using the elec-
tronic indicator in conjunction with accu-
rate gages.

Base Flat Ways

The hardened, flat ways, which have been
ground in pairs flat and parallel to .000125
inch [0.003 mm] are bolted to the base on
the scraped, outer flats.
Two types of error may be inspected for:
1. Straightness of each way; 0.3 seconds
of arc—equivalent to a convexity or
concavity of 5 to 10 millionths of an
inch [0.1 to 0.2 um] over the length
of the ways.



1IG. 116 One technigue for measuring
parallelism of the flal ways ulilizes ihe
three-footed hwist gage—and stmultancously
provides another working-check of
straighiness of each flat way. This method
requires the use of a master surface plate
as a. dalum and 18 self~checking.
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VIG. 117—{/se of the two-footed twist gage
18 the most reliable method for determining
pure twist, A self-check only requires lhul
the original selling be repeated. The operator
1s seflling out the hysteresis effecis in the
twist gage by tapping it with a pencil.

2. Twist, (parallelism of outer flats over
their full lengths): 10 millionths of an
inch [0.00025 mm)].
Straighiness of each flat way is inspected by
a photo-electric autocollimator.

Twist is inspected by two methods. In
the first, the three-footed twist gage uses a
master surface plate as a reference. To be
correct, the flat ways must have the same
reading as the master plate. The master
plate itself is proved when the same read-
ings are obtained upon turning the twist
gage 90° on the plate. The three-footed
twist gage also provides another working-
check on straightness of the flats, Fig. 116.

In a second method to check “twist,” the
two-footed twist gage is used. In this case a
self-check only demands a repeat of the
‘“zero,” Fig. 117.

Correction of the waysisaccomplished by
a small hand lap and also a master flat lap.

By way of example, a “twist” in the
flats is corrected by lapping the high ends,
tapering gradually to the middle with the
small hand lap, Fig. 118. Thisis followed by
the large lap which blends over small local
deviations and also relates the two ways.

The tolerance of straightness and paral-
lelism of the flats is 10 millionths of an inch
[0.00025 mm]. The flats could be said to
represent a master surface plate built into
the base; they become a reference for all
subsequent measurements of geometry.

Base V-Ways

a The hardened V-way inserts are next fixed
to the scraped female V’s in the base. Lap-
ping the V-ways is a similar procedure to
that employed in correcting the flats. A
small hand lap and a large female double-V
master lap are used.

Progressively [
heavier ;
lapping

Low

S

v Potential errors in the V include all those
Progressively encountered in constructing the female

Low heavier double-V master, such as lean, center-
lapping

distance, form, twist, straightness, except
that errors are removed by lapping rather
than by scraping.

A\

FIG. 118--The method of hand-lapping to
remove a biwist tn the flat ways 1s fllustrated
here.



FIG, 110- e “bridge”’ fixiure relies on the

now-finished flal ways as a dalum and inspecls

straighiness and parallelism of the V-ways.
Thwo indicators are used tn order thal the

Sull 81 inches (787 mm) of V-way may be

inepected from the 20 inches [508 mm] of

fat ways.
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Straightness of each V, both in the ver-
tical and horizontal plane, is inspected by
autocollimation, using a special V-gage
with mounted mirror. Tolerance of straight-
ness is 0.5 seconds.

Twist of the V’s is inspected with a
bridge fixture, Fig. 119, using the plane
created by the flat ways as a datum. A
lapped V-gage having a small indicating
pad is used as the indicating point. By
fixing two indicators on the bridge, the full
31 inches [787 mm] of V-way may beinspect-
edfromthe20inches [508 mm] of flat way. It
is only necessary that the V’s be parallel
and not of identical height, since the cross-
slide will be scraped to match the base.
Tolerance of parallelism of the V’s to one
another and to the flats is 10 millionths of
an inch [0.00025 mm].

Cross-Slide

Three steps in the manufacturing process
insure that the cross-slide now very nearly
matches the completed base:

1. The cross-slide hasbeen scraped accu-
rately to a fixture;

2. The flat ways are ground alike in
pairs to a thickness that matches a
particular base assembly;

3. All double-V masters in use are of
identical center-distance.

In final fitting, the base is used as the
master and the cross-slide is scraped to
match. Bluing must in this case be used,
since the hardened and lapped ways will
not give up a bearing using rouge.

Matching the cross-slide to the base in-

volves the following procedures:

1. Check of the bearing, Fig. 120, must
be uniform;

2. Check for sideways movement, Fig.
121, maximum 5 millionths of an inch
[0.000127 mm)];

3. Check for “squash,” Fig. 122, maxi-
mum 5 millionths of an inch [0.000127
mm].

F1G. 120--Once the base jlat ways and
Veways are lapped o geomelric accuracy,
the hase becomes the “master,” and the
cross-slide 1s scraped to match 1t by means
of a bearing check.
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VIG. 121--The eross-siide has been scraped
to maitch the base. The operator must not
see more than & millionths of an inch
[0.000127 mm] sideways movement when
pushing and pulling the ends of the
eross-slide.




#1C. 122—In another check for the malel
of eross-slide (0 base, “squash’ should nol
exceed & willionths of an theh

[0.000127 mm).

Once fully matched to the base, the cross-
slide is perfectly supported for corrective
scraping on its upper V’s with a fresh
double-V male master. Most important,
it 1s corrected and inspected under the con-
ditions in which it will be used.

Squareness may have been altered when
matching the cross-slide to the base, so it
is re-inspected, using the V-square of Fig.
123, which is straight and square within 10
millionths of an inch [0.00025 mm]. Note
that this square is theoretically not self-
checked by reversal since a mismatch of
its base to the V-way may misrepresent
true squareness.* However, the V-square is
not used as a final check, but is a con-
venient tool to discover errors of square-
ness when they may be more easily scraped
out. The effort spent in establishing square-
ness at this stage proves profitable since
mounting the hardened ways in the upper
V’s does not usually alter squareness.

Twist is inspected by comparing ad-
jacent points in the V’s against a fixed
indicator. This latter inspection relies on
the good geometry of the baseways, and
demonstrates again the necessity for the
close tolerance specified initially on the
flat ways.

*A cylindrical-bodied square for seating in the V is
also used and is self-checking. However, in various
stages of scraping, the readings are more misleading
because they only allow for line-contact of the cyl-
inder in the V.
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FIG. 123— Prior to mouniing of the
hardened ways n the cross-slide, an
nspection 18 made for squareness using
a sguare with a V base.

Although the vpper scraped female Vs in
the cross-slide are not functional surfaces,
the technique of establishing geometry
requires that they be made very accuralely.
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Straightness of each V is inspected by
autocollimation. Corrective scraping in-
volves a consideration of vertical and hori-
zontal straightness, twist and thickness,
while maintaining squareness, form and
horizontal parallelism.

Hardened Ways Fixed to Cross-Slide

Once fixed to the cross-slide, Fig. 124, in-
spection of the hardened V-ways is the
same as previously followed with the
scraped V’s except that gages must match
male V’s. Correction is by small hand laps
and female double V-laps. Inspection for
bearing requires female double-V check-
ing masters.

Tolerance of straightness of each V by
autocollimation is 0.4 seconds as obtained
in Fig. 113.

Tolerance of parallelism of each V: 5
millionths of an inch [0.000127 mm]. In
Fig. 125 twist is inspected by comparing
adjacent points of the hardened V-ways.

FINAL INSPECTION

Table

The table ways are scraped to fit the upper
rails of the cross-slide. The separate checks
made on all the rails do not guarantee that
the axes will perform exactly as inspected,
so the base is now final-inspected for
straight-line travel and squareness under
the influence of all the combinations of
twist, horizontal parallelism, bow, ete., of
each rail fitted to the table.

Final Autocollimator Inspection

A much more accurate determination of
straightness is possible with the autocol-
limator once the table has been fitted to the
cross-slide, for the following reasons:

1. Only the table must now be moved,
and the mirror-mount need not be
touched or handled;

2. The inspector must now only look




FIG. 124~ The hardened and ground
V-ways have now been fastened lo the
upper scraped female V-ways. Fach V'
1s inspected for straightness using the
photo-electric autocollimator. Correciton
1s by means of small hand laps and
female double V laps.

FIG. 125— Vertical parallelism 1s measured

by comparing adjacent points of the rails,
using the cross-slide movement on the base
as a datum. The necessity of high

accuracy of the base slideways 1s here
apparent; any initial errors would be
transferred to each subsequent operation,
such as the one shown.
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FI1G. 126--This diagram analyzes one
particular type of error in the ways— first,
as 1t would be shown with the
autocollimator and target marror (top), and
second, as 1t would appear when using the
straightedge and electronic indicator (bottom).

Autocollimator

H

Table position

no error shown

\

Pos. 1

Pos. 2

-

Pos. 1 &3

i

Pos. 2

Straightedge T

I [ 1 [

j Straightedge |

Lj

1

Table position 2
shows error

[ 1
r‘l Table position 1
no error shown

Ways —~

-¢— Travel

Angle of reflection distorted for sake of clarity.

Target mirror

Table

Guideway

Autocollimator

carefully to record any angular devia-
tion over full travel.
There are several precautions in the use of
the autocollimator which may be worth
mentioning at this point:
1. It is conceivable that the inspector
may miss or misinterpret the nature
of the error, Fig. 126;
2. The autocollimator, while stable at
short ranges, fluctuates increasingly
the greater the distance of the re-
flecting mirror from it, as a result of
air currents;
3. The autocollimator should be prop-
erly mounted on the machine in such
a manner that any deflection caused
by moving the cross-slide or table
does not deflect the machine member
to which the autocollimator is mount-
ed. The practice of providing sepa-
rate support for the autocollimator,
such as mounting on a surface plate,
is an undesirable alternative, since
the orientation of that support to the
machine may unknowingly shift dur-
ing the inspection process. This shift
can be caused simply by walking in
the environs of the machine;
4. If the error in the ways causes the
table to bend rather than to change
its angle, part of the error may not be
shown, Fig. 127. However, the stiff-
ness of the table minimizes the prob-
lem in this case. Where the table is a
thinner section, the center-distance
of the feet of the mirror-holding gage
should be lengthened so as to include
bending.
It was felt desirable to develop a com-
pletely different method which would sup-
plement the autocollimator in inspecting
straight-line travel.
Many methods were tried and discarded.
They included:

A “high-low”’ check where two indica-
tors were zeroed on two fixed pairs of
parallel-lapped flats at each end of the
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FIG. 127— When the target-mirror feet are

too short a span, full error from bending
of the table does not register.



FIG. 128—Fach (ime the straighledge s
used, 1 18 specified that it be turned over
and the inspection repeated. Duplicale
readings should be obiained for the check
o be valid.

gage and at different heights was employed
but did not show local error.

A technique where the Step Gage (see
pages 180-185) was calibrated at the front
and back of the table and also at different
heights above the table (very sensitive,
since errors of straightness are tremen-
dously magnified, but not convenient for
“production”).

A precision level measures deviations
sensitively, but only errors in the vertical
plane are shown. Also, with this method,
two levels reading differentially would have
to be used. One would be mounted on the
moving element to measure straightness,
and the other on the machine base, to
separate out effects which alter the whole
machine with respect to gravity (caused by
the nature of the floor support, or deflec-
tion from movement of the machine car-
riage, or walking in the environs of the
machine).

The conclusion was reached that the
straightedge had many fundamental ad-
vantages when used to inspect straightline
travel:

1. The inspection is directly interpret-

able to the operator;

2. The straightedge is fast to use;

3. The inspection can be self-contained
on the machine. The indicator can
usually be placed in a position where
the movement of the slideway does
not introduce misleading readings due
to deflection:

4. The straightedge is directly related to
the flat plane;

5. The straightedge can be self-checked
by reversal, Fig. 128.

Butit was also recognized that the straight-
edge method itself had limitations which
had to be overcome:

1. Necessity for absolute perfection in
the straightedge. The design of the
straightedge which fulfills this re-
quirement is shown in Fig. 129. These
nitralloy straightedges are 26 inches

—20 .

‘ Indicator readings are in millionths of an inch. ‘

F1G. 120—Nilralloy straighledges used in
final caltbration of straightness are 26
inches (660 mm] in length. These gages are
exlremely hard, stable, and lapped (o a

final accuracy of 5§ millionths of an inch

(0.000127 mm] as Lo straigliness and
parallelism of their sides. 83



FIG. 130— When using a single, fixed
indicator, and a straightedge travelling
past it, full error of way curvature may
not be apparent.

F1G. 131 (Center)—A sudden error,
espectally at the extremes of travel, may not
be apparent 1[ the indicator is lefl in only
one fixed position.

° /e Indicator

Straightedge
Table Ways

T Indicated error
Actual error

Error shown at
indicator position

Indicator
position 1 Indicator

position 2

o - —IT v
—
!

in length [660 mm]—extremely hard,
stable and lapped to a final accuracy
of 5 millionths of an inch [0.000127
mm] as to straightness and parallel-
ism of their sides;

. Distortion of straightedge due to tem-

perature— Precautions must be taken
to prevent distortion from handling
by the use of insulating blocks or
gloves and care in handling. Further-
more, standard inspection procedure
specifies that at each check, the
straightedge is reversed, so that any
temporary distortion would be im-
mediately apparent;

. The straightedge cannot be used wuntil

the table is maiched to the cross-slide—
It was decided that the straightedge
would be used as a final, double-check
following inspection by the autocol-
limator. Therequirement that the ma-
chine straightness had to pass two
completely different methods of in-
spection was felt to be an advantage;

. When the error in the machine’s ways

is tn the form of an arc of relatively
large radius, and a single fixed indi-
cator 1s read against a straightedge
moving past t, the error may mot be
shown, Fig. 130. This is even more
apparent in the case of a sudden error
at the extremes of travel, Fig. 131.
The limitation of a single fixed in-
dicator can be overcome by reposi-
tioning the indicator along the length
of the straightedge and moving the
slide once- again as in Fig. 132. The
major objection to the use of a single
indicator is that it must be physically
repositioned as shown in order to in-
sure that error is registered. Once
moved, however, the original datum
is lost and the error in the travel is
not related from end-to-end.
Another procedure, theoretically
more correct, is to attach the indica-
tor to the machine table and read it
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FIG. 132— When only one indicator 1s used,
the indicator probe must be reposttioned
along the straightedge and the slide moved
once again.



FIG. 133—T0 inspect straighiness of travel Straightness in the horizontal plane s

in both planes, a double indicator is used. inspecled with the straightedge resting on its
To inspect straighiness 1n the vertical plane, side. In both cases, the straightedge is

the straightedge 1s mounted on 1ts poinis of self-checked by reversal.

least deflection, ((554L).

against a straightedge mounted some-
where on the base. If a mount could
be secured somewhere on the base,
this would still be awkward because
of practical difficulties, such as in
mounting and aligning the straight-
edge, turning the straightedge over
for a self-check, and in being able to
differentiate between curvature of the
ways and ‘“twist’’ of the ways.

In order to make the straightedge
most sensitive to errors of curvature
and yet remain convenient in use, the
following procedure is adopted as
standard: two indicators are used,
both attached to a common bar, but
spread apart 9 inches [229 mm] and
fixed to an adjustable arm. The ad-
justable arm projects from a sturdy
mount fixed to the rear of the base,
Fig. 133.

The ‘““‘double” indicator does not
actually discover any error that
would not be shown by re-positioning
a single indicator, but does provide
the following operational advantages:
a. The error in the ways is related

over full travel

b. By using two indicators spread
apart as.a permanent part of the
set-up, any error of curvature is at
all times visible to the operator on
at least one of the indicators.

c. It allows the full 26 inches [660
mm) of straightedge to be used al-
though machine travel in the “Y”’
axisis only 18 inches [457 mm)] giv-
ing slightly greater magnification
of error at the extremes of the
travel.

d. The most typical error in the ma-
chine’s slide way is what might be
called a ““uniform are,” which may
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FIG. 134— When checking straightness of
travel of a machine’s ways with the
straightedge resting on 1ts table, a “double
indicator” 1s much preferred over a single
1ndicator,

-— Travel

be either concave or convex. Re-
ferring to Fig. 134, showing a ma-
chine with a concave are, if both
indicators are set to ‘zero’” in the
middle of the travel, movement to
the left will cause a ‘‘plus’’ reading
on indicator “A” and a minus on
indicator ‘“B.” Movement to the
right will cause the opposite, a
“minus” on indicator “A’ and a
“plus” on indicator ‘‘B’’—thus
giving a doubling effect to the er-
ror. The tolerance of straightness
in both planes of both axes is 20
millionths of an inch [.000508 mm].
The straightedge is mounted first-
ly on edge on its points of least
deflection to inspect for vertical
straightness, and secondly rested
on its side to inspect horizontal
straightness.

In final inspection, when using
the double indicator method, the
deviation of readings of both planes
of both axes must not exceed 20
millionths of an inch [.000508 mm].
Each time, the straightedge is re-
versed for a self-check.

0 0

)|

[ Straightedge J

Table middie

Squareness

For final inspection of squareness of the
X-Y axes, a T-square accurate to 10 mil-
lionths of an inch [.000254 mm)] is used,
Fig. 135. The base rail of the square is
aligned with the X axis using an indica-
tor. Leaving the square in the same posi-
tion, the indicator is swung to indicate the
blade by sliding the Y axis.

Both the square and the machine are
simultaneously checked by comparing the
readings obtained when the square is re-
versed, Fig. 136. Shop tolerance of square-
ness is 20 millionths of an inch [0.5 um].

Table Top

Using a flat master for bearing, the table-
top is lastly scraped for ‘“‘thickness’ (paral-
lelism to the ways) and for flatness. The
inspection procedure consists of positioning
nine points of the table under a fixed in-
dicator by moving cross-slide and table.
The tolerance specification of 20 millionths
of an inch [0.5 um] TIR by this method
is a severe one, for it necessitates near-per-
fect geometry of the whole base construc-
tion, Fig. 137.

Travel —»

Column

The column is scraped to a male double-V
master and autocollimated for straight-
ness of the ways.

The column is squared to the base, Fig.
138, after final assembly to the actual
conditions under which the machine will
operate—with housing and all components
in place.

The close tolerance specified above on
the table top now assures a reliable square-
ness check. The cylinder square shown is
self-checked by reversal

Tolerance on squareness is 50 millionths
of an inch [1.3 um)].
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FIG. 135— F'inal inspection of squareness
employs a nitralloy T-square, accurate to

10 millionths of an inch [0.00025 mm). The
square 1s self-checked by reversal. Tolerance
of squareness of the machine axes is 20
millionths of an inch 10.0005 mn].

—30

Machine error

I I To find out-of-squareness of machine:
° ° ° off (1) Machine + square = —50
v (1) Machine — square = —10% V)
. 2 x Machine = —60(1)+
Reading —50 Reading --10 Machine = —30 ¢
(—30) + square = —50 (sub in )
—30 -, - 30 ' square = —20
—20 ™ fActual reading was + 10 but the sign changes due to
< indicating from opposite side
~ e—-+-10 i i - .
Readings are in millionths of an inch
Square first position Square reversed

FIG. 136— Actual squareness error of both
the machine axes and the T-square 1s
determined upon reversal of the T-square.
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F1G. 137-—“Thickness” of the machine
table and flatness of its top are lastly
established by positioning nine pornts
the table under a fired indicator. This 1s

done by moving the mackhine axes.

A tolerance of 20 millionths of an inch
[0.0005 mm] by this method is severe, since

it requires nea
base construction.

ect geometry of the whole




1G. 138—The column 1s squared to the
plane of travel of the base by using a
cylinder-square master. The close tolerance
previously specified on the table top allows
this to be done with great accuracy. The
cylinder square 1s self-checked by reversal.
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FIG. 130— Alignment of the quill to the both directions registers when the housing 1s

housing travel is inspected in two directions  raised and the quill extended (right). T he

by using a lapped rowund hole. doubling effect makes this inspection highly
The hole is picked up with the housing senstiive.

lowered and quill retracted (left). Error in

Alignment

Alignment of the quill travel is also lastly
inspected in its final, vertical position, Fig.
139.

Readings taken when revolving an in-
dicator fixed to the spindle, first with the
housing lowered and quill retracted (left),
and next with the housing raised and quill
extended (right), show quill misalignment
in both directions. The doubling effect by
using a hole makes this method very sen-
sitive. The holes used are lapped round
within 5 millionths of an inch [0.000127
mm]) and of high micro-finish.

Tolerance of alignment is 30 millionths
of an inch [0.00076 mm)].
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STANDARDS
OF LENGTH




The responsibility for the establishment
and maintenance of the ultimate stan-
dard of length, which is at present a
specified number of wavelengths of the
krypton 86 isotope, rests with the inter-
national and national bureaus of stan-
dards. The accuracy of derived length-
standards such as gage blocks, precision
scales, Step Gages, lead screws,and laser
interferometers depends in large mea-
sureon how truthfully they represent the
ultimate length standard.

FIG. 140— T'he master lead screw is the
measuring element in all Moore machines.
Its accuracy is the culmination of efforts
in establishing accurate and ‘‘traceable’
standards of length.







THE STANDARDS BUREAUS

Modern manufacturing technology is based on precise, reliable dimensional mea-
surements. Ultimately, all of these measurements are comparisons with standards
developed and maintained by bureaus of standards throughout the world.

Most bureaus are research centers as well, where the science of precision mea-
surement is continuously refined. The bureaus direct much of their research toward
the solution of industry’s measurement problems and serve as forums and clearing-
houses for information on measurement. Mass production, automation, advanced
products—these are some of the benefits directly conferred on mankind by the
work of the bureaus. The indispensable relationship of the bureaus to the total
scheme of technology will be continually emphasized throughout this section; for
it is particularly in the matter of length standards that the need for national and
international agreement becomes most apparent. By way of emphasizing their
vital role, on the following pages appear unique contributions by an official of
each of four leading bureaus, describing the scope of their work.*

*A good source of additional information: Arnold W. Young, The Bases of Measurement Calibration Facilities in
National Foreign Laboratories, Paper presented at AOA Standards & Metrology Meeting, Philadelphia, April, 1970.
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PAVILLON DE BRETEUIL
F92. SEVRES FRANCE

BUREAU INTERNATIONAL
DES
POIDS & MESURES

TELEGRAMME: POIDMESURE, SEVRES

TELEPHONE: 037 00.51

Functions, Activities and Goals of
the Bureau International
des Poids et Mesures

The International Bureau of Weights and Measures was founded
on May 20, 1875, by the Conference of the Metre in which seventeen
different countries were participating. At the present time forty coun-
tries are members of the Conference and take an active part in the manage-
ment of the International Bureau, the facilities of which they are joint
owners.

The International Bureau is a scientific center and metrological lab-
oratory in its own right, with the main purpose of creating a unified world-
wide system of physical measures.

Its duties as such are:

-to establish basic standards as well as reference systems for the
principal physical measurements and to preserve national and inter-
national masters;

-to ensure international coordination between measurements of cor-
responding purposes;

-to determine physical constants and to coordinate worldwide research
in the field of basic metrology.

In the years following its creation, the International Bureau, being
mainly concerned with lengths and masses, concentrated on the prep-
aration of the standards which were distributed to the participating
governments. Later on, the work on the gas thermometer led to the de-
termination of the standard hydrogen thermometric scale, and the in-
vestigation into the dilatation of nickel alloyed steel enabled C. E.
GUILLAUME to discover the invar alloy. The accurate determination
of the mass-volume-relationship of water, the dilatation factors of the
standard platinum-iridium alloy and the use of invar wires in connec-
tion with geodesic length measurements go back to this same period.

As early as the nineties, the International Bureau found a new field
of activities with the determination by MICHELSON and BENOIT
and later on by BENOIT, FABRY and PEROT of the red spectrum
line of cadmium.

Even though it entered the new fields of electrical (1927) and pho-
toelectrical (1933) standards and of ionizating radiations (1960), the
Bureau did not fail to keep developing its initial activities.

On October 14, 1960, the Eleventh General Conference on Weights
and Measures meeting in Paris availed itself of the work done as early
as 1954 to redefine the meter in terms of the wavelength of the orange
red spectrum line of the isotope of krypton having a mass number of 86.

Interferometry is successfully used for measuring material length
standards and for the determination of gravitational acceleration, with
unprecedented accuracy.

Even though the orange red spectrum of krypton is still the primary
length etalon, laser radiations are now being actively investigated.

Progress in the fields of electronics and quantum physics seem to open
up new possibilities towards ever more accurate metrological standards.
To live up to its vocation, the Bureau shall leave no avenue of progress
unexplored.

P. Carre
For the Director J. Terrien
10 March 1969

NATIONAL PHYSICAL LABORATORY
TEDDINGTON,
MIDDLESEX.

The work of the National Physical Laboratory,
Teddington, England

The main objectives of the National Physical Laboratory are sum-
marised in the following quotation from the formal opening of the Lab-
oratory in 1902: “To bring scientific knowledge to bear practically on
our everyday industrial and commercial life, to break down the barriers
between theory and practice, to effect a union between science and com-
merce.”

To attain these objectives, a large part of the work of the Labora-
tory is concerned with the establishment and maintenance of basic stan-
dards of measurement and the furtherance of their use by industry. An
important contribution to this task is made by research carried out to
develop new and improved standards and better and more accurate
methods of calibrating them. Intercomparisons are made between the NPL
standards and the national standards of other countries and those main-
tained by the International Bureau of Weights and Measures at Sévres.
Industrial reference standards in certain fields of measurement are cali-
brated at the Laboratory in terms of the NPL standards and by this means
industry is enabled to establish a uniform basis of measurement throughout
the country in conformity with similar measurements made abroad. The
latter objective has been facilitated by the establishment of the British
Calibration Service (BCS) of the Ministry of Technology, and all the
laboratories approved by BCS in the field of engineering metrology have
reference standards traceable to NPL.

Inaddition to the work on basic standards, the NPL also assists industry
in the United Kingdom by advising on problems of measurement and
where appropriate by developing suitable measuring instruments to solve
these problems.

L. W. Nickols
Head, Metrology Centre
1 May 1969
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Dimensional Metrology at PTB

The PTB (Physico-Technical Institute of the Federal Republic of
Germany), formerly named PTR (Physico-Technical Institute of the
German Reich) was founded in 1887 and hence is the oldest national
physical laboratory of the world. Its original objectives were:

1) to carry out research in all fields of physics and engineering, thus
assuring maximum application of the physical and engineering sciences to
the advancement of industry;

2) to be in charge of testing materials, mechanisms, structures and
measuring instruments or tools.

Today, one of its chief concerns is the maintenance of our measuring
system, particularly the maintenance of the fundamental physical and
technical standards as well as the invention or development of new
methods of definition and their control. This, of course, has to be done
in close collaboration with the other national laboratories.

In 1969, nearly 1300 people, among the approx. 300 scientists, were
working at PTB, which is subdivided into the six classical divisions:
mechanics, electricity, heat, optics, acoustics and atomic physics.

Dimensional metrology is the prevailing objective of the mechanics
division which includes, besides others, three length measurement lab-
oratories: length unit, end measures and line measures.

The length unit laboratory played a leading role at the recent re-
definition of the meter in terms of the wavelength of the orange red
krypton 86 line. The krypton 86 lamp and useful instruments enabling
end gages to be measured with light waves, for instance the well-known
Koesters interference comparator for the measurement of end gages up to
100 mm (4 in.)) and the big Koesters end gage interferometer for the
measurement of longer gages up to 1000 mm (40 in.) have been designed
and important research on the application of light waves to length measure-
ment has been carried out in this laboratory. Using the Koesters end gage,
interferometer gages are measured in terms of a light wavelength in
vacuo, thus eliminating the uncertainty of the refraction of air.

The precision is the highest attainable at the present time and is
limited mainly by the imperfections of today’s end gages and by the diffi-
culty in measuring the temperature more accurately than to 10-3 degrees.
Actually the uncertainty of determining end gages up to 1000 mm is of the
order of 10®* m. Aiming at the creation of an eventualfuture length stan-
dard in terms of the wavelength of a laser radiation research on the ap-
plication of lasers to length metrology was started years ago. A xenon-ion
laser as a rather promising light source for establishing a more suitable
wavelength standard has been developed.

Shorter end gages up to 100 mm (4 in.) are calibrated in the end gage
laboratory using the Koesters interference comparator. The lowest
attainable uncertainty is &= 0.02/um (approx. = 1/um). Longer end mea-
sures are measured in this laboratory either by interferential comparison
or by the use of various mechanical measuring equipment.

In the line measures laboratory a 1 m-comparator with photoelec-
tric microscopes is used for comparing line meters by a displacement
method. Line scales in general can be calibrated either in relation to
end gages using a Koesters type interferometer or fundamentally using
a helium-neon laser and a fringe counting technique. Measuring tapes and
wires up to 50 m are measured in the same laboratory using a tape bench
or a geodetic tape comparator furnished by the SIP Company.

Inaddition to the aforementioned basiclength measurement laboratories,
another group of length metrology laboratories, concerned particu-
larly with industrial measuring problems, is working at PTB. There
are enough facilities for the measurement of all kinds of gap gages, balls,
cylindrical plug or ring gages and tapered plugs or rings. An interferential
method and new types of feelers have been developed for these measure-
ments. The characteristics of thread gages, particularly of the various forms
of tapered threads according to the requirements of the API-standards,
also of gears or worm gears can be determined by means of equipment
designed for the greatest part at PTB. A high precision method is used for
the calibration of rotary tables, angular index tables, angle dividers, circle
graduations in general and for checking autocollimators. Conventional
equipment is available for investigations on surfaces.

Prof. Dr. E. Engelhard
Leitender Direktor, PTB
August 9, 1969
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U.S. DEPARTMENT OF COMMERCE
National Bureau of Standards
Washington, D.C. 20234

Functions, Activities, and Goals
of the
National Bureau of Standards
Washington, D.C. 20234

The National Bureau of Standards is organized into the Institute
for Basic Standards, the Institute for Materials Research, the Insti-
tute for Applied Technology, the Center for Radiation Research and
the Center for Computer Science and Technology.

The Institute for Basic Standards provides the central basis within
the United States for a complete and consistentsystem of physical measure-
ment, coordinates that system with the measurement system of other
nations, and furnishes essential services, including measurement and
dissemination of fundamental properties of matter, leading to accurate and
uniform physical measurements throughout the Nation’s scientific, in-
dustrial, and commercial communities.

This Institute serves classical subject matter areas such as: Applied
Mathematics, Electricity, Metrology, Mechanics, Heat, Atomic and
Molecular Physics, Radio Standards Physics, and Engineering, Time and
Frequency, Astrophysics, and Cryogenics.

The Institute for Material Research assists and stimulates industry
through research to improve understanding of the basic properties of
materials, develop data on the bulk properties of materials, and devise
measurement techniques for determining these properties.

This Institute’s efforts are in technical fields such as Standard Ref-
erence Materials, Analytical Chemistry, Polymers, Metallurgy, In-
organic Materials and Physical Chemistry.

The Institute of Applied Technology develops criteria for the evalu-
ation of the performance of technological products and services, pro-
vides specialized information services to meet the needs of the Nation’s
industrial community, and provides a variety of specialized technical
services for other Federal Agencies.

This Institute deals with Engineering Standards, Weights and Measures,
Invention and Innovation, Vehicle Systems Research, Product Evalua-
tion, Building Research, Electronic Technology, Technical Analysis, and
Measurement Engineering.

The Center for Radiation Research conducts programs important
to the Nation in basic standards, materials research, and applied tech-
nology utilizing radiation and nuclear scientific techniques.

The Center for Computer Science and Technology provides technical
services to Government agencies and conducts research in the field of
automatic data processing, computer language, and systems design.

The Office for Information Programs promotes optimum dissemina-
tion and accessibility of scientific information generated within NBS
and other agencies of the Federal government and promotes the de-
velopment of the National Standard Reference Data System and a
system of information analysis centers dealing with the broader aspects
of the National Measurement System.

The National Bureau of Standards is continually working on means
to define standards of length, mass, time and temperature in terms of
natural constants which can be reproduced anywhere with high fidel-
ity by anyone with access to specified technical facilities. NBS coop-
erates with the National Standards Laboratories of many nations and
the International Bureau of Weights and Measures through committee
activities.

A. G. Strang
Chief Engineering Metrology Section
Metrology Division NBS
August 4, 1969
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F1G. 141—Standards of length and weiyght
became mecessary as civilizations emerged.
The oldest of these prehistoric Egyptian
welght-measures dates to 7000 B.C.

Courtesy of Science Museum, London.
British Crown Copyright.
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1. History of Official
Length Standards

Most measurements in the broad realm of
dimensional metrology are self-proving or
“natural’’; they require no reference to
outside authority. By way of example, a
block of granite can be made flat, or the
divisions of a sundial placed as accurately
as tools, skills, and the ability to measure
allow. While measuring devices may be-
come more sophisticated, principles of
measurement remain the same.

With the measurement of length, how-
ever, such is not the case. Some authority
must determine what constitutes an inch
or a millimeter. Since the length of an ob-
ject varies with its temperature, the same
authority must further decide at what tem-
perature it is to be measured. A standard of
length,in other words, is arbitrarily derived.

The origin of the present standards of
length and weight dates back thousands of
years, Fig. 141. It was not until 1960, when
light waves were chosen as the fundamen-
tal standard, that the unit of length was
finally related to some unchanging phe-
nomenon in nature. This standard of mea-
surement realizes a long sought-after goal
of metrologists—the agreement on an
immutable standard.

To understand the complexity of the
length-measuring problem, it is valuable to
re-trace how standards evolved.

IN THE BEGINNING

In his earliest attempts to relate the sizes
of various objects about him, man com-
pared them to the limbs of his body. Such
a comparison was logical because these
“units” could be easily understood by a
fellow-human. Moreover, they provided
an adequate and readily available means of
measurement.

Not until civilization progressed in tech-
nology and men became more interdepen-
dent did it become apparent that such

FIG. 142— Mohenjodaro stone weights and
fragments which have been preserved are
several thousand years old. The Indus
civilization, while highly developed, was
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completely destroyed and apparently had
little nfluence on subsequent cultures.

Courtesy of Science Museum, London.
British Crown Copyright.



TG, 143—Sacred Tmportance was allached
to standards of length and weight. Shown s
a decapitaled sculpiure of Gudea, Governor
of Lagash, circa 2175 v.C. On his lap 1s

a tablet with the gradualed rule.

Courlesy of the Louvre, Cliché dos Musées Nationaux,

‘“units” were inadequate. In their place,
physical duplicates were made which were
multiples and sub-multiples of these units.
These standards of measurement were
often stored in a temple or other safe place,
where official copies originated.

Early cultures felt the need for standard-
ization of measurements of length, weight,
and volume. Although measuring systems
most often developed independently, there
were also many cultural cross-influences.
A striking example is the agreement be-
tween the ancient Hebraic cubit, 17.60
inches [447 mm] and the Egyptian short
cubit, 17.64 inches [448.05 mm].

Sarton observes in A Htistory of Science:
“The outstanding cultural patterns coa-
lesced in the valleys of great rivers in
northern subtropical regions . ... Those
rivers are the Nile, the Euphrates and the
Tigris, the Indus and the Ganges, the
Hwang Ho and the Yangtze, and perhaps
also the Menam and the Mekong.”’*

Actually, the ancient Chinese and Indus
cultures seem to have had little influence
on our own.

Professor Harkness lists the Babylonian
or Chaldean system of weights and mea-
sures as the most ancient. He believes it is
from this culture that the Egyptians de-
rived their system of weights and mea-
sures.** Perry states that the earliest
Egyptian weight was taken from the prehis-
toric Indus cwvilization.*** Early Indus
stone weights are shown in Fig. 142.

It is impossible to trace with any degree
of certainty the origin of standards of
weights and measures, or for that matter
the exact beginnings of civilizations. It is
certain, though, that each civilization at an
early date developed systems of weights
and measures to which almost sacred im-
portance was attached, Fig. 143.

Historians may disagree as to which is
the earliest, but it appears Egypt passed
on the strongest heritage to western
culture.

*George A. Sarton, A History of Science, p. 19.

**William Harkness, “The Progress of Science
as Exemplified in the Art of Weighing and Mea-
suring.” Smithsonian Institution Report, July 1888,
p. 616.

*kkJohn Perry, The Story of Standards, p. 24.
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FiG. 144—In Egypt, land survey for
purposes of laxation and adminislration
led [0 measuring and counting.

Courtesy Metropolitan Museum of Arl, New York.

Photograph used wiih the permission of Mr. Wiiliam
Vandivert.

THE EGYPTIAN HERITAGE

Egypt was most favored geographically in
that it had a long, navigable waterway—
the Nile. This great river’s periodic over-
flowing fertilized the Nile Valley enabling
the establishment in Egypt of a stable
agrarian-based culture. The shifting bed of
the Nile stimulated advanced technology
in land survey, enabling rulers to better
administer and tax their domain. This
advancement, in turn, led to measuring
and counting, which together form the key-
stone of engineering, Fig. 144.

The high level of Egyptian accomplish-
ment was made possible by a continuous
culture of several thousand years. Un-
fortunately most of Egypt’s treasures
and monuments were lost, having been
plundered by a succession of conquerors—
the Greeks, Romans, Arabs, French,
British, and the ancient Egyptians them-
selves. Enough remains, however, to make
the assessment that it was a highly de-
veloped civilization.

Of the remaining few, the most com-
manding monument to Egyptian ingenuity
is the Great Pyramid built for Khufu
(Cheops) of the fourth dynasty. It mea-
sured about 775 feet [236.22 meters]| on
one side alone, and stood nearly 480 feet
(146.30 meters] high. The mean error in
the length of its sides was only 0.6 inch
[15 mm]; in its angle it fell short of being a
perfect square by only 12 seconds, Fig. 145.

Egyptian architectural prowess is
equally evidenced by the obelisk. Though
many of the great granite obelisks were
transported to other countries of the
world, one at Aswan remains because it
developed a fissure and was never fully
quarried. If extraction and removal were
possible, it would measure 137 feet [41.75
meters] in height and weigh 1,168 short tons
[1059.6 metric tons]. The harnessing of up-
wards of 30,000 men at a time to fashion
and erect such monuments was surely one

F1G. 145—Construetion of huge structures,
such as pyramids 480 feet high [146.8 meters),
presented tmmense problems in logisiics

which could nol have been surmounted
without awell-established stundards,

Courtesy of the Muscum of Science, Boston, Mass,
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of immense logistics, requiring organiza-
tion, engineering and well-established
standards of measurement.

Bothmer* emphasizes the influence of
Egypt on Greece and Rome. He states that
much as “imported” goods are highly
prized today, so too whatever came from
Egypt was especially valued. The Egyp-
tians had an undeniable sense of the order
of things, a sense assimilated and in turn
disseminated by the Greeks. The Romans,
in turn, acquired this faculty and passed it
on to the civilized world. The lasting in-
fluence of Egyptian thinking is very ap-
parent in the matter of standards. To cite
an example, the length of the ancient
Egyptian foot, 11.78 inches [299.2 mm)]
does not differ appreciably from that of
the present foot [304.8 mml].

Authorities disagree as to which unit of
length was the most commonly used.
Assuredly, the ‘“‘cubit” (tip of finger to
bent elbow) was a basic unit of measure-
ment. Others maintain that the fathom
(length of outstretched arms) was more
important. Recent comparisons of 5
Egyptian cubits, using modern techniques,
lead Professor Scamuzzi of Turin to con-
clude that the most basic unit was that of
the digit (much as the inch is to the English
system and the millimeter is to the metric).
He feels that all other units of measure-
ment, such as the cubit, were convenient
multiples of the digit.**

The more ancient Short Cubit was com-
posed of 24 digits, approximately .736 inch
[18.7 mm] each. The number 24 was ap-
parently chosen because it could be con-
veniently divided. Later, the Royal Cubit
came into use, probably by adding 4
digits. The Royal Cubit, composed of 28

*Author’s conversation with Bernard Bothmer,
Egyptologist, Brooklyn Museum, Brooklyn, New
York, May 28, 1968.

**Ernesto Scamuzzi, ‘“‘Historical Comments about
Some Cubits Preserved in the Egyptian Museum of
Turin,” Technical Journal of RIV (Turin), May,
1961, p. 20.

WG 1461 he cubil was an Tmporlant wnil
asure in lhe ancient world. Official

vhysical representalives of the eubil were

made and siored in places of safe-keeping.

The five Fgypiian cubils shown are of

digits, was no longer mathematically con-
venient. Later dynasties wished to pre-
serve its length, however, so that the Royal
Cubit was restored to its 24 digit sub-
division, making a new long digit of .858
inch [21.8 mm].

Of the five cubits in the Turin Museum,
Fig. 146, two are of wood (their lengths, it
should be noted, are suspect since they un-
doubtedly underwent considerable shrink-
age);oneiswood-core and gold-covered, and
another is of basalt. Still another is bronze.

Most interesting of the 5 cubits is speci-
men No. 3. Inscribed on this cubit is the
digit, its multiples and sub-multiples, and
both the Short and Royal Cubit, showing
the transition. A close-up of this specimen
is shown in Fig. 147.

BABYLONIAN CONTRIBUTION
The Babylonians, successors to the Egyp-
tians, were primarily mathematicians and
men of reflection. Contrary to popular

FIG. 147-—A elose-up of an 1nscribed cubil.
I'he space beiween cach line represents a
“digit” he digil was o coneentent wuit of
length, much as the nalliimeter 1s tn the
melrie system and the inel is in the

Fnglish system.

Courtesy La Rivista (RIV), May, 1951,
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FIG. 148~ Marks for weighls and measures
of various civilizations.
Ceurtesy of Science Museum, London.
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opinion, they were not such. dedicated ob-
servers and recorders of natural phenom-
enon. Consequently, they were less adept
at the art of astronomy than is often sup-
posed. Their prime contribution was the
addition of numerical foundations to the
existing store of knowledge. Attributed to
them is the sexagesimal system of num-
bers which has survived to this day. The
system is still used for navigation and the
recording of time.

The number 6 and its multiples were also
found to have special mathematical rela-
tionships, especially with regard to angles.
Our present system (see ‘“‘Dividing the
Circle,” page 205) is largely of Babylonian
derivation.

THE ANCIENTS
AND PROPORTION

The Greeks, to whom the culture of Egypt
next passed, had an acute sense of beauty
and proportion. They attained a level of
symmetrical sophistication unparalleled in
history—best expressed in their statuary
and architecture.

The Romans, who rose to world promi-
nence after the Greeks, embraced and ab-
sorbed Greek art, architecture and sense of
proportion, Figs. 148 & 149.

The ancients, particularly the Greeks,
were keenly aware of the beauty, symme-
try, and proportion of the human body.
They were equally aware of the body’s
various numerical proportions.

At first, the numbers 5 and 10 which
relate to the fingers, were regarded as
ideal. Later it was felt that 6 and 10 had
the same attributes of perfection. We see
the inter-relationship of these numbers and
their combination 16 to various parts of
the body. For example, the foot is the 6th
part of a man’s height; the cubit consists
of 6 palms and 24 fingers; the foot has 16
fingers, etc.

It is not surprising, therefore, that the
ancients considered these proportions to be

appropriate for purposes of design. Indeed,
they can be noted today in surviving Greek
and Roman art and architecture.
Vitruvius (cirea 77 A.D.), a Roman, wrote
on the topic of designing temples, Fig. 150:
“For if a man lies on his back with hands
and feet outspread, and the center of the
circle is placed on his navel, his fingers and
toes will be touched by the circumference.
. Moreover, they [the ancients] collected
from the members of the human body the
proportionatedimensionswhichappearnec-
essary in all building operations, the finger
or inch, the palm, the foot, the cubit.”’*
This does not mean that measurements
were drawn directly from the human body;
body dimensions were used only as models.
As might be expected, the actual lengths of
the units went through many mutations
and modifications throughout the centuries
—as described with the Egyptian cubit.

ROMAN EMPIRE UNIFIED
STANDARDS

Along with the expansion of the Roman
Empire went its culture, and, as might be
expected, its disciplines governing mea-
surement.

The Romans divided the Greek Olympic
Cubit into 12 thumb-widths which were
called ‘““‘unciae” or inches.

As conquerors, the Romans were con-
cerned with the longer distances and estab-
lished the “mille”, or 1000 double steps,
as a unit of measurement. Since Britain
was ruled by Rome for nearly 400 years,
Roman influence pervaded for some time.

Our present numerical system, a vast
improvement over the Roman system of
numbers, appeared at a later date as a con-
tribution of the Arab culture. The system
was probably derived from the Hindus.

*Ttems 17, 28-24 of Vitruvius’ ‘“‘De Architectura’
(see Technological Studies in Ancient Metrology by
Eivind Lorenzen, p. 23).

It is interesting to note that Vitruvius was highly
influenced by Hellenic architecture. His technique
was studied by Michelangelo, Da Vinci and others.
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FIG. 149— Romano-Greek marble lablet is
inseribed with the Olympic fool measure
(300500 A.D.). The Romans absorbed much
of the Greek culiure. Roman influence
spread throughout the entire ctvilized world.

Courtesy of Science Museum, London,
British Crown Copyright.

Although the cubit and other early units
of measurement have long since fallen into
disuse, such units as the “foot” nearly as
early in origin, and the “inch” have re-
mained in use. They are still the standard
units of length in English-speaking coun-
tries.

The decline of the Roman Empire ended
the monolithic unity it had given the
civilized world. The warring kingdoms that
followed only fed on the remnants of the
Roman order. Hardly any progress in the
standardization of units can be noted. Up
to the beginning of the sixteenth century,
standards seem to have been forgotten.
Measurements frequently reverted to the
human body. Only France and England
had what could be called official standards.
Germany had no true standard until its
adoption of the metric system in 1870.

The definition of a particular unit of
length was frequently left to the whim of
ruling monarchs. Some of the more comical
examples are: A ““yard” equals the distance
from the end of the King’s nose to the tip
of his outstretched hand;* three grains of
barley, dry and round, make an inch;** a
“rod” is equal to the combined left feet
of the first sixteen men out of church on a
particular Sunday morning. ***

EARLY STANDARDS
IN FRANCE

The first evidence of a French national
system of measurements is found during
the reign of Charlemagne (768-814). Re-
productions were made of the Pied de Rot,
or royal foot, and divided into 12 inches
(pouce) after the Roman system. The
earliest record of a standard of length is
the Toise du Grand Chatelet of 1668, said
to represent one-half the distance (12 feet)
[3.657 meters] between the walls of the

inner gate of the Louvre. The genealogy of
*Definition attributed to King Henry I (1068-
1'135).
**Definition attributed to Edward I (1305).
***¥Germany, 16th Century.
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FIG. 150— The human body was used as a
model by the ancients for measuring and
proporiion. Numerical proportions found in
the human form were thought most perfect
and were opplied to all endeavors, tneluding
engineering, art and architecture.

Da Vinetd, who sketched (his canon of
proportions aboul 1500 A.b., adhered {0 a
description by Vitruvius 1400 years earlier.

Courlesy of the Science Muscum, Boston, Mass,
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the ‘‘toise”, however, precedes this by a
thousand years.

EARLY STANDARDS
IN ENGLAND

English standards can be traced as far
back as ancient Egypt and Mesopotamia.
Roman influence had an impact on England
in both a direct and indirect sense: directly,
through Roman occupation, and indirectly
through the Saxon invaders who used the
Roman system of weights and measures.
The Saxons brought to England such units
as the “foot,” or one-half cubit, in 410 A.D.

The foot is recorded by the Romans to
have been in official use in lower Germany
by 12 B.C.

Succeeding sovereigns, William I (1066)
for example, seem to have maintained ex-
isting Anglo-Saxon weights and measures.

There are allusions to actual physical
standards in England as early as the reign
of King Edgar (958-975). Hallock suggests
that these were the earliest authoritative
Anglo-Saxon standards.* They were ap-
parently housed in places of safekeeping
where copies were dispensed. In the ab-
sence of clear, enforcing authority, it is
doubtful that these standards were widely
used. Standardization of units finally oc-
curred, however, with the unification of the
country. The ‘“Yard of King Henry”
(1496) a bronze end bar, might be consid-
ered the first official standard of length.
The “Queen Elizabeth Yard,” another
kind of end bar, replaced the “Yard of King
Henry’’ in 1588, and was in use until 1824.

Commenting on the crudity of the
“Queen Elizabeth Yard” as a standard,
Francis Baily, a metrologist, stated in
1834: ““This curious instrument, of which
it is impossible, at the present day, to
speak too much in derision or contempt.
A common kitchen poker, filed at the ends

*William Hallock and Herbert T. Wade, Outline
of Evolution of Weights and Measures and the Metric
System, p. 38.
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in the rudest manner by the most bungling
workman, would make as good a standard.
It has been broken asunder, and the two
pieces have been dovetailed together, but
so badly that the joint is nearly as loose as
a pair of tongs. The date of this fracture I
could not ascertain, it having occurred
beyond the memory or knowledge of any
of the officers of the Exchequer.” Baily
goes on to say, incredulously, that copies of
thisstandard werein circulationthroughout
Europe and America as recently as ten
years before, and were certified as true
copies of the English standard.*

In 1824, England decreed the ‘“Yard of
1760,” a line standard,** to be the official
standard of length measurement. The
primary reason this standard was accepted
is apparently due to a claim by its origi-
nator, Bird. He maintained that it had
been derived from a pendulum beating
seconds of mean time at London latitude
in a vacuum and at sea level. Because it
was a natural standard, it could be re-
produced according to a specific formula
if destroyed. This standard of measurement
represented the desire to equate length
with some unchanging magnitudein nature.

THE METRIC SYSTEM

The quest for a ‘“natural’” standard began
about the same time in France. In the
1790’s, the ‘“‘meter”, one element of an
integrated, decimalized system of mass,
length and temperature, was introduced.
This system of measurement came to be
known as the metric system.

A scientific approach to measurement
was evolving. Galileo had discovered the
law of the pendulum in 1581, and by 1665
Huyghens devised a pendulum for re-
cording time. In 1671, Picard suggested

*William Harkness, “The Progress of Science as
Exemplified in the Art of Weighing and Measur-
ing,” Smithsonian Institution Report, July, 1888,
p- 601,

**This standard is actually composed of dots or
points which show wear from contact with a beam
compass.

using the pendulum’s beat as a recoverable
standard of length. A length standard de-
rived from a seconds pendulum, however,
was disdained by the French because they
recognized that gravity was not constant
geographically. Instead, the meter was de-
termined by years of painstaking survey-
ing and calculation to be equivalent to
1/10,000,000th the length of the north
polar quadrant of the Paris meridian (the
distance between Dunkirk and Barcelona).
A special platinum end standard, known as
the ‘“Metre des Archives,”’ Figs. 151, 152,
was constructed as the physical embodi-
ment of this mathematical relationship.

While this was an heroic scientific under-
taking, subsequent geodetic calculations
proved the meter slightly in error. At any
rate, it became an impractical basis of
comparison, since two bars could be
equated with a greater degree of precision
than they could be compared to the cir-
cumference of the earth. For this reason,
the Metre des Archives itself came to be
regarded as having primary status.

Attempts to enforce the metric system
in France caused confusion, even civil dis-
order. As a result, the system was not re-
vived for many years.

LATER ENGLISH STANDARDS

England’s “natural” standard, the Yard of
1760, underwent a tortuous course similar
to that of the French Metre des Archives.
It was destroyed in a fire in 1834, and could
not be reconstructed from Bird’s formula
which was found to be based on erroneous
calculations.

A more practical course was chosen. Sev-
eral copies of the Yard of 1760 (notably
those belonging to Troughton and Simms,
London instrument maker) were com-
pared, from which five new line standards
were constructed. Using a special alloy
known as ‘‘Baily’s Bronze,” two wells,
36 inches [914.4 mm)] on center, were sunk
in the top surface of the bar. A gold plug



iG. 16— Plague appearing on the

ference of the earih, container cover of the Melre des Archives.

of the BIPM, Courtesy of tho BIPM,
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FIG. 154—T'he Tmperial Standard Pound
and Yard are housed af the Bourd of T'rade,

Londen.
Co of Science Museuim, London.
British Crown Copyright.

FIG, 155-~Fven while Kngland was officially
uging the “incl’”’ system of measure, melric
standuards of lenglh were maintuined.
Courtesy of Science Museurm, London,

British Crown Copyright,
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was inserted into each of these wells to a
depth where the upper surface of the plugs
coincided with the neutral bending plane
of the bar. The distance between a finely
scribed target line on the upper face of
each plug of bar No. 1, at 62° F [16.67° C],
was defined as the Imperial Standard Yard.
Fig. 153 shows Baily’s line yard along
with other Imperial length standards.

In 1855, Baily’s line yard became the
official standard and remained so until the
Weights and Measures Act of 1963. Inter-
estingly, the four other bars, ‘“Parliamen-
tary copies,” all differing in length, were
each inscribed with the exact temperature
at which they would equal the length of
the Imperial Yard when at 62° F [16.67° C],
rather than their lengths when at 62°F.

Though the Imperial Yard had under-
gone a secular change in length of .0002
inches [0.005 mm)], suspected by the Na-
tional Physical Laboratory as early as 1932
and confirmed in 1947, this was, neverthe-
less, by act of Parliament, the Standard of
the Realm to which all working standards
had to be calibrated, Fig. 154.

Metric standards of length were never-
theless maintained, Fig. 155.

EARLY STANDARDS
IN AMERICA

In his first message to Congress, January 8,
1790, President Washington stated: ‘“Uni-
formity in the currency, weights and mea-
sures of the United States is a subject of
great importance, and will, I am persuaded,
be duly attended to.”’*

Curiously, though the authority to fix
weights and measures was constitutionally
relegated to Congress, that body has his-
torically failed to legislate.

Thomas Jefferson’s proposal in 1790
when he was Secretary of State, to base
the Americanunitsona decimal system, the
length standard of which would be derived

*William Hallock and Herbert T. Wade, Outline
of Evolution of Weights and Measures and the Metric
System, p. 111.




from a seconds pendulum, reflected the de-
sire of the scientific community in the
United States for some absolute standard.
No official standard existed in post-revolu-
tionary America. Consequently, standards
in use seldom agreed.

In 1798, Eli Whitney was given a con-
tract by the government to produce a
number of muskets, the components of
which would be interchangeable. Since
this probably was the earliest attempt at
manufacturing to dimensions, the question
arose as to ‘““whose dimensions?’ To be
sure, Whitney’s own parts were perfectly
interchangeable; yet components of the
supposed same length made by another
manufacturer, Smith, would not fit any of
Whitney’s muskets. Why? Whitney and
Smith were not using the same scale (see
page 146).

The United States was not to have what
could be called a legal standard of measure-
ment for some 60 years. Firstly, the Ameri-
can system of weights and measures was
largely of English derivation, and un-
friendly relations econtinued with England
forabout40yearsaftertheWar of Independ-
ence. Secondly, the newly-emerged nation
was reluctant to adopt a sweeping change
of the kind that caused civil disorder in
France when it adopted the metric system.

In response to a request by Congress
four years earlier, a comprehensive report
on the subject of weights and measures was
issued by John Quiney Adams in 1821,
then Secretary of State. While admiring
the ‘“uniformity, precision, and ‘‘signifi-
cancy’’* of the French metric system,
Adams regretted its lack of relationship to
any convenient unit of the human body,
and overemphasis of decimal values. He
recommended to Congress adherence to
the English system with “no innovation”,**

and even urged closer use of it by acquiring

*Charles Davies, The Metric System Considered
with Reference to its Introduction to the United States
p. 229.

**Tbid., p. 300.

a copy of the Standard Yard from the
Exchequer of Great Britain.*

In 1830, Congress having failed to act,
Ferdinand Hassler, a Swiss immigrant-
engineer and the first Superintendent of
Coast and Geodetic Survey, proceeded to
establish his own standard. The length
standard he had secured in 1814 was an 82-
inch [2082 mm)] scale prepared by Trough-
ton of England, based on the Yard of 1588,
the same as that scorned by Baily. The
distance between the 27th and 63rd inch
marks on the scale (seemingly most exact)
were chosen to represent a yard.

As Perry observes: Setting up shop in
an arsenal, Hassler began making copies of
his standard, thenceforth known as the
Troughton Scale, and issuing them to the
several states and customs houses, without
the least authority from Congress. When
Congress became aware of this usurpation
of its power, it quickly passed a resolution
—urging Hassler to hurry!**

In 1856, the U.S. received, with presi-
dential ceremony, Bronze No. 11, a yard
standard, which had been calibrated to the
Imperial Yard of England. Although
Bronze No. 11 replaced the Troughton
Scale as a national standard, it, too, was
never authorized as an official standard.

*Ibid., p. 303.
**John Perry, The Story of Standards, p. 70.

INTERNATIONAL STANDARD
On May 20, 1875, an International Metric
Convention was held in Paris. Attending
nations agreed to jointly sponsor an Inter-
national Bureau of Weights and Measures
(BIPM) to be located at Sévres, France,
Fig. 156.

Since the time of its inception, the BIPM
has expandedits scope to include numerous
projects such as nuclear, time, weight, elec-
trical, and gravity (‘“G’’). The total staff of
the BIPM is unbelievably small, with only
40 members. Its small organization, how-
ever, belies its tremendous contribution to
the advancement of science and metrology.
They have acted as coordinators and impar-
tial arbitrators. In addition, they have
been influential in such critical matters as
the choice of light wave emissions of kryp-
ton 86 as the basis for a length standard.*

At the International Metric Convention,
it was also agreed that the International
Bureau would have the responsibility of
preparing a special set of meter standards,
Fig. 157. One of these bars, the closest in
length to the Metre des Archives, was se-
lected as the ‘‘International Prototype
Meter.” This standard was chosen without
reference to measurements of the earth.

*Author’s conversation with P. Carre at BIPM,
October 4, 1968.

FIG. 156 Le Bureau Inlernational des
Poids et Mesures (BIPR), sponsored by
many nalions of the world, is localed in
tnlernational lerrilory in Sévres, France.
Courtesy ol the BIPM,
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The bar, made of 909, platinum, 109, irid-
ium in an “X” or “Tresca’ design, has two
finely scribed lines set apart near its ends
on a highly polished surface at its neutral
bending plane. The separation of these
lines was defined as one meter at 0° C.
[32° F.], the temperature of melting ice.
The “line” standard was felt to be less sus-
ceptible to damage than the terminal sur-
faces of an end standard.*

As a result of the 1875 conference, the
signatory countries received copies of the
International Prototype Meter. The U.S.,
a participant, received National Prototype
Meter No. 27.

The Mendenhall Order,** issued April 5,

*T. R. Young of the National Bureau of Stan-
dards attributes reversion to a line standard to the
fact that measuring microscopes were then being
perfected. Their use made it possible to determine the

position of the line with a great deal of precision.
Author’s conversation at NBS, November 26, 1968.

**]t is evident from his language that Mendenhall
was a strong advocate of the metric system, then
almost completely sanctioned in continental Europe,
and had no doubt that its adoption by the U.S.A.
was imminent.

1893 in Bulletin No. 26 of the U.S. Coast
and Geodetic Survey,* stated that the
length standards of the U.S. thereafter
have as their authority National Prototype
Meter No. 27. The value of the inch would
be derived therefrom by the following rela-
tionship: that 1 inch equalled 25.4000508
millimeters.

While the U.S. customarily used the
English system of unit, the relationship of
the British Imperial Yard to the meter at
that time was such that 1 inch equalled
25.399978 millimeters. In 1922 this rela-
tionship was revised so that 1 inch equalled
25.399956 millimeters.

In 1951, Canada re-defined her inch so
that 1 inch equalled 25.4 millimeters
(exactly). By so doing, it meant that
there were three different ‘“‘inches’ —that
of the U.S.A., England and Canada.**

As recently as 1959, the English-speak-
ing nations of the world compromised on
the Canadian inch with its simpler conver-
sion factor. It was longer than the English
inch by .0000017 inch [0.00004 mm] and
shorter by .000002 inch [0.00005 mm)] than
the U.S. inch.

LIGHT WAVES
—AN ABSOLUTE STANDARD

The desire for an immutable standard
dates, undoubtedly, to antiquity. Today
we can only speculate on the coincidence of
the ancient Babylonian cubit being equal
(within two parts in a thousand) to the
length of the Babylonian seconds pendulum.
Similar scientific motivations prompted
Jefferson in 1790 to propose the use of the
pendulum, for the English to temporarily
adopt it as a standard in 1824, and for the
French to relate the Metre des Archives to
the circumference of the earth.

*The Office of Weights and Measures was given
responsibility for standards shortly afterwards. In
1901, this became known as the National Bureau of
Standards.

**Recently, both England and Australia have
initiated plans to gradually convert from the En-
glish to the metric system of measure.



Huyghens suggested the basic wave
theory of light by 1665. The concept of
using monochromatic light waves as a nat-
ural standard dates to 1827, when it was
proposed by Babinet. Interferometric com-
parisons were made in 1892 by an American
scientist, Michelson, and Benoit of the
BIPM. They calculated the International
Prototype Meter as being equivalent to
1,5653,164.13 wavelengths of red cadmium
light at 29.92 inches [760 mm] of atmo-
spheric pressure at 15°C [569°F). This cal-
culation has since been found to be accu-
rate to about one part in 10 million.

Benoit, Fabry and Perot in 1905-6 at the
International Bureau also made interfero-
metric comparisons of the meter and calcu-
lated one wavelength of the cadmium red
line to be equal to 2534.825 x 107% inches
[6438.4696 x 107 meters]. Perhaps on the
basis of this work, the International Solar
Union, in 1907, defined the angstrom, a
unit used in expressing the length of light
waves, as being:

1 wavelength of the cadmium red line
= 6438.4696 angstroms.

So promising were the possibilities of
light wave measurement that at an Inter-
national Conference of Weights and Mea-
sures in 1927, it was proposed that the light
wave emissions of red cadmium light be con-
sidered a ““provisional’’ standard of length.

In the years that followed, pioneering
work using the principles of interferometry
was done by O’Donnell, of the United
States, who had worked directly with
Michelson; by Barrell, of England’s NPL,
and by Koesters and Engelhard, who devel-
oped the Koesters Interferometer, Fig. 158,
which was in practical use at an early date
in the Physikalisch-Technische Bundesan-
stalt (PTB), the German equivalent of the
U.S. National Bureau of Standards.

At an International Convention in
Paris, held on October 14, 1960, 32 states
unanimously voted the new standard of
length to be the light wave emissions of

WG, 168 1he “Koesfors

(PTB) Germany by the early 1250 s.

Courtesy of the PTB,

krypton 86. It was chosen over mercury 198
and cadmium because of its purity and
clarity.

Fig. 159 shows Dr. E. Engelhard, who
contributed greatly to the adoption of the
krypton light source, with a krypton lamp.

The meter is today defined as “.....
equal to1,650,763.73 wavelengths in a vac-
uum of the radiation corresponding to the
transition between the levels:

2p10-5d;s of the krypton 86 atom.”*

The immediate practical implications of
this re-definition were small, but the long
range effects from the viewpoint of the
metrologist will be considerable. The In-

*The established relationship of the inch to the
meter remains unaltered, but no longer refers ulti-
mately to the International Prototype Meter. Ac-
cording to the U.S. National Bureau of Standards,
one inch is now defined as “‘41,929.399 wavelengths
in a vacuum of the reddish-orange radiation cor-
responding to the transition between levels 2p;o—5ds
of the unperturbed atom of krypton 86.”
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FIG. 160-—Some meirologists feel thal the
present length standard (kryplon 86) will
eventually be replaced by the laser (light
amplification by stimulated emission of
radiation). The principle of the operalion
af a laser-inlerferometer 1s demonsirated in

this schematic. Courlesy Perkin-Elmer Corp.

| Viewing scree ternational Prototype Meter of 1890, the
lewing screen

old standard, while of exceptional quality
| Polarizing screen and stability, could not be guaranteed im-
Photodetector ! / mune to damage or secular change. Also,
Polarising screens Condenser | CD ! Visual leg errors of determination when using a
g fens IR. | 100X microsco.pe‘ amounted to.as much as
Photodetector LD [/Reference beam 0.000008 (8 millionths) of an inch [0.0002
‘:;ﬁf\\: | AM d mm)] or one part in 10 million (considerably
A al : lessif a photo-electric microscopewereused).
A EGMG - - 7 GM The present light wave standard has a
Diverger lens n t } potential accuracy of determination of per-
" ILR } / i f/' haps 1 or 2 parts in 10°. On the basis of
~ Yy o I = observations made since 1892, metrolo-
1) — _/I U} | // MM % gists are convinced that light waves are an
V Beamsplitter , Measuring beam Target prism unchanging magnitude.

Model 5800 laser ~ 4-Plate  Collimating [ (Retroreflector) Even so, the present standard may con-
dumper mirror lens | ceivably be replaced by the laser (Light
| Amplification by Stimulated Emission of
i‘& | l I Radiation), which some metrologists feel
Preamp M' | Amp & clipper l/ A will make possible increased accuracies

| when measuring to greater lengths.
} Fig. 160 shows a schematic view and
| [_\_ I\ I_B_L Fig. 161 a cutaway view of a laser inter-

| ferometer.

Preamp / } Amp & clipper l/ For measurement purposes, present tech-

niques utilize the gas laser, and in particu-

____________________ — 1 Af;nzgg lar, the helium-neon gas laser, married with
a suitably designed interferometer. The
great advantage of the gas laser compared
to other light sources is its coherency and
strongly defined fringe pattern over long

input Viewing screen Output mirror Cover  Tube heat sink assembly Anode (ballast) resistor
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: T = — assembl
| KEF\ _ /// = - /"/‘ﬁ ’
] ] r @ / |~ UHR mirror
n-.u.{ W nu. /
= a2 I' — Photodetector
o] i) -.ll-- assembly
Output 0 3 ccpm ] | |
window = = = E
[ en [ B\
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Interferometer / / / \
(detail not shown) Pusher Heater blanket Filaments Invar resonator Anode Base assembly ~ Cable assembly

FIG. 161 Cutaway of a laser interferometer,
Couricsy Perkin-Elmer Corp,
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PIG, 162 T he helium-neon gas laser has
already been applied as a practical
lenglh-measuring tool, such as this
“Automatic Seale Measuring

Inlerferometer” of the National Physical

Laboralory (NPL) tn Kngland.
Courtesy NPL, Britishh Crown Copyright.

optical paths. The gas laser is already
established as a practical length-measuring
toolin most of the national bureaus, Fig. 162.

The gas laser wave-length, however, is
dependent—aside from the conditions of
the environment—on the adjustment of
the reflecting mirror ‘“‘chamber’”, which
acts as an optical resonator for the helium-
neon atoms. While this may be adjusted
very precisely by using piezoelectric or
magnetostrictive mirror mounts, it means
that the laser is not an “immutable’ stan-
dard. In fact, it ““drifts”’ over a period of
time. For this reason, it is essential that it
be periodically compared against the stan-
dard line of krypton 86. Engelhard sug-
gests that it may be many years before a
suitable gas laser can be developed for use
as a primary standard. Theoretically, it
could be used now if defined in terms of the
infrared line; however, Engelhard feels
that the line should be visible.*

Young and Strang of the NBS, on the
other hand, maintain that since krypton is
itself somewhat of an ‘““artificially”’ derived
standard, being an atomic isotope, there
should be no objection to using an infrared
spectrum laser under carefully specified
conditions.**

Reports indicate efforts by the NBS re-
searchers to achieve stable laser wave-
length output based on ‘“‘saturated absorp-
tion in methane vapor of radiation from a
3.39 micrometer helium-neon laser.”” ***

The specified equipment and environ-
ment required to perform length-measure-
ments of reference-caliber standards by light
wave method (measurements must be per-
formed in a vacuum, or alternatively calcu-
lations made of the refractive index of the
air surrounding the interferometer), means

*Author’s conversation with Dr. E. Engelhard at
PTB, October 2, 1968.

*kAuthor’s conversation with T. R. Young and
Arthur Strang at NBS, November 26, 1968.

***See ‘“Laser Technique Provides Precise Length
Measurement,” Machine Design, February 20, 1969.

Photo-electric
microscope

Semi-reflector
Semi-reflector

Moving carriage

Line standard

“‘Precision scales up to 1 metre in length are verified auto-
matically in terms of a laser wavelength determined by refer-
ence to the krypton-86 standard. The number of wavelengths
in each scale interval is determined using a laser interferom-
eter and electronic counting. The counts are punched onto
paper tape which is processed by a computer to give a table
of errors for the scale intervals.”

|

FIG. 163 Ordinary while, or clear light,
consists of a blend of different colored rays,
made visible to the eye by passing light
through a prism.
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VG, 164 A widely-aceepted theory path, “interference fringes” are seen as lhe

mointains that ght rays hove wnduladions irare crest of one falls inio the irough of

or waves (top). Aecording fo this theory, I @ another, &n interference fringe thus has

portion of  ray 1s mude lo trar

La greater ve (lower).

distonce and then is returned (o i

Y

1 1 1.
50,000,000 INch iy 56:060,000 iNch i 567000,000 Lch

Light waves in phase

1 . 1 . 1 . 1 ; 1.
166,000,000 NCh—*T= 155 505,500 INCh 30,900,000 INch 166,600,600 nch 106,600,000 Inch

Out of phase (Fringe shown every half-wavelength.)

Monochromatic light (normal incidence)

F E D C B A
Optical flat
Micro-inches
34.8 Light
232 Dark Light

11.6 J Dark Light
l ) Dark
Air wedge\/ \/

1 2 3 Work
Half-wavelengths

“‘Diagram and caption presents a simphfied mechanical analy-
sis of WHAT happens when bands form between an optical
flat and a reflective work piece under monochromatic hght, for
a basis of interpretation of work flatness using interference
band patterns. (All academic-scientific details explaning the
WHY of the band formation have been intentionally omitted.)
“Certain rays, B, D, F, etc., fall where wedge thicknesses are
just one, two, three, etc., half-wavelengths, and are reflected
partly from the flat and partly from the work. At reflection each
of these particular rays interferes with itself, 1n accordance
with optical laws, thus cancelling its own light and appearing
from above as a narrow dark band. Since each dark band 1s
ke a contour line on a topographic map, it defines a path
across the wedge wherever its thickness 1s exactly umform.
The dark bands are thus useful for precise measurement of
work flatness. Other rays, A, C, E, etc, reflect their light up-
ward without interference and appear as wide alternate bright

bands.”
PG 165 d nlerference band (or fringe) PTG, 166~ "T"he phenomenon of fringe
Jormation. formation caused by the inicrference of light

courtesy J. Keansiiy Emery, Van Keuren Co. wares can be applied v the measurement
of length us well us to the measurement of
surface flatness of « workpiece, such as

this Spin Table iop.
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that work in this direction will be carried on
largely in the bureaus for some years to
come.

Light Wave Measurement Described

Ordinary white or clear light is a blend of
varied colored rays, the latter sometimes
made visible in nature as in a rainbow or a
soap bubble, Fig. 163. Each of these rays
has undulations, or ‘“waves’” of a specific
length, such as 1/50,000 inch [one-half of a
um], from crest to crest. When a portion
of aray is made to travel a greater distance
and then is returned to the same path, the
phenomenon of ‘“‘interference fringes” is
seen as the wave crest of one falls into the
trough of another, Fig. 164.

The phenomenon of fringe-formation
caused by interference of light has long been
applied as a practical method to measure
surface flatness. Measurement is made by
using an optical flat and light source. An ex-
planation is included here as an aid to gen-
eral understanding. In Fig. 165, an analysis
of this processisgiven by J. Kenneth Emery.
Fig. 166 shows a practical application, the
inspection of a Spin-Table top for flatness
through use of a monochromaticlight source
and a 12-inch [305 mm] master optical flat.

Once the value of a fringe is known, pro-
viding one is able to compute their number,
or fractions, the metrologist has a conve-
nient, versatile, and precise length-measur-
ing tool. Since white light is a mixture of
rays, it can be said to have only a mean
wavelength; its use is therefore limited to
extremely small distances. The slight differ-
ence in the accumulated length of the wave
of each ray quickly becomes significant,
obscuring the fringes.*

The solution is in the use of monochro-
matic (single color) light. The practical dif-
ficulty is in obtaining a light source which
will emit monochromatic light of sufficient

*Fizeau used white light in the first accurate de-
terminations of the coefficients of expansion of
various materials—but over extremely small ranges.
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Monochromatic light from source S is arranged to pass
through collimating lens L, after which the light falis on sur-
face A, which has a thin film of siver so as to be sem-
reflecting.

The light at A is divided into 2 beams; call them beam 1 and
beam 2.

Beam 1, after passing through glass plate P is reflected at F,
mirror R, to F, mirror N; from whence beam 1 is reflected
back through the same path, through glass plate P to interior
of semi-reflecting surface where 1t I1s reflected through glass
plate P to be viewed at telescope T.

Beam 2, after reflection at A is made to pass through glass
plate Q, which is of the same thickness as glass plate P. It is
next reflected at B of mirror M back through the same path,
through semi-reflecting surface A to be re-combined with beam
1 at A, again to be viewed at telescope T.

If, however, there is any difference in the length of the paths
of beam 1 (ADFEFDAC) and beam 2 (ABAC), interference
fringes result where the two beams combine, to be viewed in
telescope T.

Professor Michelson measured the small path differences by
displacing one of the mirrors a slight amount by means of a
micrometer screw.

Using 3 kinds of light from the cadmium spectrum—red, green
and blue, he was able to determine the length of each wave
and also the number of times that each was contained in the
standard meter.

In phase Qut of phase
(Fringe shown every

half-wavelength.)

YIG. 1671 he first true light-arare
wmeasurements were performed by BMichelson

g

and Benott, using r
B

g red cadmivin light, al
the Tnlernational Bu

ureay 1 1892,
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FICG. 168—Sia physiecal length standards,
each different 1n form. Physical standards
of length of reference caliber are etther (1)
end standards or (2) lne standards.

Courtesy NPL, Brtish Crowin Copyright

Modern end standard

T e

International prototype metre

Métre des archives

Elizabeth yard

Henry Vit yard

“H" section “Tresca’’ section

PRECISION SCALE

Imperial standard yard

purity and clarity for measurements of
length up to one meter. Fig. 167 shows the
arrangement of a Michelson type of inter-
ferometer.

2. Physical Standards as
Measured in the Bureaus

While we now have a ‘““natural’”’ standard,
the need for physical standards remains.
Moreover, the length of these physical stan-
dards must still be accurately established.
They are basically in two forms, Fig. 168:
I. Precision scales
IT. End standards

I. THE PRECISION SCALE

The Precision Scale of reference-standard
caliber is usually of a T'resca, or sometimes
an “H” section, designed to be supported
and used horizontally, Fig. 169. Fine lines
are engraved 90° to the longitudinal axis of
the bar, on a highly polished, flat surface at
the neutral bending plane of the bar, Fig.
170. A convenientline spacing would be .050
inch in the English system and 1 millimeter
in the metric; but it is the overall lengih,
notably of meter and yard standards, which
is of particular interest to the bureaus. The
gaging length is a function of the separation
of these lines. To minimize the error due to
out-of-parallelism of the lines themselves,
only a certain portion of the line is used.

Engraving the Scale

A specially-constructed ruling engineis used
for engraving the lines of the scale. Its spac-
ing is governed by a precise, compensated
lead screw, or alternately by reference to a
master scale, using either an optical micro-
scope or a photoelectric microscope.

Lines are scribed with a sharp diamond
cutter to widths as small as 80 millionths of
an inch [0.002 mm]. The trend in recent
years has been to make these lines as fine
as possible and to employ higher magnifica-
tions in reading the lines. Precautions are

FIG. 169-—Idne standards or precision
seales, of reference qualily, are usuwally of
an “H or “Tresed”’” design for rigidity.
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FI1G. 170—The lines of « reference culiber
precision scale are placed on the neulral
bending plane lo minimize errors due te
Hexure of the bar. A conwvenient line
spacing 13 .050 1n. in the inch system and
one millimeler in the welric system.



Fia. 171~ Uniil 1960, the official standards
of length were in the form of line standards.
Emd standards «ltimately had 1o refer {0
eristing line standards. This method of
comparison was perfected Dy the NP L.
Courtesy NPL, Brilish Crown Copyright,

taken to produce lines of uniform thickness,
parellelism and spacing. In order to achieve
isolation from vibration, the entire ruling
engineis usually mounted on a massive con-
crete foundation which is, in turn, mounted
on springs. Temperature must be held to
exactly 20°C [68° F] throughout the ruling
period.

Method of Comparison

Inspection of the scale may be done by com-
parison to another reference scale. Calibra-
tions of the highest order, however, can be
accomplished through use of a Michelson-
type of interferometer. The scaleismounted
on a movable carriage. The mirror is fixed
to one end of the scale, or to the carriage.
As the carriage is moved, the lines of the
scale are picked up by photoelectric read-
out, but the actual displacement is mea-
sured in terms of the number of wave-
lengths of light movement of the mirror.

II. THE END STANDARD

The end standard is usually rectangular or
circular in section. Smaller sizes, such as the
familiar gage blocks, are essentially used
vertically, while the larger sizes are most
often designed to be used horizontally. It is
the terminal surfaces of the gage, in any
case, which are the gaging surfaces.

Lapping of the gage is a cut-and-try pro-
cess. Starting oversize, the ends of the stan-
dard are lapped progressively closer to exact
size, but considerationisalso given to micro-
finish, flatness, and parallelism of the ends.
Temperature is not quite so critical during
the lapping operation itself, as in the many
intermediary inspections of the gage when
the result of each lapping operation is de-
termined.

Method of Comparison

Since the official standards of length were,
until 1960, in the form of a precision scale,
akin to the International Prototype Meter,
many methods of comparing the end stan-

s ‘ oo
a |b 35%in. gauge ¢ 'd
Lﬁ L=G+b+c -4
ba d|c
| |

lr‘ L,b=G+a+d
35%in. gauge B

Ly ::lz(Ll + Ly

dard to the scale had to be devised. One
metrological procedure involved wringing
line-ruled block gages to the ends of the
standard, and reversing the blocks to aver-
age their error, Fig. 171. The end standard
can be measured more straightforwardly
by comparison to another end standard,
either by interferometric means, or by a
comparator, such as the NPL’s ‘Level
Comparator,” Fig. 172.

Highest order of accuracy, however,is ob-
tained by measuring directly in terms of
wavelengths of light. Terminal surfaces of
the end standard, if near-perfect optically,
can be used as interferometer mirrors. With
the Koesters-Zeissinterferometer, for exam-
ple, a larger flat block, serving as a reflect-
ing mirror, is wrung to one end to make the
ends ‘‘face the same way.”

RELATIVE MERIT OF THE
PRECISION SCALE AND THE
END STANDARD

Subdividing

One obvious advantage of the line standard
is that one bar can be subdivided into very
small increments (such as .050 inch or
1 mm). This is not possible with the end

&

¥1G. 172--1"Tis “level comparatior’” was
designed by the NI’L, and enables the
comparison of an end standard to ¢ master
end standard of known length.

Courtesy of INPL, British Crewn Cepyright.
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standard, nor is it desirable to simulate this
by wringing a large number of blocks to-
gether.

In the greater lengths (over one yard or
one meter), fabrication of the end standard
becomes increasingly difficult. Moreover,
this method, since it is restricted to de-
terminations of only one size, is costly in
relation to its limited use.

Problem of Making to Exact Length

Metrologists stress the importance of hav-
ing a reference standard of such quality that
an exact determination of length can be
made. They perhaps do not place sufficient
stress on the importance of making the stan-
dard to an exact nominal length (say 18
inches +5 millionths of an inch [457 mm
+0.000127 mm)]. The closer to exact length,
the less is the influence of the comparators
which must transfer its length to derived
standards; also, the more fully does the stan-
dard fit the needs of science and industry.
The end standard can, in fact, be made

in the greater lengths to within a few mil-

lionths of an inch [small fraction of a um]

of nominal size, though the precision scale
may depart one-ten thousandths of an inch

[0.0025 mm] or more from nominal. The

reason for this disparity is that the end

standard may belapped progressively closer
to nominal and as much time as required
can be spent in inspection to determine
what slight corrections should be made.

Once graduated, thescale cannot be altered.

Many factors could cause the line to depart

from its preseribed position, including:

1. Error of the standard or error in read-
ing the standard.

Deflection of the diamond in cutting.

Uniformity of line width.

. Parallelism of lines.

Temperature (must be exactly 68°F

[20° C)).

6. The reference standard and the stan-
dard to be ruled must be exactly the
same temperature.

It should be noted that the above conditions

o o o

must be exactly controlled during the instant
of engraving.

Magnification

The ability to measure closely depends to a
large extent on how much the error can be
magnified. The end standard can be mea-
sured with comparators (such as the elec-
tronic indicator) of 100,000 to 200,000 mag-
nification. The precision scale, on the other
hand, can be read by microscopes limited to
50 or perhaps 100 power and then only
where line quality is exceptional. The rea-
son for this vast difference in magnification
is that the terminal face of the end standard
may be considered an infinitely thin line in
space. The graduation on the line standard
is a groove, which is a minimum of 80 mil-
lionths of an inch [0.002 mm] wide. 100X is
the approximate limit of magnification be-
cause of lens distortion. At 100,000 power,
the line would be 8 inches [203 mm)] wide,
and the line begins to look something like a
rutted country road.

To overcome this limit of magnification
when using an optical microscope, photo-
electric microscopes of 10,000 times res-
olution have been developed. They are
used with line standards whose quality and
purpose justify their use. It is estimated
that accuracy of determination increases 50

There appears to be some difference, how-
ever, between what the photocell registers
in picking up the line and how the human
eye, using an optical microscope, interprets
this same 80 millionths of an inch [0.002
mm] as a target. The scale, or any of its
calibrated photoelectrically,
may thus have some other calibration when
read by eye, Fig. 173.

RELATION TO THE
INTERNATIONAL STANDARD
—LIGHT WAVES

The end standard as a physical representa-
tive can bedirectly compared to wavelengths

Error pm
+20 ,’\
-+ —==-- automatic /,\(__‘}_J Va'ad
15 — visual fj 124 ]
Af //’
WA A times.
10+ /\/a_/ e |
5 — /A.C/\“’%F4 v |
,%—/"F/
0 y/ | | I | L [ l
0 20 40 60 80 100 derivatives,
cm
Error um
M PN SN B NIV ZAW N 1 = -
—o3l v WA AN APSZRNN
0 20 40 60 80 100
cm
Difference, visual-automatic
FIG. 173 This chart was prepared on the then by photoelectric microscope

basis of < controlled test conducted by the
NPUL. I'n the test, one particular precision
seale was calibrated, first by referencing the
tine by oplical microscope (visual), and
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(automatic). The difference in lhe
cafibralion amounted lo 0.3 pm
|12 millionths of an inch).
Courtesy NPL, British Crown Cepyright,



of light by absolute means (no mechanical
movement, no time lag). This is accom-
plished by using its terminal surfaces as
optical reflectors in the interferometric
arrangement.

The line standard, on the other hand, is
compared indtrectly to the light wave stan-
dard through movement of a carriage hold-
ing the mirror. The line is picked up opti-
cally or photoelectrically. A fringe-counting
interferometer, which takes a signal and
commits it to a photo-sensitive cell, is re-
quired. The problem is to hold temperature
drift, since there is a time interval while
counting fringes. In addition, thereistheer-
ror of the carriage itself such as to straight-
ness of travel. Line standards thus cannot
be compared to the official light wave stan-
dard by absolute means.

The techniques of relating the end stan-
dard and the precision scale to the krypton
standard are compared in Fig. 174.

The problem of wear was considered suf-
ficiently worrisome that the International
Prototype Meter, unlike its predecessor, the
Metre des Archives (see page 105), was in
the form of a precision scale. This is not
now assignificant a factor, sincethe ultimate
standard is no longer in physical form, and
is reproducible.

CONDITIONS OF COMPARISON

Determinations of length must be made
under certain specified conditions. The ac-
curacy of determination is in direct propor-
tion to how well these conditions are met
and how rigidly maintained.

Environment

Elements within a standards room environ-
ment which may influence the comparison
of linear standards include temperature,
atmospheric pressure, humidity and vibra-
tion.

Temperature

The reader will recall that non-uniform tem-
perature within a piece may cause distor-

Optical or photoelectric
microscope

/Reﬂecting mirror

' I Reflecting mirror

Telescope

Line standard

Movable carriage
(1st position)

5 .

e

Beamsplitter

Krgg light source

Movable carriage
(2nd position)

8

)i

1S

Terminal surface
acts as reflector

Wrung-on piece
acts as reflector

— L.

i

1 Reflecting mirror

Telescope

—1
s
|

End standard

Support

Beamsplitter

J\

Krge light source

FiG. 174-The technigues of relaling Lhe line
standard and the end standard to the
kryptlor light stondard are compared.

The end stardard may e compared to
the light wave standard “absolutely’” with no

movement (botlom). The comparison of the
precision scale lo the light wave standard
necessilates the wmovement of a carriage,
supporting the standard--nol absolule

(top).
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FIG. 175— Various malerials expand or
conlract al differenl rates 1n response lo
ternperature change. I'ables of coeffictents of
expansion are less exact than would be
desired, especially for the purpose of
metrelogy.

COEFFICIENT OF THERMAL EXPANSION
OF DIFFERENT MATERIALS

Aluminum 12.37

Bronze 9.9 Linear expansion

Steel 6.2 in millionths of an inch
per inch of length,

Cast Iron 6.0 per degree F

Tungsten carbide 33

Invar 1.5 .

tion. Measurements of length involve two
additional considerations:

1. Virtually all bodies will expand with an
increase in their temperatures. The re-
verse is also true.* It is meaningless,
then, to attempt to state the exact
length of an object without at once
specifying the temperature at which
this is so.

2. Rates of thermal expansion vary with
different materials. For this reason,
tables of ‘“‘coefficient of thermal ex-
pansion” have been formulated for
different materials. They enable cal-
culation of the amount of expected lin-
ear change in a body, given its length
and temperature change, Fig. 175.
These tables, unfortunately, are only
theoretically correct. If the composi-
tion is even slightly altered or is non-
uniform, the stated coefficients may
not apply. Moreover, the stated coef-
ficients refer only to a change of one
degree, from 0° to 1°C [32° to 33.8°F].

Onewould expect, then, that some specific
temperature must be chosen at which all
calculations of length are to be made. En-
gland, for example, used 62°F [16.67°C] for
many years. Also the meter was originally
defined at 0°C [32°F], the temperature of
melting ice.

Today the internationally-accepted tem-
perature at which length determinations
are to be made is 68°F [20°C]. The choice
of 68°F, while arbitrary, is convenient
enough. At this temperature, there is a con-
venient numerical conversion between de-
grees Fahrenheit and degrees Celsius (Cen-
tigrade). Most importantly, everyone must
agree to and adhere to this figure.

If the length standards have identical co-
efficients of expansion, it follows that when
being compared they need only be alike in
temperature. However, the more dissimilar
the coefficient of expansion of the standards

*This excludes temperature variations wideenough
to cause secular changes or changes in state.

being compared, the more necessary it is
that the temperature of both be exactly
68°F [20°C).

While corrections can be made to the ex-
tent temperatureis not exactly maintained,
the goal should be to eliminate or at least
minimize departures from ambient. Ambi-
ent temperature change has three sources:
convection, conduction and radiation.

Convection, Fig. 176. Ambient tempera-
ture change of the standard due to convec-
tion might include the effects of opening
doors or windows, drafts from the move-
ment of personnel, or variations from the
temperature-control unit itself in the form
of non-uniform air currents, or even strati-
fication within the room.

Conduction, Fig. 177. Temperature dif-
ferentials may also be caused by conduction,
the flow of heat within a body or from one
body to another. Thus, the standard may
itself depart from ambient when in contact
with some object above or below ambient.
An example of this would be the handling
of the standard by personnel.

An unsuspected ambient error can arise
from stratified temperature within the room.
The surface on which the standard rests
(such as a surface plate or machine table)
may itself be exposed to convective air cur-
rents above or below 68°F [20° C] at some
other level of the room.
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¥IG. 176—A badly-designed lemperalure-
conlrol sysiem may cause grealer errors than
the absence of any conirols at all, especially
if the controlled air exhausts near machines
or gaging arveas. Krrors are caused by
conveclion.

The principle of conduction, however,
can be utilized to achieve stability. A sur-
face plate or machine table of sufficient mass
held to 68°F [20° C] can actasa ‘“‘heat sink.”
Placing thestandardsin close proximity, or,
better still, in contact with one another on
such a surface contributes to conformity of
their temperatures.

Radiation. The effects of radiant energy
are especially troublesome, and often over-
looked, where a high order of accuracy is to
be attained. All objects in a given room en-
vironment emit and absorb energy in the
form of electromagnetic waves traveling in
a straight line, tending towards an equilib-
rium of temperatures. However, a body
above ambient placed within this environ-
ment raises thetemperatureof other objects
to the degree in which they are in the path
of these waves, and also depending on their
surface color and texture. A dark surface
tends to absorb heat; a shiny surface to re-
flect. For example, due to absorption of
radiant energy an unshielded gray granite
surface plate will be 0.1 to 0.2°F. [0.055 to
0.11°C] above room temperature and a
black granite plate as much as 0.4°F
[0.2°C], Fig. 178.

Sources of radiant heat include lights,
sunlight, personnel, electrical equipment,
heaters or large masses above ambient
brought into the environment. Aluminum
foil or other guards may be used to shield
the measurement set-up from radiant heat.

s —
62° F =
68°* F ambient temperature }
62°F
‘&/
Gaging O area 62°F
[ ]
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O O
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Growth due to
transmitted
temperature
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| I
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CONDUCTION

object

RADIATION

FI¢. 177-—(center) The handling of standards
by personnel may dler thelr lengths

through conduction.

¥1G. 178-—(bollom) Objects in the direet path
of light will vary in lemperalure depending

on their rales of absorption or refleclivily of
that light. Firrors are caused by radiation.
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FIG, 179 — An above-ambient stendard
brought tnto « conlrolled environment,
requires several hours to reach ambiend.
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Temperature and Time

When the standard is allowed to depart
from ambient temperature, whether due to
handling, exposure to radiant heat or tem-
porary removal from the controlled area,
there is a time lag, depending on the
thermal capacity of the standard, before
it again reaches ambient.

Plotting the temperature of the standard
against time, the curve is exponential, Fig.
179. It should be noted that an unsuspected
temperature differential can exist for many
hours after the source of heat is removed.

If the standard is placed with as much of
its surface as possiblein contact with a large
mass at ambient within the room, the time
required for the temperature differential to
disappear lessens. Even so, where a few mil-
lionths of an inch accuracy [tenth of um] is
required, it is recommended to wait many
additional hours to allow the standard
to reach ambient.

Humidaty

The presence of humidity within the mea-
suring area is not apt to dimensionally
change metallic standards which are most
commonly used. Its effect, however, should
not be completely discounted. Various non-
metallic substances are seriously effected
dimensionally by humidity, and humidity
will corrode many ferrous materials.

Vibration

Vibration, as with humidity, has no di-
mensional effect on the standard itself. Suf-
ficient amplitude of vibration might cause
a shift of the standard’s position during
the calibration. The presence of even the
slightest vibration, however, can definitely
frustrate the use of high magnification
instruments, notably interferometers, and
to a lesser extent mechanical and elec-
tronic indicators.

Atmospheric Pressure

Atmospheric pressure is not usually con-




sidered a factor in calibrations of length, ex-
cept where comparisons are made interfero-
metrically. Measurements are then either
made in a vacuum or compensations are
made which include corrections for the re-
fractive index of the air.

When gages are measured in a vacuum,
corrections must be made for the compres-
sion that occurs on return to normal atmo-
spheric pressure. For a one-inch [25.4 mm)]
gage of steel, this amounts to one-third of a
millionth of an inch [0.000008 mm].* This
might seem a small amount until one con-
siders that the value for a meter standard
[39.37 inches] would be approximately one-
third of a um [13 millionths of an inch].

Engelhard performs many interfero-
metric length measurements without vac-
uum, feeling that theremay beless potential
error in calculating the refractive index of
the air than in compensating for the return
to normal atmospheric pressure.**

Material of the Standard

Stability— Nothing is more disturbing,
metrologically, than dimensional instability
of the measuring standard. One comes to
trust the standard as calibrated, when in
fact it has undergone some long or short-
run change in length. It might be remem-
bered that the Imperial Yard underwent at
least one modification in its length due to
secular change.

Residual stresses, such as those from
machining, may be later evidenced by a
bending or twisting of thestandard, altering
its effective length.

End standards are usually hardened to
facilitatelapping of their gaging surfaces, to
minimize damage from being bumped, and
to reduce wear in use. Usually, only surface
hardness isrequired, the core remaining soft
for greater stability. At times, only the ter-

minal or support surfaces are hardened.

*Irvine C. Gardner, “Ten-millionths of an inch,”
Ordnance, May—June 1965.

**Conversation with Dr. E. Engelhard at PTB,
Oct. 2, 1968.

Precision, hardened steelgageblocks may
undergo astonishing changes in length with
improper heat treatment. The presence of
unstable austenite retained from the hard-
ening cycle, or untempered martensite, may
result in a crystalline phase change. This
may either occur slowly over a period of
time, or be suddenly triggered by a jar or
variation of temperature.

Experiments by Meyerson and Sola*
make clear that there remains much to be
learned about dimensional stability. In-
cluded in their tests were many types of
steels, such as 52100 modified, nitrided 410
stainless, and other materials, such as cer-
mets and ceramics. Many of these materials
were also analyzed for stability after subjec-
tion to varying treatments. Their experi-
ments were not conclusivein all respects, yet
the following groundwork was established:

1. Several materials, with prescribed
treatment can be made ultra-stable
(nomore than .1 or .2 millionth inch/
inch/year change), [0.0000025 or
0.0000050 mm/25.4mm/year).

2. Given the requirement of hardness of
65R ¢ or greater, for strength and wear,
then the dimensional stability of the
best surface-hardened steel will exceed
that of any of the through-hardening
steels.

3. The hard case of surface-hardened
steels should not be removed, even
from the sides. This applies to case-
hardened as well as to nitrided speci-
mens. The case apparently acts as a
‘“protective envelope,