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INTERCOMPARISON PROCEDURES FOR GAGE BLOCKS

e SI NC ELECTROKECHA,N I CAL COMPARATOR S

by

J. S. Beers and C. D . Tucker

A. Int roduction

The te chnique s described here for  inter comparing gage blocks w i t h
elec t ro-mac hanical gag. block comparator .  are th . resu l t s  of considerable
.xp .r lmental work , s t a t i s t i c a l  design and process ana ly s i s .  Some labora-
tories will find these techniques ideall y suited to their needs while

• others may wish to modify them, but in either event the Measurement Assur-
ance Program (MAP) described here , in part , and in other papers Ii , 2. 3,
7)5 will promote the analysts of measurement requirements and the appli-~
cation of stattst ical princip les.

Length values are assigned to unknown gage blocks by a transfer pro-
cess from block, of known length. Briefly, the transfer process is a
systematized intercomparlson of ~# blocks of  the same nomina l size , called
a “4 — 1 ” se ries , usi ng an e lectr o—me chanical  comparator . Two of the blocks
a re unknown s an !  two are s tandards.  Such a process is idea l ly  su i ted  to
comp aring obj ects  w i t h  nearly identical characteristics such as gage
b locks and the process provides the redundancy needed for  s t a t i s t i c a l
analysts. Derived correc t ion s can be applied where such cha rac t e r i s t i c s
as coe f f i c i e n t  of the rma l expansion and resistance to mechanical defor-
mat ion  d i f f e r  16 ) .  The me t hod applies to all sizes but special precau-
t ions wi ll be described fo r  long gage blocks where temperature  e f f e c t s
p redominate.

B. The Comparator

there an, a ntaiber of suitable comparator design s and a typical one
is shown schematically in figure 1. An upper stylus and a lower stylus
contac t the gaging faces of a block supported on an anvil. Each stylus
is attached to a differential transforme r core . An integrated si gnal
from these two transducers is displayed on a meter graduated in length
‘m it. (usually microinches) . The d i f f e r e n c e  in length between two gage
block . is obtained by inserting th. blocks, one at a time , between the
stylus tips and taking the difference between the two readings.

5Figures in brackets indicate the literature references at the end of this
paper.
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An important comparator feature is the point to point measurement
• along an axis through the gaging point of th. block. Other suitable

comparator design s use only one t ransducer  but by various means insure
the point  to poin t  measurement.

For the most precise measurements, it is important that the defined
gage point  of the blocks be contacted by the comparator s ty l u s .  A meta l
or plastic bar about 1/4 inch thick is fastened to the anvil (with labora-
tory wax if no other means is provided) behind the stylus and is positioned
to stop the gage blocks so the stylus will contact the gage point . The bar
can be L-shaped to position the gage block both laterally and transversely
if desired and special configurations can be devised for comparing blocks
of different shapes.

C. Environment

A temperature controlled laboratory is necessary for intercomparisuns
of the highest precision . The degree of temperature control needed depends
on the length of the blocks being compared , differences in coefficients of
thermal expansion among the blocks, and the limiting uncertainty required
fur the unknown blocks. At NBS, blocks in the size range up to 4 inches are
intercompared in a temperature controlled laboratory at 20° ± .2S Celsius.
Blocks longer than 4 inches are intercompared in a laboratory at 200 ± .05°
Celsius. Relative humidity is held below 502 to prevent corrosion of blocks
and instruments.

D. Cage Block Requirements

Near l y  a l l  gage blocks are e i the r square or rec tangular  in cross
section . but a few have a circular cross section . Any of these cross
sections ar. easily handled in intercompanison procedures in sizes up to
~ inc hes. From S to 20 inches , however , the rectangular  cross section
becomes prone to t ipp ing .

Transfe r r ing the length unit  to a gage block by intercompanison does
not require rigorous const ra in ts  on the f la tness  and para l le l ism of i t s
gaging faces  because the t r ans fe r  is made only along a single line through
th. block. Gage block use , however, may be more d emanding on the geometry
of th. gaging faces. A separate paper cov•rs the measurement of f la tness
and paral le l ism ( 6 3 .

Therma l expansion coefficients are generally taken from bulk values
and these may vary by as much as 102 f rom Rr t u a l values for  gage blocks .
This problem can be circumvented in the intercompanison process by insuring
tha t blocks be ing  intercompared are as close as possible to 2O Celsius .

3
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If non—standard temperatures are used , the coeff ic ients  must be known unless
the attendant systematic errors are tolerable.

E . Temperature Effects m d  Their Control

A large u n c e r t a i n t y  in the comparison process can be introduced by
tempera tu re  e f f e c t s .  For example , a temperature difference of .5° Celsius
between two one-inc h steel blocks wi l l  cause an error of nearl y 6 micro—
inches in the comparison . Two causes of temperature  d i f f e r ences  between

• blocks are noteworthy :

(1) room temperature  gradients  or nearby hea t sources such as elec-
tronic equipment can cause significant temperature differences between
blocks even when they are stored relatively close to each other before
comparison and

(2) blocks with different surface finishes on their non—gaging faces
can absorb radiant heat at  d i f f e r e n t  rates and reach different equilibrium
te~~eratures. The magnitude of these effects is proportiona l to sage block
length. See the appendix at the end of this paper for further discussion
of this subject.

A number of remedies have been developed . For short blocks (through 4
inches) the remedies are qu i t e  simple.  For example , s tor ing the blocks ,
both st andard .  and unknowns, on a thermal equal iza t ion p late  of smooth sur-
face and good heat conductivity close to the comparator but away from heat
sou rces. Also , the use of tweezers or tongs to handle the blocks and a
systema t ic , rytheic block handling technique in the comparison procedure
to insu r e identical thermal environment for each block.

Precautions for long blocks (over .. inches) are more elaborate. At
NBS the comparator is enclosed in an insulated housing partially open on
the front to allow handling of the blocks with tongs . Blocks are stored on
the comparator anvil and each block is vrapped in 3 layers of Mylar* reflec-
tive f~ la to equalize their thermal characteristics. The laboratory lights
remain off except for one lamp well removed from the comparator but giving
enough illumination to work by. Heat sources are kept as far awa y from
the comparator as possible and the comparator is located away from other
activities where laboratory personnel might congregate. As a further pre-
caution during intercoaparison s the operator wears a cape of My lar reflec-
t ive film and heavy cotton gloves while handling the blocks with tongs.
Finally, as with short blocks , th. handling procedure is systematic , ryt luic
and quick’ but not rushed .

5Cert ain co ercial equipment , instr uments , or materials are identified
In this paper in order to adequately specify the experimental procedure .
In no case doe s such identification imply reco~~endation or endorsement
by the National Bureau of Standard s, nor doe s it imply that the material
r equipment identified is necessarily the best available for the purpo se .
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Temperature problemi can be detected in long block intercomparisons
by reversing the storage position s of the 4 blocks and repeating the inter-
comparison after suitable equalization ii*e. Temperatur . gradients in the
storage area will be revealed by a significant change in the differences
between blocks. Still another method is to measure th. temperature of each
block with a thermocouple. A temperature measuring system is described in
referenc e (7). Where grad ients are not a problem, a mercury—in—glass ther-
mometer mounted on the comparator will be adequate.

F. Intercosparison Procedure

1. Block Preparation

The master and test blocks must be thoroughly cleaned , examined ,
and deburred using procedures in reference (5]. The identification
number. are recorded for inclusion in the test report or records.

Gage blocks longe r than 4 inches are wrapped in three layers of
Myla r reflective film (available as BSA Rescue Blanket Stock
No. 1090) with the reference edge and identity of the block
marked on the outside of th. wrapping .

2. Comparator Preparation

The instrumen t anvil should be deburred and cleaned . The com-
parator t ran sducer pressure , magnification and alignment should
be checked (5). Periodic cleaning of the instrumen t anvil is
reco ended during the work day to help reduce the numbe r of
spurious readings that result from minute particles that can
contaminate the anvil sur face .

It is necessary , when making prep~arations to intercompare long
gage blocks that after adjusting the comparator for accepting
a particular size sage block that all, four blocks in that series
be inserted between the probes to insure that all  reading s wil l
be on scale at tha t m agn i f i ca t ion  when the intercomparison run
is made .

3. Block Storage

Short blocks, up to 4 inches in length , are arranged in groups of
4 (2 standards and 2 unknowns) of the same nominal size on a thermal
equalization plate next to the c~~~ arato r . Prom here they can be
oved to the comparator anvil by groups at the time of comparison .

There is some thermal advantage for sizes from about 0.3 inch to
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4 inches to leaving the blocks on the plate at all t imes except
when the block is being inserted in the comparator for measure-
ment. Alternatively, a group can be moved to the comparator
anvil and allowed to equalize there for an appropriate period
(see section P4).

The four long gage blocks in a group are stored on the comparator
anvil after preparation . Additiona l long blocks tha t are to be
measured during the day are prepared and placed on a therma l eq-
ualization pla te next to the instrument. A. comparisons of one
group of 4 are completed a new size group can be moved from the
plate to the anvil and allowed to equalize before comparison . All
gage block. are oriented on the comparator with the top surface
uppermost.

4. Thermal Equalization Time

Equalization time varies with block size, treatment and allowable
measurement uncertainty. Blocks prepared in advance and kept in
the gaging area are placed on the equalization plate , or in the
case of long blocks, moved trots the equalization p late to the
comparator anvil. They may then be intercompared using the fol-
loving table as a first approximation ;

Block Size Equalization Time
(inches) (minutes)

0.1 to 0.250 30
0.300 to 1.000 60
2.000 to 20.000 90

Experiments establishing optimum equalization times should be con-
ducted in your own laboratory because of the many variables involved
and differing measurement uncertainty requirements.

S. Temperature Measurement

Temperature measurements are made with a calibrated mercu ry—in-
glass thermometer. The thermometer is mounted on the block storage
plate in the case of short blocks and on the instrument anvil for
the long blocks. Apply the test described in the last paragraph of
Section F to reveal significant temperature differences among the
blocks.

In cases where thermocouple measurement of temp erature in lon g

6
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blocks is necessary because of incurable gradients or exception-
ally high accuracy requirements , the thermocouple leads should
be attached to the instrument column to preclude their interfering
with vital parts of the comparator but with enough slack to permit
the blocks to be moved on the anvil. The leads are labeled before
insertion into the blocks. The thermocouple is inserted halfwa y
down the hole in the block and the hole is plugged at each end
with a small piece of polyurethane . A rubber band placed about
one-half inch below the top of the block keeps the thermocouple
wire in place. Be sure the thermocoup le junctions are insulated
electricall y from the block. Transparent mend ing tape is suffi-
cient insulation .

6. Handling Techniques

The comparison sequence is described in Section F7 but the suc-
cess of this “4—1 ” intercomparison is l~trgely dependent upon
block handling techniques. These techniques include the inser-
tion of all blocks between the styli in a like manner. The
operator should develop a rhythm , after he acquires some exper-
ience with the process , that will ensure that each pair of b lL kN
is handled for approximately the same length of time as all other
pairs in the series. The t ime interval to make the sixteen ob-
servations should be approximately 2 to 4 minutes for an experi-
enced operator with automatic data recording or an assistant
doing the recording .

A cdme l ’s hair brush or an air bulb is useful for sweeping or
blowing dust particles from the blocks and the anvil just before
insert ion .

The short blocks are moved about by grasping them with rubber
tipped 10—inch tweezers. When hand l ing square style blocks, the
tips of a pair of tweezers may be bent to accoemodate this con-
figuration .

Gloves may be worn in addition to using tweezers when handling
blocks from 0.400 inch through 4 inches. The blocks above the
4—inc h size are preferably intercospared on a different instru-
ment situated in a more prec isely controlled temperature environ-
ment and the operator may wear a Mylar reflective cape as well as
gl oves.

A special pair of tongs can be made to facilitate handling (see
fi g. 2) when sliding long blocks (5 to 20 inches) about the an-

7
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vil and between the measuring probes. Wit h thc~,’ tong s, l ong
blocks should be grasped .ibout one—half inch above the bottom
to effec t the surest , safe~ t method of moving the blo c ks .

The anvil stop pla ys an important part in the set tin g of the
probe on thern block surface as well as the positioning ~ the
gage point between the pr~ hes. The block is moved  tan~en t i a llv
toward the stop a ’ iowing .iue corne r to touch the stop and then
with an angular motion (~.~.1ch seats the probe on t h e  block sur-
face) proceed t o  abut the entire edge of the block to the stop .

7. Observation s

The sequenc e of observations is from a design series developed to
compensate instrument and temperature drifts !3]. The series of
readings for each size uti li ;t ’s two calibrated master blocks , S

1and S,, and two unknown blocks , X and Y. The order of obser-
vatiu~ s is as to ll~~.s:

A
5

— S
2

— Y

- Y — S
1 A

6 
— I — S

1

A 3 
— X - ‘1 A

7 
— s1 — x

A - S  - X  A — X  - s2 8 2

~f . Temperature and Deformation Correction s

Deformation corrections for various sty lus radii and pressures (4),
can be applied to the observations when comparing blocks of dif-
feren t materials if the correction is of sufficient magnitude to
be sign ificant.

Temperature corrections are app lied to all blocks above 0.350 inch
in size when the blocks are of different materials. This s1~~e Unit
can be raised if larger uncertaintie s are acceptable.

;. Computation and Analysis

A computer program and discussion of data processing Is in refer-
ence 3. Figures 3 and 4 show the file forma t , input and out pu t

.9



PRELMY FILE FORMAT

SAM! AS PRZLMX FILE FORMAT , BUT NOMINA l. SIZES MUST AGREE LINE F0~ LINF

REPORT FILE FORMAT (ouT P~.rr FOR 1108)

LINE 0010 DATE OF OBSERVATIONS
LI NE 0020 TWO INITI ALS OF OBSERVER
L1Nt~ 0030 INSTRUMENT USED , FEDERAl. #1 OR FEDERAl. I?

LINE 0040 TEST N UMBER FOR “K” SET OF CAGE BLOCKS
LINE 0050 SUBMITrED BY “x” CUSTOMER
LINE 0060 ADDRESS OF “K”
LINE 0070 ADDRESS OF “K”
LINE 0080 SERIAL N UMBER OF SET “K”
LINE 0090 MAXER OF SET “K”
LINt 0100 GRADE OF GAGE BLOCKS IN SET “X”

I T’~E 0110 TEST NUMBER FOR “Y” SET OF CAGE BLOCKS
LINE 0120 SLTBMITTED BY “Y” CUSTOMER
LINE 0130 ADDRESS OF “Y”
LINE 0140 ADDRESS OF “Tn
LU;F 0150 SERI AL N UMBER OF SET “Y ”
LINE 0)60 MAKE R OF SET “Y”
LP~F 0170 GRADE OF GAGE BLOCKS IN SET “Y ”

LINE 0180 NOM,SER (X ) ,COR(X) ,O)EF(X),PEN (X) ,SE R ( Y ) , COR(Y),COEF (Y),pEN (Y)
LINE 0190 (REPF.ATS THE ABOVE LINE FOR EACH GAGE BLOCK)
LINE 0200 COLU)t~ SU?NAT ION QIEI7~S VALUES
LINE 0210 NOM.SIZE,TEMP ,WI THIN ,TOTAL ,DIFF ,T-TEST,STD.DEV. ,F-TEST
LINE 0220 (REPEATS THE ABOVE LI NE FOR EACH CAGE BLOCK)
LINE 0230 COLUP~4 SU)I(AT ION CHE CK VALUES

K~y to abrevia tions :

NOM nom inal size TOTAL • process standard devi-
SER — serial no. ation (long term )
COR — correction (deviation DIFF • measured difference

from nominal size) between the two masters
COEF — coefficient of T—TEST • statistical t—test

expansion STD.DEV. — standard deviation of
• penetration correction this run

TD4P - temperature F—TEST • statis tical f-test .
WI T hI N  • within-group standard

deviation

FIGURE 3

10
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XBASIC CACE6 Computer input data
RUN
STARTIr:C W iTh NO*4 . SIZE 10.130000
ENTER NO. OF CAGE BLOCKS Ii
WRITE iN DATE W/O CO~*4A IMAY 35 1974
WO INITIAL S OF OBSERV ER ICC
INSTRUME~T Fl , F2 , OR F3 1F2
(1)KEYBOARD OR (2)DA rAFILEI1

SIZ E .13 iNCH K — 111 Y • CDV
S. — S . .  153.2 ,51.3
Y — S. 152.6,52.3
K - Y 150.1,51.8
S.. — X 150.9,50.0 Observati ons
S.. — Y 150.8,30.9 (in microinches)
Y — S. 150.8,51.2
S. — K 151.3 ,49.2
K — S.. 149.3,50.0
ALL SYSTENS GO
This CAL I BRAT ION IS NOW COMPLETE
NUMBER OF REPEATS • 0
TURN ON PUNCH AND TYPE C.

?LIST REPORT

Print—out of results
OOIO MAY 15 1974
0020 CC
0030 F2
0040 XX123
0050 C .E .  JOHANN SON CO.
0060
0070
0080 515
0090 CE..1
0100 GRADE A
0110 XY123
0120 FORD MOTOR CO.
3130 DEARBORN MICH.
0140
0150 132
0160 WEBBEE.
0170 GRADE AA
0180 . 130000 11.1 -1..ilS 11.3 .000 CDV .335 11.3 .000
0190 .130000 —1.315 11.5 .000 .335 11.5 .000
0.00 1 0
02~.O .130000 20.000 .340 .350 1.150 — .167 .527 2.401
0220 .130000 20.000 .340 .550 1,150 — .167 .527 2.401

* See line n~~b.rs in Figure 3 for explana tion of print—out. Nominal size
is in inches. Correction s (deviation s from nominal size) and standard
deviat ion s are in microinchss. Coefficients of expansion are x 10~~ perdegree Celsius.

FIGURE 4
• 11
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The results of the 4—1 series intercosparison are explained as to
statistical handling of data, history of master blocks and predicted
lengths in all size ranges in references 1 and 2 .

H. Su ary

The electro—.ec~anjca1 length comparator can be utilized to transfer
length values very precisely. I t  is useful to understand the various pa—
ramiters tha t affec t the comparative process , namely, instrumentation , tem-
perature, block handling techniques and intercompari son design . This paper
should be used in conjunction with the references on page 13.

12
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APPF.ND IX

Experimental Evidence of Ther mal E f’ sct s in Long Gage Blocks

Figures 5 through 9 sumiarize the results seve ra l thermal experi-
ments on long gage blocks. In all cases t~~~erature was measured with
thermocouple. inserted halfway down the hole In the squire-type blocks
and the hole was plugged at each end W it h  a small piece of polyurethane
foam.

Figure 5 shows the temperature of two blocks, one in th. shadow of
the othe r , as they were exposed to a 40 watt heat source 18 inc hes away.
(Note: The average human generates 100 to 125 watts.) As expected , the
temperature of the block in the shadow did not rise as moch. Both blocks
had nearly identical ground finishes on their sides.

In figure 6. two blocks side by side ware exposed to the heat source.
In this case , one block had a dull f inish on i ts sides and i ts  temperature
rose considerably higher than th. brighter finished block. The same two
blocks were then ind ividually wrapped in reflective Mylar film and exposed
to the heat source aga in . Figure 7 shows the results - almost ident ical
temperature response and a reduced rise .

Further test s were made of the internal temperatures of four 16-inch
blocks while they were being int.rcc~~ ared in the normal “4-1” p rocedure .
Each point in figure 8 indicates the maximum temperature rise of any single
block during the 3-1/2 minutes it took to mike the intercomparisons. There
was no covering on the blocks for the points in the first group , one layer
of reflective Mylar was on each block during the runs in the second group ,
and three layers of Mylar were on each block in the last group of runs. In
f igure 9, the temperature differences among th. four blocks are plotted .
Maxiu temperature difference between any two blocks at th. moment of the
first comparison is indicated by a dot for each run and the max imum tempera-
ture difference between any two blocks at the moment of the last comparison
is indicated by a plus sign .

Temper ature differences among long blocks being thtercompared are by
far the largest sources of uncertainty in the process. These experiments
show that temperature stability and equality can be greatly improved by
wrapping the blocks in reflective f i lm.

14
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ma widel y us.d procedures for calibrati ng gage blocks by comparison
with blocks of known length g.nerally lack the redundancy needed to evalua te
measur~~~nt uncer~~inty or the controls needed to monitor the p r ocess on a
continuing basis. ‘~W detailed description is given ‘hen ’ for the systematized
intercospartson of groups of four nominally equal gage blocks using an elec-
tromechanical comparator . Two of the blocks are unknowns and two are standards.
The process provid.s th. redundancy needed for evaluating uncertainty and for
continuous monitoring. Gage block thermal effects , equalization time , handling
techniques, and observation sequence are described .
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