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High-Amplification Comparators

GAGES AND MEASURING EQUIPMENT

1.1.3.1  Length Standards. Standards of length and angle from which all measurements of gages are derived.

1.1.3.2 Master Gages. Master gages used for checking and setting inspection of manufacturers’ gages.

1.1.3.3 Inspection Gages. Inspection gages used to inspect products for acceptance.

1.1.3.4 Manufacturers’ Gages. Manufacturers’ gages used for inspection of parts during production.

1.1.3.5 Nonprecision Measuring Equipment. Simple tools used to measure by means of line graduations.

1.1.3.6 Precision Measuring Equipment. Tools used to measure in thousandths of an inch or finer.

1.1.3.7 Comparators. Precision measuring equipment used for comparative measurements between
the work and a contact standard such as a gage or gage blocks.

1.1.3.8 Optical Comparators and Gages. Optical comparators and gages are those which apply
optical methods of magnification exclusively.

FIGURE 10-2 These definitions are condensed from Military Standard, Gage Inspection, MIL-STD-
120. They show the distinctions among the classifications of equipment involved in metrology. Note
that the high-amplification comparators discussed in this chapter are not independent instruments
but require the use of length standards, another one of the classifications.

High-Amplification Comparators
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High-Amplification Comparators

SMALL INCREMENTS

— OME"TENTH"
10=-MILLIONTHS
- ONE THOUSANDTH:! OF AN INCH
ﬁg TEN THOUSANDTHS ONE-MILLIONTH
25 OF AN INCH
=5 TENTH OF AN INCH ONE-TENTH OF A
32 ONE INCH mu.uloum OF AN INCH
' . IL
P ONE INCH I I
2E POINT ONE INCH
oF 10 MIL
;.‘3 ONE MIL
52 ONE-TENTH MIL
8
Oz
w o
- - 2 -3 8 a=5 =6 =T
£ 4 10° 107 1072 107 107* 107° 107° 10
w
o2
w
10 picometer {(pm} = 1 nanometer (nm) Pico = 10"

10 nanometer (nm) = 1 micrometer (nm)  Nano = 10*
10 micrometer (u m) = 1 millimeter (mm)  Micro = 10*

10 millimeter = 1 decimeter (dm) Milli = 10
10 decimeter = 1 meter (m) Centi = 10*
1000 meters = 1 kilometer (km) Deci = 10"

FIGURE 10-3 At high amplification, it is easy to misplace a decimal point.
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Reed-Type Comparator
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FIGURE 10-6 The metrological features of this reed-type comparator are the same as the other high-amplification
mechanical instruments. They are relatively inflexible in configuration compared with the great flexibility of the
new electronic instruments. However, there is never any doubt about their geometry. Their adherence to Abbe’s
law is clear, although it may not be with their electronic counterparts. (Courtesy of CE Johansson Gage Co.)
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FIGURE 10-7 An actual optical lever is used to amplify the reaction. In the actual instrument, the optical patt
is longer than is shown here and a prism is used instead of a mirror

Electronic Measurement

ELecTroNIC MEASUREMENT

Functional Features

B Rapid operation even at high amplifications.

B Multiple amplification ranges in same instrument.
B Remote operation and multiple input operation.
B Limited self-checking (one scale against another).
|

Convenience (most are portable, some entirely self-
contained, controls are easy to understand)

m Versatility (large number of measurement situations
can be handled with standard components).

Metrological Features

B High sensitivity in all ranges.

® Favorable instrument accuracy compared with other
instruments.

B Signals can be combined electronically for added, sub-
tracted, and differential measurements

FIGURE 10-9 These points are generalities. Any one of
them might be sufficient reason to accept or reject an
electronic instrument for a particular measurement.




Electronic Measurement
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FIGURE 10-10 All measurement instruments, including those that measure mass and time, as well as length
measurement, fall into the generalized system.

Electronic Measurement
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FIGURE 10-11 This simplified bridge circuit is similar 1 IN COre position.
those used in electronic comparators.




Electronic Measurement

Cartridge Head Frictioness Hoad

FIGURE 10—.|3 These are tie .:;i.r;.he mast popular configurations for gage heads using
VDT trarsducers. (Courtesy of Brown & Sharpe Co.)

FIGURE 10-15 Probe heads differ considerably but all
have similar features. The adjustable probe acts on an
VDT cartridge in a housing for convenient mounting.

Electronic Measurement
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FIGURE 10-33 It takes much longer for a part to cool than to heat.




Electronic Measurement

SOURCES OF COMPARATOR MEASUREMENT ERROR

Heat from Gage blocks must be in good Handle parts and gage
electric lights condition, recently calibrated blocks as little as
and wrung properly. possible.

\.\L{\ Heat from direct
- light.
Avoid direct drafts i\-\ sun ;
=, ~ Segn head must be : Locking knobs ijjf

=) ¥ cla . Mmusl be tight. (/,

Use insulated forceps

to handle gage blocks.
Differences between part =
and gage blocks in mater-
ial, compressibility, tem-
perature and surface finish
can cause errors.

- —Handling stand by
column can cause
errors from uneven
heat expansion.

¢ _— Outside vibration can
affect measurement .

FIGURE 10-34 All sources of potential errors should be consciously investigated whenever a high-precision
measurement is made.

Electronic Measurement

ELIMINATION OF VARIABLE BY DIFFERENCE MEASUREMENT
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FIGURE 10-36 Thermal expansion provides an example of the elimination of a variable by means of difference
measurement.




Applications Unique to Electronic Measurement
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FIGURE 10-38 By placing two gage heads parallel on a

FIGURE 10-37 With the setup shown, only the differ- tapered part, it is possible to check the degree of taper
ence in concentricity is shown on the indicator. If both without regard to its diameter. The taper must be set to
parts are out of round in the same amount, the reading a master, of course.

is not affected.

FIGURE 10-40 Sum measurement in this example pro-
vides a measurement of the diameter even if the part is
not exactly on center,

FIGURE 10-39 This is an example of sum measurement
using opposing bands.

Applications Unique to Electronic Measurement

ReuaeilTy CHECKLIST FOR ReLIABLE COMPARISON MIEASUREMENTS

1. Is there a better way to make the measurement?

2. Can the available instrument divide the tolerance into 10 parts? Is there a record to support this? If not, is lower
precision adequate?

3. Are the length standards in calibration i.e., is their accuracy traceable to the National Institute of Standards and
Technology (MIST) by up-to-date calibration records?

Has the most reliable support been selected? Don't use a height gage if a comparator can be used.

Are the instrument, parts, and standards scrupulously clean?

Are all parts of the setup locked and secured to eliminate all movement except displacement in the gage head?
Has the environment been checked for drafts, direct light, vibration, and other error-causing disturbances?

. Have the instrument, parts standards, work holders, and reference surfaces (whichever apply) been fully
normalized?

R R

9. Has the best scale been selected (electronic instruments only) and are the line values for
reading that scale understood?

10. Has the measurement been repeated as a check?

1. If critical, has the measurement been repeated by someone else and the results compared?

FIGURE 10-41 Temperature considerations have been added to this checklist because of their importance in
high-amplification measurement.
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Metrological Advantages of Multiple Scales

FIGURE 10-42 There are electrical comparators with a wade range of scales. Most will be between those shown in
this table, It is eviential to wie the best scale in the range of the instrument for each particular situstion.

Metrological Advantages of Multiple Scales

FIGURE 1043 Comparator applications utilize a stand —
that provides an accurately flat reference surface square  FIGURE 10-44 Height gage setups use a surface plate or
to the gage head. the part itself as a reference surface.
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Metrological Advantages of Multiple Scales

\
!
), [

Al rest Lowered onto
par, but has
hand made 0
full turn 3 or 1
or 27

5

o= 1§

Zero Setting Single Scale Instruments

Backed off Lowered again Parl inserted, Replace standard
1o at-rest, and dial zeroed Looks good and start all over
preparatory but is it or was again.
to another zero selting too
atternpt. close to end of

range?

FIGURE 10-45 The problems of zero setting a high-amplification comparator that has only one scale are
often even more difficult than this example.

Metrological Advantages of Multiple Scales

001

Set on 0.001 scale. Lower
head onto standard until close
to zero. Zero set with coarse
adjustment. Then switch to
0.0005 scale.

Zero Setting Multiple Scale Instruments
(Comparator stand not shown)

0

Y

Use the stand adjustment until
hand is close to zero, Zero
set with coarse adjustment.
Then switch to 0.0001 scale.

Continue until on desired
scale. Make final zero set
with fine adjustment.

FIGURE 10-46 Multiple-scale selection provides the best amplification for each role in which the

instrument is used.
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Metrological Advantages of Multiple Scales
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FIGURE 1047 The dispersion of readings does not cause a problem as long as it is entirely within the
tolerance.

Metrological Advantages of Multiple Scales

Actual Size Actual Size Actual Size Actual Size

\Hi Tolerance 1| ; Tolerance k—-—-h Tolerance 1 1[ Tolerance

T

FIGURE 10-48 These examples show that the apparent reading may be very different from the actual
size as a result of the instrument uncertainty.
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Metrological Advantages of Multiple Scales

Discrimination Divides Tolerance in 2 Parts

0004
\ ’ Range that passes all good
parts. 50% additional range
at each limit thereby passes
bad parts.
A
.0000
\ ‘ , / Range that rejects all bad
parts. 50% of tolerance range
thereby removed from each limit.
B.

FIGURE 10-49 An allowance must be made for the
zones of uncertainty.

Metrological Advantages of Multiple Scales

Discrimination Divides Tolerance in Four Parts

A
- 0001

Xl

Range that rejects

0002

Range that passes

all good parts. 25% all bad pans. 25%

additional range at of tolarance range

each limit thereby thereby removed from
each limit.

passes bad parts.

FIGURE 10-50 The higher discrimination reduces the lost range for good parts and
the additional range for bad parts.

Discrimination Divides Tolerance in 10 Parls

B.
( 00016
Range that rejects all bad

Range that passes all good

pans. 10% additional range pans. 10% of tolerance
at each limit theraby passes range thereby remaved
bad pars. Trom each limil,

FIGURE 10—51 When the instrument has sufficient discrimination to divide the tolerance into 10 parts, only ID‘&
of range gives trouble at each limit.
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Metrological Advantages of Multiple Scales

Tolerance
99 3/4%
95 1/2%
v/“—ﬁa%-ﬁw
\ ! [ iy /

VA /
\\ / / Percentage of
parts within
- 0 + ranges shown.

FIGURE 10-52 In a typical manufacturing operation,
most of the parts will be grouped close to an average
size. The purpose of quality control is to ensure that the
average is close to the basic desired size.

Metrological Advantages of Multiple Scales

The Ten-to-0One Rule

Rule:
The instrument* must be ble of dividing the into 10 parts.

The Purpose: Part
To eliminate 99% of the

inst tation errors of pi

steps in a measu t. ‘

When Applied:
To every step in the measure- 17505  1.7500°
ment sequence until the limit I

of the available instrumentation

is reached.

Working Gage Working Master

The Results: Work Tolerance Snap Gage Tolerance  Gage Block Tolerance
Fewer bad parts accepted and Must be +.00005" (to gage the snap gage)
good parts rejected. +.0005" - .00000" + .000005"

- .0000" - 000000
* Instrument includes standards.

FIGURE 10-53 This is a pragmatic rule, not a law. It is based on practical results. Often, practical consid-
erations force us to deviate from it.
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Metrological Advantages of Multiple Scales

Limitation of Ten-To-0One Rule

The Part £0.001

o The Comparator + 0.0001
1

The Setting Gage £0.00001

The Calibration Comparator
*0.000001

The Master Standard
+0.0000001

FIGURE 10-54 The demands of the ten-to-one rule
quickly exceed present measuring instrumentation. The
Mational Institute of Standards and Technology is cur-
rently investigating 1/10 millionth measurements and
finer.

Metrological Advantages of Multiple Scales

Traceability and the Ten-to—One Rule

The Sefting  The Calibration The Plant’s The Intarnational
The Part The Gage Master Instrument Master Standard NIST Standard

O-L - FO— 0

The discrimination requirement arises with the part tolerance and extends back to the international standard

O-L H H -O— 0O

The accuracy arises at the international standard and progresses through each calibration step to the pan,

Traceability is the procedure for determining that none of the connecting links between the part and NIST has been
severed. It is required by law on government contracts and by sound economics for all other measurements.

MIL-1-45208a Inspection System Requirements, MIL- Q-9858A Quality Control Requirements, and
MIL-C-45662A Calibration System Requirements are the applicable standards.

FIGURE 10-55 The ten-to-one rule deals with the precision of the measuring instruments but carried to
its limit it reaches the international standard. By definition, this is the ultimate existing accuracy. If any link
along the way is broken, the accuracy is lost; hence the need for traceability.
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Metrological Advantages of Multiple Scales

Zone of uncertainty,
1/5 division, scarcely
visible.

The same amount of
uncertainty is distinctly
visible on the 0.00005
scale of the electronic
comparator.

Tolerance

FIGURE 10-56 Both of these instruments fulfill the
requirements of the ten-to-one rule. The electronic gage
provides readings in the uncertainty zone of the dial

indicator.

Metrological Advantages of Multiple Scales

MeTroLOGICAL DATA FOR HIGH-AMPUFICATION COMPARATORS

RELIABILITY
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English 0.001in 0.000025in.  0.000025in.  0.00001in 2% | =0.00002 in =0.00025m
Electronic
0.0001 Scale
Comparison Metnc £ 0.06 mm 0.0025 mm 0.0025mm  0.0013 mm 2% . +0.0013mm +0.0025
English 00024 in 0.0001 in. 0.0001 in. 0.00005 in 2% . +0.00005mm £0.0001 in
0.00005 Scale
Comparison Metric +0.004 mm 0.0013 mm 0.0013 mm 0.0005 mm 2% 200010 mm +0.013 mm
English __moaa_ in 0.00005 in i 0.00005 in o 00002 in 2% +0.00004 in +0.0005 in__
0.00001 Scale
Comparison Metric 00061 mm 000025 mm 000025 mm 00013 mm 2% | +000020mm £ 0.00025mm
2% | £0.000008n.  20.00001n

English 2 0.00024 in 0.00001 in

0.00001 in

0.00005 in

FIGURE 10-57 At very high amplifications, the many variables to measurement accuracy are even more important
than the inherent capability of the instrument itself; hence these conservative data.
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