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Measurement of Smaii l[)ispiacement by using Newton's

         Rings and an Objective Micrometer

                         By

                     Ikuo IKEDA

                   (Received July 1, 1958)

                          Abstract

   Optical method is quite handy in measuring a small displaeement
sueh as an extension eaused by temperature variation. However, the
optieai system sometimes brings complicated errors, and the accuyacy of

measurement is not so good compared to other methods. It may be one
of the imposctant reasons of sueh errors that the points being compared

with each other are not able to exist on an optically equivalent sur£aee.
By using Newton's rings one may be able to eliminate the diflieulty
of the optical method, and a veyy high accuracy can be expected,

                         IntToduction

    Displacement has a dimension o£ length. The measurement of
displacement, however, is not so simple. As a displaeement ls a changing

value of Iength, there must exist a reason for the ehange in the
length - for example, tirne or temperaeure. Then, a displaceinent can

be expressed by the form X=f(t). Therefore, when the displacement
is measured, a measurement of the element which composes the
displacement in sueh a funet･ional relation must earefully be car.vied

out simultaneously.

    The method described in this paper was devised Eor the investiga-

tion of the aging of a eonerete piece. The values of the displacement

are about 11100,OOO of the total length of the speeimen and the time

interval employed for the measurement is very long: it sometimes
extends over several years. Aecordingly, the following two require-

ments must be premised in the measurement under these eircumstances.

The first is a requirement £or a striet seandard o£ length in each
measurement. Seeondly, the measuring tool must not be changed by
any condition throughout the whole measixring period. If these con-
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ditions are not satis£actorily held, the displacements may be invo!ved
in experimentai errors, and the measuring apparatus must be fixed
under the same circumstance extending over a long time for the pur-

pose of eliminating any effeet of its movement, If something oceurs
resulting in a movement of this apparatus, the experiment will become

discontinous at that time,

   In this experiment, the first condition is satisfied by using a pipe

o£ fusect quartz of which coeffieient of thermal expansion is about
0.026×10-5. The corresponding method for the second condition is re-
alized by using Newton's rings that are pxod.uced by a lens fixed on

the surface of the test piece of concrete and a plate of objective
mierometer fixed on the standard quartz pipe.
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                 (c) case in opeTation

                Fig. 1. Three holders.

Q: Quartz pipe(usedasthgstandardlength). M: objeetivemicrometer.
L: lens (for theproduction of Newton's rings>. D: specimen.
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                           Apparatus

    There are three holders made of east iron, One of thern fixed
an end of the standard pipy measure on an end of the test pieee,
(see A in Fig. 1a & Pi,ATE 1) and the other two holders are separately

fixed on the other ends of the measure and piece (See B & C in Figs,
1b and 1c). An objective micrometer with a hundred scale-lines divid-

ing 1mm into equal parts of O.Olmm, is stuck on the holder of the
measure. On the other hand, a small lens, whieh has a large eurvature

and the diameter of about 5millimetres, is stuek on the top of the
holder of the specimen. And these lattex two holders are slightly in

contaet only when the measurement is in operation,
    The another set of the experiment is the optieal one, that is a

metallurgical'microscope whieh was reeonstructed £or the purpose of
having a plenty of parallel light striking the seale and the lens per-

pendicularly. For the ]ight souree, a natrium lamp is used effectively,

but when only the aecuraey o£ measurement is eoneerned, it may be
suMcient to use a conbination of 6-volt Iamp (for microscopie use) and

a thin red filter. It is necessary to deeide a mark point on the sample,

One can use a diamond needle for hardness tester use as a mark fixed
on the test piece. The radius of curvature of the point of the needle

is about one micvon. But by this method the position of the point is

diflicult to be £ound. The weak points of any ocular method ean not
be avoided. Moreover, the eost of the needle is so high that this
method is not practical.

    On the other hand, in the method of Newton's rings the center of

the rings is not read directly, but many coneentric circles appear on

the glass surface in contaet with the lens. Therefore, two important

advantages accrue here: (1) the position of the center o£ these rings
can be obtained with suMciently high accuraey statistically, (2) those

rings, i, e. interference fringes appear on the surfaee on the micrometer.

Accordingly, the main difliculty in using an ocular microscope may be

eliminaeed,

    In order to obtain the readings of the positions of the seale iines
and the rings, a 35 mm eamera and a inicrophotometer are employed.

The magnifying power of the combination of the eamera and the miero-
scope is about 33, arid that of the microphotometer is 1,OOO. If the

recording data of the microphotometer are required, the movement of

the photographed film in the microphotometer is ehecked compared
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with the length marks on the sensitive papey of the oscillogram in
every 0.1mm. A part of the light fiux which is given from the lamp

lighted by a battery penetrates the film and the othex part o£ the
light is absorbed by the shade on the film. And then the penetrated
fiux is enlarged ZO times by an objective mieyoseopic lens and projected

on a slit plate. The width of the slit is variable and has an aecuracy

of O.Olmm. The ]ight flux passing through the slit strikes a photo-
tube and is converted into electrie current, Then, the oseillogram is

employect to record the curyent (see I'i,ATE 3). In this recording
method, one must guess one-tenth of the least interval of the marks
in the sensieive paper of the oscillogram in order to maintain the
magnifying power of 100. Then the total magnifying power beeomes
3,300, and it may not be diflicult to distinguish the differenee of 1
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 Fig. Z. Diagram £or the analysis of errors.
width of slit on the surface of mierometer.

Iength of slit on the surfaee of mierometer.

angle=1150 radian.

distanee between the eenter of rings and the eentev
line of slit-band.

inelination of slit-band.

resultant error.
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  micron on the surfaee of micrometer. Namely, an interval o£ 'the scale
  lines, i, e. O,Ol mm, eorresponds to 3.3 units of the marks on the sensitive

  paper. But actually, only the scale Iines of O.05mm in distance are
  used, beeause it is diffteult to Tead the position of the rings when they

  overlap with the seale lines (See Fig, 2).

                        Experimental results

      The example's of the Newton's rings photographed by the apparatus

  deseribed above an6t some of the reeordings are shown on PrJATEs 2
  and 3, respectively. The experiments are divicted into three parts:the

  measurement by miexophotometer, photographing, and.the produetion
  of Newton's rings. AII the calculations were strictly performed by
  the method of least square root.

            I. Experiments on the use of microphotometer

      1. Effect of the width of tlie slit

      The w･idth of the slit used in the present experiment was from
  O.02mrr} to O,05mm on the film, i. e. from O.6!i to 1.5A on the surface

  of the mierometer seale. As is shown on k.ATE 3, the width of the
  peaks eaus'ed by the seale lines was about O.3mm on the s!it plate,
  and the width of the slit of about O,03mm on the film surface was
' considered to be s'uitable. This width is almost equal to lg on the
  surface of the micrometer (see Fig. 2 in regard to the width and the

, length of slit). A-1 and A-2 in TABT,E 1 are the examples obtained
  in the experiment. The differenee of the results ean be understood
  within the range of aeeidental errors.

      2. Effect of the !ocation of the sampling band

      Strictly speaking, the slit is not tangential to the rings un]ess the

  center-line of the band of film does not pass the center of rings, when

  the Iocation of the band is changed in the direetion normal to the

  movement o£ the film. The effect of this change was, however, small
  enough as will be seen when one compares the results oE A-2 and A-3
  in [l]ABi,E 1, and the smail deviations can be negleeted.

      3. Perpendicularity of the scale lines to the direction of tke

         film-movement

      As is shown in Fig. 2, the error e is equal to al sin e. It is not

  diMcult to minimize a to a va!ue less than about O.02mm which



TABLE 1 Examples of the difference of introduced by microphotometer

Number of
 Film &
sensltlve

 paper

Readings of the scale-lines
Readings of the
  eenters of
Newton's rings

 Converted
results onto
 the scale reference

1
E

n
1
/

cr R ni r ×10-3mm

Comparison

A

A

A

D

D

D

1

2

3

1

2

3

L

1 7

7

7

9

10

10

L
'

-O.577±O.O055

-O.577±O.O055

-- O.s77±o.obss

-O.915±O.O056

-o.g13±o.oo64

-O.773±O.O082

1.6277thO.OO09

1.6277±O.OO09

1.6277±O.OO09

1.6292±O.OO09

1.6284±O.O026

1.6282±O.OO13

11

11

11

10

9

9

8.509±O.O026

8.505±O.O047

8.508±O.O032

8.453±O.O020

8.453±O.O022

8.599±O.O024

229.1±O.3

229.0±O.3

229.1±O.3

237.5±O.3

237.6±O.5

237.8±O.4

cr= O.05 mm
R == O.05 rnm

   do.

   do.

a=-O.05mm
3= O.05 mm

   do.

   do.

1
j

1
f

1
f

l
'

         a= O.35 mmSlit width
         a=O.30mm

parallel transition

parallel transition

perpendicularity to diree-
tion of film movement
(D-2) good, (D-3) e:1!50

D4 8 -O.883±O.e062 1.6263±O.OOIO 10 8.473±O.O023 237.6±O.6 do-

D5 10 -O.925±O.O064 1.6.9.68±.OOOIO 10 8.434±O.O023 237.7±O.6 do.

D6 9 -1.186±O.O124 1.6293±O.O020 9 8.996±O.OO16 237.8±O.6
cr=O.55mm
B=-O.05mm

.randomsetting

D7 8 -O.174±OD148 1.6285±O.O024 9 lo.ooo±e.oo16 23Z6±O.7 do.

D8 11 -1.164±O.O096 1.6284±O.OO14 9 9.017±O.OO15i 237.4±O.4 do.
?erpendiculaTity,good

D9 9 -1.154±O.O096 1.6295±O.OO16 9 9.024±O.OO16 237.7±O.4 do. e:1,fso

D10 9 -O.515±O.Ol17 1.6273±O.OO18 9 8.018±O.OO15 237.8±O.5
a:O.50mm
,e=-o.osmm

e:112s

D11 11 -1.160±O.O055 1.6291±O.OO09 7 9.019±O.OO18 237.6±e.3
cr=O.55mm
re=-O.05mm1

good

Note: n and ni are the nurnbers of the seale-lines and the rings measured, respeetively.
a and S are the symbols in the least square root method. Observed value is
t==a+Rt, where a is the optional seale-line that can be seleeted as the standard

point, and a is the interval of any two adjacent scale-lines.
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is comparable to the diameter of the smallest rings. Also, the
condition of e<1150 can easily be attained when the photometer is
used. Then, e==a sin e<O.OO04mm==O.4p. This error is again within
the region of an aecidental error. The data of the examples D-8, 9,
10, 11 and D-2, 3 are shown in TABTJE 1.

    4. Results of randoin settings of the filrn in the pkotometer

  ' All the recorded data for the series of D in TABi.E i were obtained

from the same film, and D-4, 5, 6 and 7 are the eases of ranctom
settings in the manner exp]ained above.
    Therefore, it can be concluded that one recorded paper of oscillo-

gram is sufficient for the analysis of a film. One ean clearly see this

fact in Fig. 3, and the deviations of the observed values are Iess
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             Fig. 3. Deviation of the measured values of a same
                    film with microphotometer.

            Il. Problems of microscopic photographing

    1. Change of the field of vision

    The distance o£ microscopic image of two points which are not
perfectly on the same surface is influenced by the movement of the
center of refiection (center of the field of vision) even if the states
of the objeets are identical. On the other hand, the distance of any two



TABLE 2. Examples of the difference introduced by photographing

Numberof
 film &
 sensltwe
  paper

A -4

B-1

C-2

D-8

E-1

F-1

G-1

Readings of the scale-lines
1

i

Readings of the
  eenters of
Newton's rings

n

7

7

9

11

6

9

8

a
]
l

i

:
!
I
t
/

i

i

i

I

1

-1.001±O.O047

-O.369±O.O064

-1.348±O.O061

-1.164±O.O096

-1.496±O.OO15

-O.757±O.O064

-1.236±O.e088

tPJ

1

n!l
  l

r

I
1

{

l
r

1.6282±O.ee07

1.6280±O.OOII

1.6289±O.OO09

1.6284±O.OO14

1.6238±O.e023

1.6317±O.OOIO

1.6329±O.O12

I

I
1

11

11

10

9

10

8

7

1

i

1

l
l

7.826±O.O033

8.465xi O.O040

9.IL[5±O.e022

9.e17±O.OO15

6.950±O.OO14

7.643±O.O025

7.144±O.O032

 Converted [
results onto '
 the scale Referenee

x lO-3 mm

Comparison

228.9±O.2

228.7±O.3

228.8±O.3

237.4±O.4

239.7±O.6

242.4±O.3

243.4thO.4

1 a= e.es mm

 B== O.05 mm
/

l a =050 mm
i' B=-O.05mm
Ia=O.55 mm
:
iS=: -O.05 mm
1

I do.
'

 a :O.50 mm
 B=-O.05mmi

l do.
     do.
5

l

I

l
J

1
.l

1
J

transition of miero-seopic

field of vision

error in foeusing

error in focusing

TABm 3. Examples under a complete fixing

Number of
 Filma &
 sensltlve

  paper

H
I

J

K

L

M

Readings of the seale-lines

n

9

9

10

9

10

7

ct s

-O.767±O.O055

-O.684±O.O068

-1.527±O.O094

-O.654±O.O072

-1.380±O.O035

-O.91'8±O.O056

l. 1.63s3±o.ooos

 1.6332±O.OO12

 1.6350±O.eO15

 1.6333 bO.OO12

 1.6335±O.OO14

 1.63og±o.oeog

Readings of the
  eenters of
Newton's rings

nx

5

le

8

8

8

10

r

10.556±O.O024

 7.371±O.O031

 8.151±O.O048

 g.ols±o.oosg

9.94;±O.O027

 5.474±O.O021

Converted
results onto
 thes.gq-le..-

×10-3mm

203.8±O.3

203.4±O.3

204.0±O.4

204.0±O.4

2C3.5±O.3

204.0±O.2

referenee

a == O.55 mm

3= -O.05 mm
a==O.45mrn
R== - O.05 mm

cr -- O.50 mm

3=-O.05 mm
cr =: O.50 mm

B= -O.05 mm
a= O.55 mm
B== -O.05 mm

a=O.40mm
B== -e.os mm

Comparjson

l.

I

}
}

variation of contaet

pressure

variation of contact area

same state,
focus eorreeted

            '
same state, variation of
the inclination of mirror

A
¢oc

Hxs
o
H.pa
m
v
>
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points which are perfectly on the same surface are not infiuenced by

the change of the field of vision. As will be seen in the examples
A, B, C in PT.ATE 2 and [I]ABnE 2. The experiment.al results show some

deviation which is still within an aecidental error. This deviation
        '
might have been eaused by the adjustment of the focus. The con-
sideration about the deviation owing to the change of the fie}d of
vision would not be neeessary.

    2. Errers with the adjzastment ef the focus

    This effect is most important. In Pi,ATE 2, E is in the same state

as D. But the scale lines in E have some width whieh is not sym-
metrical, and the peaks in the recorded sensitive paper do not give the

centers of the widths of the seale lines. As a result, E and D give
different values. F and G. in PLATE 2 do not show good resvtlts for

the same reason.

    3. Effect of the inclination of the rnirroy

    The angle of incidence of light on the refiect surface of the miero-

meter should be small. In fact, the difference o£ the experimental
results originating from by different angles of incidence was neg]igibly

small so far as the numbers of fringe were Iess than iOO when a
microseope was used, beeau.se the field of vision was very naTrow and

thelightfluxwhichstrikesthereisalmostparallel. ･
    On the other hand, the angle of ineidence has exerted a very large
                                                              '
infiuence on the scale lines of the micrometer. The widths o£ the lines
are about 2p, and the depths of the grooves of the lines are guessed

to be 1". If the direction o£ light fiux is not perpendiicular to the
grooves, the distributions of the reflected rays from the inner parts

of the grooves are not symmetrical. From this reason, the error
caused by different angles of incidence seems to become about O.2g.

    Some of the examples are given by K, L and M in TABT,E 3, They
are similar to A, B and C, whieh are the examples of 'the case when

the field o£ vision was moved. They are also similar to I and J in
whieh a niovement of the field of vision was aceompanied by a ehange

of contact point of lens with seale surface. ･

     III. Effects of the contact of the lens vT,ith the scale surface

                                    '
    1. Movement of the ¢omtact point in the direetion perpendicular

       to the displacements ･
    In this experiment, the contaet point eould be put in the region
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f which is shown in Fig. 2. The magnitude o£ the movement of the
eontact point in this region may be less than O.05mm. One ean easily
derive the relation sini,6=O.0511, where

      Z: standard length of quartz, which is the diseance between

         the contaet point and the center of the holder A,
      6: angle between the direction of displacement and the
         standard pipy measure.

Sinee the value of S is extremely small, the difference o£ the length
caused by this reason can be expressed by dl=g(1-cos6)! -lir62g

Therefore, if l= 10em, then lil==O,Olu, and Al is negligib]e. In the

examples I and J, however, errors previously mentioned muse be
involved.

    2. Difference of the contact pressure

    In order to investigate the effect of contact pressure at the eontact

point, some light loads were applied. The result is shown by E, F, and

                       H, I. It seems that the errors of these data
  es

  &

  2

204S)

  .8

  6

  .4

  e

203

N
VK

su o,s

x

ts

       Fig. 4.
 Deviation of measured values

 under a same state by chang-

 ing the manners of photo-
 graphing and eontact.

   A£ter these expemments
which is the first lens

 are introduced by the change of adjustment
 of focusing.

     In the experiments, A, B, C, D, E, F and

 G weTe measured without fixing the scale to
 the quartz pipe. Therefore, the comparisons
 among these different films in TABiJEs 1 & 2

 have no meaning, excluding the eomparison
 ind.icated in the tables. On the eontrary, H,

 I, J, K, L and M were measured under a
 state of complete fixing and contact, Ac-
 cordin'gly, the comparisons among any of
 them are useful for the'present purpose.
 The results are shown in Fig, 4.

     In the process of the experiments, the
 Iens used for the deteetion of the displace-

 ment developed so many flaws that the
 Newton'$ rings were not c}ear, and the rings

 fxom 3rd to 16th were used for the de-
termination of the eenter.

' ,the author could haveanew lens
of the objective microscopic Iens having the



TABLE 4. Examples obtained by using a new leng

Number !/

  of

 Film I

Readings of the scale-lines

n

1

2

3

4

5

6

1!

6 (,>

7 (,)

6 c7)

6 <7)

5 (7)

7 (i)

8 (g)

a

,
I
I

- O.765

- 1.eog

- 1.050

- 1.265

- 1.204

- 1.599

- O.783

B

1.6257

1.6275

1.6282

L6257

1.6212

1.6268

1.6318

Readings of tbe
  centers o£
Newton's Tings

l

nl

1

14 (,,)

14 (,,>

14 gs)

14 (,,)

14 us)

10 k2)

20 (23>

r

5.802

5.544

5.505

5.279

5.324

4.956

5.so2

 Converted

results onto

 the scale

151.9 pt

151.3

15L3

151.3

15L3

151.5

151.8±e.3

Reference Comparison

a= -O.05 mm
3= O.05 mm

   do.

   .do.

   do.

   do.

   do･

   do.

i
I
I

l

1
f

J

}

variation of contaet
pressure & inclinations
of mirror

transitions of Newton's

mngs

transition of mieroscopic
field of.vision

inclination

same･
mngs

of mirror

as 1, all available
are used.

Note: n
(

and ni are

) represent

the numbers of
those existing

the scale-lines and the rings

in the same intervaL

measured, and the numbers in
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        In this case the centers of Newton's rings were

        direetly read on the film.
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magnifying power of about 40. Another series of experiments weye
once again undertaken with the new lens by fixing it to the speeimen.

At the same time, a pipe o£ £used quartz was employed as the
standard length o£ 69,8cm. [Vhe result is shown in P,r,ATEB 4 & 6 and
TABi,E 4. The reason of the large error of "1" in TAisLE 4 seems to
have come from the failure of foeus adjustment.
    Fig, 5 and Pi,ATEs 5 & 6 show the magnitude of extension of a
concrete test piece due to the variation of temperature. The vari-
ation of temperature, in this case, was quasi-statie, and the tempera-

tuer o£ the concrete was estimated by the temperature of the sur-
rounding eircumstances. The coefficient of expansion of the concrete

was 1.11 × 10u5.

    Fig. 6 shows the result o£ another setting of the same pieee. In
this case, the measurement was not always static in xespeet to the

variation of temperature. In the cases shown in Fig,5 & Fig,6, a
natrium lamp was employed as the light source. The numbers of the
rings on the photographed fiIm reaehed to a hundred, However, as

far as a usual mierometer is used, about 20 o£ rings are sufficient.
On the contrary, if an accurate micrometer is used, the measurement
of displacement will be able to attain bigher accuracy.

    As will be seen in all 'the results presented in this paper, the

author's device of measuring a sma}1 displacement ean easily attain
an accuracy of lg. If an aecuracy of measuring- a displacement is
required to be within O,O02 mm one can have the reading direetly on
the microseopic filrn. which is shown in Pr,ATE 7 as an example without

going into the detail of least square root method,
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PLATE 7. Magnified photograph of
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