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THE DZVELOPMENT OF ELECTRICAL STRAIN GAGES

v ke ¥4 de Forest and B, Leadermen
SUMMARY

Thie? desdign, (€ ons tiruetion, and properties .off anieloec
trical-recsistance strain gage consis fine wircs
molldediting o Lamimatied plastic ane describeds : The proper
ties of |[such gages arc discu nd

ssed and also the problems
of molding of wires in plasti rials, tcmperature
compensation, and cementing a 0

Funther wjork| to be carried out on the sirai
together with |instrumcentation problems, is discuss

INTRODUCTION TO THE STRAIR-GAGE PROBLEM

Two trendls are e o ¢ laldiye obserrablie b modern: el

S
gineering progress. On
7

¢ s sy stizend. tioward Jlarger Stoucs
tuwzal mintitis anid: hishoer, specds and the other is & shrend.
toward the production of the lightest structure consistent

with safetys. |[These trends are especially noticeable in
alrcraft engincering. The design of large long—range
pilisory ond cdwil alrcraft requlres o rigid econtrol uf
weight both of the structurec and of the power plant. In
previous years, it was sufficient to make surc that struc-
tural clcmentsl as| a whole, such as wing beams, fuselages,
anid “sielom, wene capable sof carrying the compubted aerody-
namiec and Inerntial loads. The present rate (0f progress
requires that |thel stresses be checked in the individual
structural memders and fittings in.order to eliminate
unpeecssoiry extral strength as well as to deteect sources
of wecaknesse

In faeronautiecal work, it ig desirable that thes
stresses be measured both on the ground w1th stafide l
and iniflights On the ground, the loading simulates
computed aerodynamic and inertia loads; znc computed
stresses can then be confirmed by placing strain gages
at the desired points of the structure. In £lights . the

oacss
the
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loading assumptions can be checked. For this. purpose an ' x
elcctrical strain gage of the resistance type is desir-

able, in which the strain is measured by the change in

resistance of a strained conducting element. The strain- .
reccording device is esgsentially a bridge with galvanomcter

remote from the gage. The gage itself should be compact,
comparatively cheap to produce, and capadble of being ce-

mented by both hot and cocld cements to stecl or duralumin.

It is desirable, though not essential, that the gage be

removable for calibration previous or subsequent to the

test. MNecessary requirements of such a strain gage for

static work are that the resistance of the gage be inde-

pendent of temperature, and that. there be no creep or

hysteresis in: the strain-resistance relationship of theo

gage.

The carbon-pile principle has been adapted, in the
well-known "Ess" strip of Professor de Forest (reference
1), to a form suitable for the measurcment of dynamic
strains up to very high freguencies (reference 2)w o=
fortunately, this principle is unsuited for static work,
because its resistance is very sensitive to temperature;
a change in temperature of 1° C. in the gage when cement- .
ed to steel produces the same change in resistance as
would ‘o stress of approximately 1,000 pounds per sguare
imech® in-'the stoels Furthermore, there is ‘a marked hys- -
teresis in the strain-resistance relation (reference 3);
in addition, the resistance is somewhat susceptible to
changes in relative humidity in the atmosphere.

For accurate measurement of static strains, the Ess
strip is therefore unsuitable. . It was considered that
the development of the Ess strip to a stage where it could
be weed for static work would be a lonz and difficulty if
not an impossible, task. Accordingly, it was decided to
make a fresh start, using the strain-sensitive properties
of fine metallic wires. .

For some months previous to the commencement  of the ‘
present investigation, Professor A. C. Ruge of the Massa- |
chusetts Institute of Technology, had been investigating \
the sensitivity of fine me-allic wires to strain and tem-
perature. He used celluloid-acetone lacquer to attach
the wires to the metallic surface, with a layer of paper
(for insulating purposes) interposed. Profiessor Ruge con-
tributed much preliminary data on strain-resistance rela- "\
tionships in fine wires, and various alloy wires were fur-
nished through the kindness of Mr. G. E. Chatillon of John
Chatillon & Sonse. \
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The procecss of cementing resistance wire to paper or

other insulating material is not practiecable where. the
gage must be rcnovca forl calibrationl rondidfhen goodiiguelis-
ties of the previous Ess strip wore combined with the wire
5&@0 tioloviercome (this diffiecwl tys The preoblcom: that pres

entied dteself Wwas| thrcefoldes

(o) Mountingk to develop o suitable method of casting

.._____—-.-1
orl molding the wire in a plastic materials

=

¢lop methods by

@
Po on the wesdisit—
pensated.

(b) Temperature compensation: to de
whiich| the effecet of temperat
ancer of s thel zage coulid: be Eon

(D

(c) At btachment: to develop and: tesb: hot-and cold-cc~-
menting Vﬁthodu, and mieth odish oy remoyilinEl ic o
Jontﬂd goges without damage.

Two simple methods of mounting the fine wires have
been deveclopcd. In one, the wire is molded between layers
of hekelized paper. The gogos wcan, of cotrsey be of, any
recasonable dimension, and it has been found convenient to
make them about 3 inches long by 3/8 inch wide by 0.010
inteht Tl cicy In the other form, the wire is molded Into @
transparent thermoplastiec resin, Lueite (nothyl netha-
crylate poly;cr). These goges arc about 4 inchesdony by

1

3/8 ineh wide |by 0.035 inch thick. ther forms that were
developed haveg been discarded because of the difficulty,

time, or uncentainty involved in their coastruction.

1t |wourld [be thought that a wire such as consbtanton c©r
maneanin, the [resistance of which is practically independ-
ent of femperaturie, when molded in a yl“stlc nount: Bnd ‘es-
menticld’ tlo a stgeell or du;ulumlh barl: would nct: as in phcEipelr—
ature-compecusated str a3 This result dis not forth-
comingz since Yherie us uull" pxisits ‘o difforenceinisibe
thernal coefficients of expansion of the metal specimcn
and of the wize in the gages When the bar is neatcd, this
differonce imposecs a longitudinel streoin on the wire in
thé gage, changing its resistance, even though the bar to

Wwhieh the coge is| atbtached is unstressede It follows that
ed when at-
d

s resistance strain gage temperoaturc=-compensas

tached to stcel will not be compensatced when attached to
duealunin, owing [to the different coefficieants ©

sillion e

Conpensation has becn effected by cnploying in the
gage two types of wirce. The wires lic parallel to tho
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length of the gage and are connected in series

1 ¥ote. No,..744

or parallel.

Ong wire has a positive temperature coefficient of resist-
ance and the other wire, a negative coefficicnt. The wires
are so proportioned that tcmperature effects on the re-

sistances of the two wires counterbalance.

The materdials

used at present are Ycopel" for the negativec constituent

and Nichrome for the positive

constituent. he gages for

use' on steel and those for use. on duralumin are similar

in design but differ in the

proportlonsiielf Wire useds ! Ehe

prescnt gages have a resistance of about 25 ohms, yet it

is possible to make, without

to adjusty by means of an ext

diEfienldy,
having a resistante of 250 ohms and morc.

ompensated gages
It is possible
ernal resistance, the gageces

that are not perfectly temperature-compensated. G

hoped shortly, however, to be
quantity,
pensated
ances.

not to regquire these

The bakelite gugcs can
tion, using de Khotinsk

cer
heating of the nmetal to whic“
e

to- L 36° Cs The gagse can b
softening tle cement in alewo
use elsewher

gsteel bar

L

asily be cemented
ﬂ.t. Thi

H

able to produce gages, in

which are sufficiently closely temperature—con-

additional extiernal resist-

into posi-
s: method required
thies gage” dis. tol be attiachedy
enoved, by rcheating or by

diey i iy calibrat101 ol fioir

A conpecnsated
strﬂinﬂd in o testing nachine, ‘shows. no obscrva-
bile creep or. hysteresis .in® the

goige, when atbtached to a

strain-resistance plot up

to the moximyn strain employed (0,0007 inch per inch).

Pl a.sibiie woeds as a eold cement:, ds
Bakelite gages cenented with plastic wood

very fguiclkly with acetone.

Lucite gages are norec di
soften and warp on heating.
pillaiEitiic: wiood 3 thisiecnent dis

tion, which docs not affect thc

hoped to behave as well,
can be removed

iendt tiov cement 'since: they
y may be cenented with

Bl i
Tko

olves in caustic~soda solu-
go

=

THE MOUYTING OF FINE WIRES IN PLASTIC MATERIALS

. Zenierial,
inf plasitie! natierialg: by ieast
elevated tenperature, by nmoldi

pressure..and tenperature,. aand
-resin-inpregnated paper or cloth.
weing different resinsg, with warying successs

been tried,

-}

there are three ncthods

of nounting wires
ing 4n o rclosed mold &t an
ing in.a closed mold unden
by pressing (without a mold)
All these methods have

When working with synthetic resias, it is neccssary to
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bear in mind the essential chemical .and physical proc-
esses; these are summarized below.

Thermoplastic Resins

Thermoplastic resins are usually initially in the
form of fairly wvolatile mobile liguids, which are chemi~
cally fairly complex unsaturated organic compounds, pos~
sessing a single double bond in the moleculec, In this
form the |moleccules| exist singly. Under the action of
heat, light, oxidizing, and other catalytic agents the
molecules combine to form long interlocking chains,with a
consequent increase in viscosity of the liquid resin.

The increase in viscosity is at first rclatively slow, but
later accelerates through a rubber-like phase to result
finally in a hdrd, transparent mass, This polymerization
process is irreversible; it is impossible to convert the
solid back to the original mobile liquid. The glassy.
solid softens, however, at an elevated temperature. &
high pressure can then be used to mold grains of the poly~
merized thermoplastic into any desired shape. There are
thus two mcthods of forming a thermoplastic resin: poly=-
merization of the liquid monomcr by gentle heating (tn &
closed vessel to prevent evaporation) and the molding un-~
der pressure and a higher temperature, grains of the com-
mercial polymerized resin.

Thermosetting Resins

Of the thermosetting resins, phenol formaldehyde is
typical and is by far the most widely used. Heating to-
gether of phenol and formaldehyde solution results in the
combination of phenol and formaldehyde molecules to form
a three~dimensional network. At first, the rcsin molecules
are small, and |the|l resin is consequently liquid at room
temperature., Liquid casting resins, such as "Marblette,"
are of this type. Further hecating causes an increase in
polymerization, so that the resin is no longer liguid at
room temperature. This resin ("A stage! resin) is the
basis of commercial molding powders and lacquers. Further
heating results in a resin ("C stage" resin) which is
solid and hard at all temperatures up to the temperature
at which it chars. Molding powders are made by adding a
filler (usually wood flour), acceclerator, and dye to the
A stage resin. Lacquers are made by dissolving the A
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sbtage iregin “in aleohols, There are thus three methods of
forming thermosetting resinss

yuid resin around the wire un-

(a) By casting the lig
rate te.)erature

der mode

(b) By molding around the wire "A stage! resin or
connercial molding powder under temperature
and pressure.

(¢) By impregnating paper or cloth in a lacquer of
TA stage"resin and drying, and then moiding
fine wires ‘under temperature and pressure

. between sheets of this paper or eloth.

Casting of Wires ‘in Thernoplastic Resin

Since the casting technique did not involve the appli-
cation of pressure and the danger of rupture of fine wires,
this casting of wires in thermoplastic resin was developed
firede Gages were successfully cast, using methyl metha-
crylate nononer (supplied by the B. L. du Pont de NWemours
company). The polymerized ﬁetnacrv;ute réesin is known com-
mereially as Lucite. Marblette liguid easting bakelite
resin was also-used. . It is not pessible . to obtain a«sodid
slip of resin by evaporating a solution of the resin; under
these circumstances, drying would take place on the surface
Gl e leavine the inside partly or wholly liguide Neither

t possible to obtain ‘a gage by Cuutlno grgins of o
polymerized thermoplastic resin. At the highest allowable
temperature, such a resin is not really flulc, anpld evien
after prolonged heating at that temperature a great many

alr bubbles remain in the casting.

U

o
(2]

Of the commercially avallable thermoplastic resins, methyl
methacrylate polymer (Lucite) has probably the best elastic
properties and is the easiest to obtain in monomer form.
Thefcasbinzimold is shownsin fizure et Theywire @, to
be mounted in resin is soldered or welded to two pieces of
steel shim stoek & and B (fig. 2) and &Zssembled in the mold.
Before the mold is tightened up, the piece B projecting
from between the side pieces 1is pulled taut. In this way
the three parts of the wire C become tight and straight
simultaneously.

The required quantity of monomer is mixed with about
1 percent of benzoyl peroxide, which acts as a catalyst,

"
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poured into the mold, and the cover screwed down., B s
necessary for the polymerization to be carried out slowly
to reduce the danger of bubble formation, which is very
Bikely ebio no@cuir apound sthe switeiss The best results were
obtained by raising the temperature gradually fron 4O 860
60° C. over a period of 3 or 4 days. 4 clear water-white
strip of resin of dimensions about 3 inches Dby 1/ 3 dneh
by 1/16 inch was produced, normally frec from bubbles.
Figure 3 shows diagrammatically the appcarancc of the gage
after removal from the mold and figure 4, the final ap-
pearance of the gage after romoval of superfluous metal
and soldering-on of connecting wirecs.

Since this process was long and tedious and since
successful results werc not always obtaincd, other mcthods
werec soughte.

Casting of Wires in Bakelite Resin

Marblette liquid phenol-formaldchyde resin (supplicd
by the Marblette Corporation) was used in an attempt to
cast o thermosetting resin that could be attached by
de Khotinsky cement. The wire to be mounted was solderecd
to a copper-foil mount (figs. 5) and the assembly clamped
in the casting mold. The liguid resin was poured in and
the mold heatcecd for 2 days at a temperature rising from
w0°% to 130° C. A hard, brown, opague, bakelite gage was
obtained that, though being thermosctting, was always fal 1
of air bubbles. This method was consequently abandoned
as being unsuccessful. ;

The Molding of Fine Wires in Lucite

Generally speaking, it is casier to mold articles of
Lucite from the commerical polymerized, granulated product
than to cast the articles from the liquid resin in a lower
state of polymerization. The high pressures involved in
this operation (from 1,000 to 5,000 pounds per square inch)
will rupture fine wires unless special precautions are
adopted. Figure 6 shows thc mold uscd for pressure molding
of wire strain gagese. The bolts on the lower part of the
mold were adjusted so that the thickness of the finished
molding was about 1/32 inch.,
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"Double-Decker" Process

In the double-decker process, two strips of Lucite
47 Simichels by Yl ‘dmieh by 1/32 inch are made in the mold. A
wire assembly on a gauzc framework is placed between two
such strips in the mold and the threc components "fused!
by heat and pressure.

First, a weighed quantity of commercial resin is
placed in the mold and subjeccted to a pressure of 5,000
pounds per sguare inch at 1600 €, for about 15 mindtess
The mold is cooled under water and the molded piece re-—
moved, Two such pieces are made. One surface of each
piece is moistened with the liquid monomer containing ben-
zoyl peroxide. The wire asscembdbly soldered to a copper
gauze (or welded to a nickel gauze) framework (fig. 7(a))
is placed between the picces, with the moistened surfaces
foctinge ‘each other. This sandwiech is placed in tho mold
and heated to 160° 0., then subjected %o a pressure of
1,000 pounds per square inch for 15 minutes. The mold is
cooled as before and the completely molded gage removed,
The gage ready for use is shown in figure 7(b). The fin-
ished gage is about 0.075 inch thick. An esseptial part
of this process is the moistening with the liguid monomer
of the strips of resin before repressing. If these two
strips are merely pressed together under temperature in
the mold, they will fuse only at a few isolated points,
where the cnds of the molecular chains happen to coincide.
Phese two pleces can easily be split aparts Wetting the
surfaces with the liguid monomer produces some new chain-
forming material.,, which cemcents the two pieces chemically
into one coherent strip.

"Single-Decker" Process

In. phe single-decker process, anly.one. .strip ofsresin
s fused s Ghusqya.more  flexibles thinners mere,guickly. . pro=
guted gbtrip is obtained. The assembly, constructed as be-

fore,iis placed at.the bottom of the mold, then the molded
piece of Lueite, and finally a false assembly, containing
no wires. The three components are pressed together wunder

ey pressure ©f 1,000 pounds, per square inch for 15 mianutes;
the pressure is applied when the temperature of the mold
reaches 160° C. The resin appecars to flow under and around
the wire; when the mold is coolcd and the molding removed,
both picces of gauze and the wirec appear to be thoroughly
embedded in thec resin. ¥t should bec mentionecd that, in the
absence of the upper gauze, the gage is warped on removal
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fron sthe mold J owiing to the differential contraction of
the ‘copper gauze iand the Lucite, Figure 7(c) shows the
appearance of la single-decker gage after removal from the
mold. In this process (as in the double-decker process)
the wire is placed in the asembly with some slack, and
very few lcasesg of rupture or incomplete embedding of the
wirerare obtainedl, MMfter the sides ,of the molding are
sawed voff, thd ends #slit, downly and conneletions soldexred
oni et helisage ils irleady £for uses Figure 7(d) shows a gage
waehy Hs fabioul 01036 inch thick sconstrucited mlftihilis Fnanis

nere.

A large number of gages of the double-decker and
singlc-decker types have been constructed since the com-
pletion| of a progress report (reference 4) on this in-
vestigation. |Datla obtained from these gages would have
enabled| satisflactiory gages compensated for steel and for
dueglumin to be constructeds Since .certain cecmenting dif=
ficulties assgciated with Lucite could notbt be lovercome,
methods were developed of molding gages in Bakelite.

~

The Molding of Wires in Bakelite Molding Powder

Lucite was originally chosen as a casting and molding
material on account of its very good elastic propertiese
Mheladdition of g £iller to a.resing'such as wood Elouny
paper, pr cloth, |[though making the resin stroanger, impairs
its elastiec qualities, creep and hysteresis being very
evident in the stress-strain properties of the filled resin
(peference 5)4 1t was felt that this strain creep and hys-—
teresis was partly responsible for the resistance creep and
hysteresis of the Ess strip and that filled resins were
therefore to be avoided. This conclusion is now known to
be ill-founded, since gages molded in bakelite molding pow-
der (with wood-flour £iller) and in laminated Bakelite
(with paper filler) show a complecte absence of creep and
hysteresis in | the strain-resistance relation.

It was attempted to mold single-decker and double-
decker gages from bakelite resin and from molding powder.
Unlike the Lucite gages, thesc gages could be firmly and
easily attached with de Khotinsky cemente. The double-
decker gages were to be made by partly curiang the material,
so that it had sufficient strength to be removed from the
mold but could still fuse and cement itself onto another
similar strip. The unfilled resin when partly cured was
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tool weak and brittle and usually cracked on cooling. - The
commercial molding powdcr was somewhat better and, after
siome ‘experinent, “the correct conditions were found for the
bl lsbriiip's (o f uakolito to fuse without cleaving along the
jJoining plane., In this process, however, the wires also
became broken. It was then attempted to mold single-dccker
gages as with Lucite, the wire assembly being presscd into
a, partiliy-cured strip of Bakelite. In only onc case was the
wire presscd firle T In all the other cases the wire
conld easily be pulled from the surfacec. This one excep-
tion, cementecd to a stocl bar with de Xhotinsky cement,
possessed a lincar, strain-rcsistance characteristic with-
out hystercsis. It was thercfore decided to mold the gages
from bakeclized papcr.

Paper-Reinforeced Bakelite

fop)
0

Cq
©
n

[

The paper-reinforccd bakelite gage is of all types
the simplest and quickest to make, the easiest to attach
to steel and duralumin, and the thinncst and lightest.

.

(¢

The wires composing the gage are soldered to a frame-
work constructed from strips of brass gauze about 1/8 inch
widee Eight strips of resin-impregnated paper 4 inches
long by 3/8 inch wide arc cut out. Thc wire assembly is
tacked down to onc of the strips by means of a warm solder-

i e
ing iron and some finely powdered A stage

With a total of four strips of paper above and below the
wires, the whole asscmbly is placed between polished sheets
of chromium-plated stecl and then betwecn sheets of card-
board. Molding is carried out betwecn platens heated to
150° Cs under a pressure of 1,000 pounds per sqguare inch
for 15 minutes. The gage is then ready for soldering on

B(b) )

contacts to the gauze strip

m
N
Hy
o
(o
.

At the present moment, speci
Jigs are being coanstructed. These jigs will enable the
exact lengths of wire to be solderced on; the wires will
be held taut and the pieces of paper held vertically over
each other durins the molding. ‘In this way it will be
possible to produce easily and ropidly temperature—compen
sated stroin gages with reproducible characteristics,

ial soldering and molding

resin- (fige Bla))s
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STRAIN SENSITIVITY

Temperature-Compeasated Goges

The usec of fine wires to measure strains is not nowvel
sndeiholnanner off application is, feirly obviouss - Thelzo-=
sistance of metallic wires as a rule is very nmuch more
sensitive to changes 1in temperature than to changes in
sbradni Por statfie work, therefore, it is necessary. to
compcansate for the effect of tecmperature on the resistance
of the wircas

It |lhas allreapy becon mentioned that the problem of
i rc compensation cannot be solved by the use of

.eh as constantan and manganin., If these wires
haveSagthermol ecocfficicnt ofilincar cxpansion differen®
urfacec which

Tron bthat of siteell, when cementcd to a stecl s

is then |heated|, t% wires will sufferia lengibtudinal e
tonsiov or compression superimposcd by the steel on their
normal dilate tlon. This addidional oxtﬂnsion or compres
gion 'will change [the resistance of the wire and so destroy

the temperaturjc compensation. The mwuuitu&e of this:ef=
feet iE |shown |by the following cxample: If & wire be | £otnd
that happens tlo be perfectly compensated when ccmented to
duralumnin, thils wire when ccmented to stecel will change
its recsistance when the tcrneraturc mises EONCHE b NS
amount equivalent| to a compressive strcss of 400 pounds
pers sguare inch in the stp‘W 1t 48 therecfore clear phal
special mecthods of compensation will have to be sought
and thet zoges| compensated for use on duralumin will be
different from gages compensated for usc on stecls. Teb sas
clicar alsie thalt the effects of strain and benperatuwrction
the zresisbtance of| wircs must be Jointly considered.

gx

Strain and Resisbtaance

Sancle: ther elepesrieal Tesistanee of a netalliel wire
ig proportional tp its longth and inverscly proportional
To dts eross—slectional arca, it might: be assuned that the
imeroasetiof resistanece of a wire on straiming is dwe to
the inercase in length and reduction in cross—soctional
awiclly VT the [strpin sengitivity S ‘be defimed’as’ the
ratd ool the propprtional dineresse in resiBtance AR/R
%0 Bhie §ensile sthain A1f1, the strain sensitivity
should be given by
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Where O is Poigsgonl'ls ratio. The sensitivity S should
HinusSvary fron 1.6 to 2.0 In actual precticc S ‘ean
vary from larsgse positive values to loarge negative valucs,
the value for most wircs being about 2.4. TN is s cllear

that the specifiec resistivity of a wire varies when it is
straincde Though this phenomenon is known (reforences 6
and 7), there secns to be no consistency in the scanty
published data and no satisfactory explanation of the phe-
NCMenon.

Mecasurenent of Strain Sensitivity

The strain-resistance relations of wires nolded into

gages werc obtained by clamnping or cnno“tlnb the goages to
stcel bars 1/8 inch thick and about 7/8 inch wide and ap=
plying tension loads to the steel. bars tqrou b pinss »The

ellange in resistance was neasurcd by a JY= tstone bridses
using the deflection methods The strain was computed £ron
the lood aad the cross—-sectional aream of tn harse For
pRecdse tworky this mothedllis likely te be vy’ from accu~
rates isinee the bars were by ne neans initially S*“?l”ht.
paineen till wvery rtecently, the Sagos were far fromn comnpe
saticds itlwas considered: that the error due to tempcraturc
drdf i was larzer than thelerror due v0 initieal curvature
of  the barse. The error due: to initisl curvature was ninie
nized by commencing the tecsts at 2 load of 400 pounds.
fes s were uwsually condnetod by losdingithe bar in steps
of 400 pounds from 400 pounds to 2,000 pounds through two
cenplete; cyelos The prraagcnent of appoaratus for a strein
teat ds shown in figurec 9

e Hy
o

Mcasurencnt of Resistance

Two different arrangoments of Wheatstone bridge were
available for mcasurchent of resistances In ene. forn, a
nultiratioc bridege, the external resisktance was balance
byt aldccade box variable from 1 40 2,998 ohns, the ratlo
of the: Patio arns being selected by & switechs Sinee these
ratio arms were built into the bridge, the over-all sen-
sitivity could not be improved by adjustment of the values
of the bridge resistances When low-resistance gages (about

e

25 ohms) were to be tested, the gage was placed in series
with a l-ohm resistance, across which could be connected, a
resistance of 24 ohms. With higher-resistance gages (of

-
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the ordcr of 100 ohms), a decadec box containing O.l-ohn
steps was placed in scries with the gage. A dccade box
placed in shunt with the galvanometer is open-circuited
when balance is obtaincd. Ih the case of the low-rcsist=-
ance gages, opening or closing the calibrating switch
gave d el cletitbnMeorrics ponding Ho an) ineressel omiiaier
crecase in the external resistonce of 0.04 ohm. The nca
calibration at the beginning and end of each test was
thus obtainede. Individual calibration observations usual-
Ly lBgregdl to, better than 1l .percent. In. fthe eesicl of tihe
high-resistance gages, calibration was obtained by switch-
ing into series with the gage C.1 ohm or a higher resist-
ance, XJigure 10 gives the circuit of the bridge arranged
for a test on |2 low-resistance gage.

The other form of bridge used vas a variable-ratio
bridge. The external resistance is balanced by a decade-
box variable from 1 to 999 ohms: the bridge ratio is vari-
able between narrow limits below and above unity. Cali-
bration is cffected in the same manncr as with the multi-
ratio bridgec.

(

Figure 11 shows the over-all se snsitivity calibration
for the multiratio bridge for the 0.1 and the 0,01 ratioss
The ordléatbs give thce deflection im divisions of the gal-
vanomcter scale for a l-percent change of external resist-
ance using a 6~volt battery. THlis 'sleen that tin.the ‘Tegion
of 20 to 100 ohms| thc sensitivity with the 0.1 ratio grcat-
ly excceds that with the 0.0l ratio; also that maximum
sensitivity is obtaincd with a gage resistance of the or-
der of 20 ohmse. The deflecction of the galvanometer in
this arrangement could be estimated to 0.0l division.

Thus a resistance change of 2.5 parts per million could be
detected, corresponding to a strain change of about 1 part
pexr millions ([Figure 12 gives the corresponding calibra-
tion for the variable-ratio bridge used with a different

galvanometer.

Relsults of Strain Mcasurcments

From the tests on compensated ga ¢s constructed from
laminated Bakclitc ccmented to steel with de Khotinsky
cementy (1t 1s' |conecluded that there is no- crecp mor ‘hysteirs
csis in the strain-resistance relations of metallic wircs.
Under laboratory conditions tcsts on noncompensated gages
containing single wires gave the same result, though with
such specimens variation in laboratory temperature during




14 AN Ceth ‘Melehn icnilnllobe MNow. 744

a test produces & resistance drift that might be mistaken
for timperfect ion dim the strain gage. Tests on Lucite
gages clamped or cemented to steel with plastic wood
cement showed very little hysteresis in the strain-resist-
ance relation.,. Such hysteresis as was found must be at-
tributed! to imperfect eementing or clamping.

As an example of the linearity betwecen strain and
resigitance, the: following table gives data obtained in a
strain test on a temperoture~compensated gage, designated
PBI G Minagde in: Laminated DIakeldtel The | coge was' cementied
to a steel bar by de Khotinsky cement. The re adln, are
O F ~alvanornt r deflections for two loading cye

Strain-Test Data for Gage B &, Temerature-Comensated, Laminated Bakelite

Gage resistance 23.0 ohms
[Galvanometer calibration 137.25 division = 1 ohm chanze of resistance]
L Galvanometer readings
el L 1 S e STl i o 2o e Sl
Stress f =g = =R
L im First cycle ! Second cycle
steel TR T % : T
Load Load i Load Load
1b./sq.in.)|increasing iecreasing i increasing decreasing
4,267 7492 = 8T~ Ul
/'/ \\
/ N
8,533 918 9,21 SLR2 9.22
12,800 e 10.39 10.40 10.38
17,067 11.51 11550 11.53 11.50
\ 7 N Z
14383 Tl TOLBE =T ~> 12.64—

The azgreement between the deflections at ecach load station
is too close to be shown on a graph. In figure 13 the

mean reading at each stress level is plotted against stress
From the slope of the straight line the strain sensitivity
S5 is obtained.
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Strain-Sensitivity Data

In table III is given thc measurcd strain sensitivity
of certain wires molded into resin. The table gives the
type of resin, manner of attachment, and strain sensitivity
for diffcrent wires. The code uscd to designate the type
6# wegin| ie given (Iw 'tabvle I1. The source of the wires inm
tenile MEME is given In table IIla.

TABLE II

Types of Resin

Type of mount Code
Laminated Bakeclite FB
(paper filler)
Molded methyl methacrylate MM
(Tucite)
Molded |(Bakelite M3

(wood-flour filler)

Cast methyl methacrylate i

(5]

Gast Bakelite
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TABTES 111
Strain Sensitivity
Wire Type of Hethod of sens
mount attachment
Copecl ©3B de Xhotinsky ccment
Hichrome BD de Khotinsky cement
Isoelastic PB de Khotinsky ccrment
Copecl MM Bl gsibise swiood
Ohmax (soft) Clamped
Ohmax (hard) MM Clanmped
Advance MM Clamped
Isoeclastic MM Clamped
Isoclastic MB de Khotinsky cemcent
Advance i Clamped
Isoelastic M Clamped
Monel M Clamped
Advance B de Khotinsky ccment
Isocelastic B de Khotinsky cement
Manganin 3 de Xhotinsky cement
l-percent Mn-nickel Shellae Shellac =

It is scen that the strain seansitivity of a wir
affectecd only to a small degree by the type of plast
mounte The difference is prebably less than appears
the table, since the data ncecar the foot of the table
resents the results of earlier, less aeccurate testse
the exception of advance and monecl wires, the strain
tlwities lie outside the valkues of 1.6 and 2,0 given
the simple theory; manganin has a small positive val

thel nickel alley a negntive valuesw

i ivdty

AV
.

O
W

« 69

1.16

e 1is
e
from
rep-
With
sensi-
by
ue and

=
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TABLES IIla

Wircs Used in This Research

Wire Supplied by Remarks
Nichronec Driver-Harris Company Hard
Manganin Driver-Harris Company Hard
Advance ‘ Driver-Harris Company Hord and soft

specimens
Ohmax Driver-Harris Company Hard and soft

speeimens
Copel Hoskins Mfg. Compony Hard
l-percent Mn-nickel Hoskins Mfg. Company Hard
Monel Alloy Mctal Wirc Company -
Isoelastic Ghattilon & Somns, Litd. =

Wires| in Series and Parallel

In temperature-compensated gages it is necessary to
place different wires in series or parallel in order to
obtain compensation. It is possible to compute the strain
sensitivity of |[the combination, knowing the strain sensi-
tivities of the individual wires in the type of mount con=-
cerned. Let one wire be of resistance R and sensitivity
S, and the other wire resistance R' and sensitivity Sl
Thern if the wires are connected in series the over-all
strain sensitivity is

RS + R'S!? e R 1

b

R & R1 R + R RY

S (2)

aly
series * R

|
J

and if the wires are in parallel, this equation becomes

8 g
Sparallel = R + ®! Li Ty (3)
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It will be shown later that, if a compensated gage is made
by connecting a wire with a positive temperature coeffi-
cient of resistance with a wire with a negative coefficient,
the strain sensitivity will be the same whether the wires

e conneeted’ in shunt eor dn series.

Table IV gives the computed and measurcd resistances
and strain sensitivities of two gages embodying a copel
and a nichrome wire in parallel, cmbedded in paper-lami-
nated Bakelitos.

TABLE IV

Computed and Experimentally Determined Strain Sensitivitics

Resistance, ohns Strain sensitivity §

G ge — e L L o —— _;
Computed Measured Computed | Heasurcd

S o

PB 6 2205 2540 ' oae ] | 2.54 ;

| : :

! s o i

PB 8 24.5 | Buds ; 2.47 ‘ gadmant)

TEMPERATURE COMPENSATION

Tempcrature-Resistance Propertics

The second problem attacked in the prescut investi-
gation is that of temperaturec compensation. To this cnd
many tcmperature-resistance tests of both freec wircs and
wires molded in to form gages were made. The following
conclusions werec ohtaincd.

(a) The temperature-resistance curve of a bare wire
is a straight line. Ho hysteresis is evident
between the heating-up and cooling-down paths.
It was confirmed that constantan and manganin
wires have nearly zero temperature coefficients
of resistance and that ohmax wire has a nega-
tive coefficient,

(b) ¥ormally, the temperature-resistance curve of a
wire molded into a plastic is a straight line
without hysteresise,. This ‘result  Tesltirpue 1
the "gage" be tested cither frec or clamped
orticemented s tioh @teellon to duraluming
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Advance and ohmax wires are cxceptions tc this rule;
it appears that the molding or casting tem-
perature is suffieient to causc a structural
change in thesc wires. After these wires are

cagt in Lucite by heating to about 60° C., for
3 days, the temperature-rcsistance relation-
ship cionsists vf ponlihear eurves forming
large hysteresis loops betwcen heating-up and
cooling-down paths. These wires molded into
Lucite in the shortest possible time give
linear temperature-resistance curves without
hysteresis. Slight increases in molding time
seriously affect the value of temperature co=-

efflicient of resistance. A further slight
increase produces gages which give hysteresis
loops on tv401ng thermal cycless  Hence, ad-=
vance and ohmax, which appear the most promis-
ing wires for making temperature-compensatcd
gages, must be abandoned.,

(¢) Where the behavior of a molded=-in wire with tem-
peraturc is normal, the strain and tempera-
tune effects appear to be independent.

Methods of construction of temperature-compensated
gages will be considered and, subsequently, the independ-
ence of the strain and thermal effects.

Construction of Temperature-Compensated Gages

Under the heading of temperature-compensated gages
will be considered the possible methods of temperature
compensation, the theory of design of each method, and %the
degree of success which has been obtained. The following
symbols will be used:

B, |temperature coefficicent of resistance of a wire
molded in a gage.

B35 | tempenaturc coefficient of a wire (or combination
of wires) in a gage, clamped or cemented to
steel,

Bae | tempefature coefficient of a wire, clamped or ‘ces=
menbted to duralumin.

Oy, Ags od, coefficient of linear expansion of resin,
steel,| and duraljrespectively,
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Bug Bs stress equivalent of temperature, steel, and
duralumin, respectively.

Stress Equivalent of Temperaturc

The stress equivalent of temperature is the over-all
meastre of the exactness of temperature compensation of a
gage. The stress equivalent of temperature in steel Py
is dcfined as that stress in a steel bar to which the gage
is attached necessary to cause the same increase in re-
sistance of the gagc as would 1° 0, rise of temperaturc,

BS 4
Heance ; < e €0 Ry o= 230 4By % 2LOTYLS
and 4, Bs =612 s % 10%) /8 (4)

o

A strain gage of the Tuckerman or duggunbnrg r type (made
in steel). is not tonperatarﬁ-COﬂpeanat 3d when attached to
duralumin; the value of P, for these gages is

{85 & 11) x 12 = 188 pounds pex siquare. inche JIn this worlk
a valué of +100 pounds per square inch for By 0 lom 8k,

has been regarded as the outside permissible value, though
it has been possible to obtain without difficulty valucs
about 110 pounds per square inch per °C.

The following are the possible methods of construc-

(a) By embedding a single wire in the piliaisibiites mak e ikl .

(b)lBy embedding two parallel wires, connected in
series or in parallel, one with 2 positiwve and
one with a negative temperature coefficient of
resistance.

H
3
a5

" =
length of the gage and part dispos
angles

(c) Using one kind of wire, part lying along the
se

@) By embedding a wirc with negative straoin se
o (=) 1Y
ity together with wires with positiwe st
sensitivitys

Metaod (b) has becn seecssfnlly worked:r outry Me
(c) is now a possible solution, -Mecthod (a) might give
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success after a prolonged investigation of suitable ma-
terinls. Method (d) is virtually unworkable. The ex~-
perimental rcsults supporting these conclusions arc now
given.

SinelosWire in Plastie Material
(=)

1t was hoped (that advance wire (constantan type)
when cmbedded in resin and cemented to steel would have
apveryilowtemperature coefficicnt wf resistaneces and
would therefore act as a temperature-compensated gages
As previbusly nentiioned, it was found that:the btemperas
ture eoeffiecient of resistonee of such a goge was very
variable, depending critically on the mojalug conditionse
Hystercsis looping in the temperature-resistance echarac—
Gemistic| aroscfon molding fer o s8lighily 1o ger tlmc or
on castinge

Of all the many wires tested, the only one found to
be anywhere nearly compecnsatcd was copel wire., This wire
was foeunddtor hagve |a negative tomperature coecfficientd of
resistances The flollowing data were obtained with gages
consisting of copel wires embedded in Luecite and in paper-
laninated Bakelite, cemcnted to duraluming

R ' ;ei‘&??fﬁ?e'r RTACE ¥e i
goefficient | i Stress
Gage Resin cenented ! Bibaravin Eequivalent of
o dutrel l sensitivity ! temperature
Bo | S E Pz
| ¥ [aqe e
f— s e v S S e e e e ot ————— = o S - o TA_ S S S ———— .:- et e e e 4t e e 4 e _.__—1
MM 17 | Lucite -37 .4 i 240 | -187
! l
PB 4 |Bakclite —551 2 i 258 ; 2.8
- = o AP = e s

The simplle copel gage is theorefore not sufficicntly elose-
1y. conpensatcd |to |be of any use

This method might be made to work by bhaking, asspilbe
able wires such as isocglasti [t ebicmig, and
heat—trenting th_; W LE g It migh adjust

o

)
G
C

w0

(/]

}-l-
o'

=

(]

ct

o O
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the tenperature coefficient of resistance by suitable bak-
ing to valucs that are .ncarly zero when the wirc is molded
into a plastic mount and cemented to steel or duralumin,

Wires with Positive and Negative Temperature Coefficients

Another method rcquires two types of wire, one of
which nust have a small negative temperature coefficient
of resistance and the other a small positive coefficient.
The stipulation of small valucs of coefficient is made so
that slight errors in the construction of the gage will
not cause serious errors in temperature compensation.

Ohmax was first used for the negative component. It
was found that slight prolongation of molding time produced
temperaturc-resistance hystercsis. Ohmax has to be welded,
and the spot-welding of exact lengths of fince ohmax wire
to nickel gauze is a rather diffieult operation. Subse-
quently, copel was found to have a negative temperaturec
coeffilcient of resistance;lpmaller than that of ohnmax,
and the wire could be casily soldered. Copecl was there-
fore ‘chosen for the negatiwve component. Table VI gives
the necessary data for copel molded in Bakelite and in
Lucite for steel and for duralumin,

TABLE VI

% e
ciecnt | Stress equivalcent

Tenperature coeffi
of resistance of temperature
Resin (E% /89 ine)
= e : -
On steel On dural On steel {On dural
B, B2 Py Py
Bicei b o ~76.3 —EGs -962 -278

(laninated)

Lucite -62.2 -37 .4 =777 ~187

For the wire with positive coefficient, liichromec was
chosen, since it had the lowest coefficient. Advance was
ruled out owing to its erratic behavior and manganin, ow-
ing to its low strain sensitivity. The following table
shows how Wichrome conmpares with other wires.
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TABLE VII

with Positive Temperature Coefficicents

| {Gage ce@ented to steel | Gaég—céwentod to_ggrml:
- | Stress Stress

Wire Resin Temperature! equiv- |Temperature|equiv- .

coefficient| alent [coefficient| alent !

B1 Py Bz Bl

e SN TR ko et S
Nichrome Bakelite 182 1,930 222 932

(laminated) ’
Isoelastic Lucite HBE [ 5,340 - -
Monel Lucite 502 s 84.0 - -
C-stecl Lucite 2,890 34,600 - -
(piano wire)

Design of Nichrome-~

Enough
compecnsated
lengths
tively,
be B, and
ties S  an

data are now
Let the
of copel and nichrome wire be R
the temperaturc coefficients,’

gages.,

Copel Compensatecd Gages

to design temperature-~
the required

andi i Rl respec-

cemented to steel,

availabile
resistances of

HE R, respectively, and the strain sensitivi-

1
d e eB T

Wires in parallel.
the resigsgtance| of |[the
from

RR!
— %o
R + R!

If the temperature rises 4% Qg
gage, with wires in parallel, rises
RR'(1 + Blt)(l + B,tt)

E + R + &(8 B,

RU B, 1)

The condition for temperaturc compensation is that this in-

crease be z

QX

ero, hence

R

B,'+R!' B, =0

™

B (5)

>a
595
H
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Thiiles disiith'e condition for hemperature compensation on
steel, when the wires are placed in parallel. For

sation on

conditions, the over-all
quation (3)) becomes

o 1
S giwa It o= &
i B, = B !
1 1

L BQS' il Bglb
Py aral Pel = 4
i 8 D 1

M2 M2

he strain sensitivity of the
he strain. sensiti
ivity of the steel gage 1is
of the dures

Thﬂ

serigs.- condition

pensationion steel with wires

o g

R -5

A Ba
The strain sensitivity is the same as
Hitlonis The choicc of series o varall

se
termined by the relative

e
duralumin, the condition becomes

WL hate s o iGive

compensated gage 1
component wir
slightly differe

in seriecs

wire

sensitivi

strain

or dural

for: tempera
beccomes

for parallel connec-

el conneetion is
regudred.

Nichrome-Copcl Gage for Stecl
The specimens uscd had the following resistances
foot?
Wire Diameter Resistance

(G150 (ohms p

Wichrone

er f£t.)

OOt 680

Copel L0015 136

by

compen-—

(7)

ture com-

—~
w
s

de—

per

of
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The ratio of the liength of Wichrome to copel wire ean now
biel eomprtcd,  Hor'serics: conmn ctlon, compensation on steel,
thigdpagilol i858 8e4 pefcents For parailel conamectioniteon-
pensatbtion on steel|, the computed Latlo 38| 47 "percenis

For compensation on dural it is 80.6 percent, Hence, for
the wircs available, the parallel arrangement was chosen

as being|the more [suitable.

When the wires are about the same length, the charaec-
teristics of a |gage change only slowly with slight changes

inratioy assuming that thestenperature coefficients of
resistence of the wires do not vary from gage to gage

The first few gages, made before correct dwtk had been ob-
tained, possess ed length vatios of lichrome @ copel of

65 percent (fony LOl) and of 73 percent (for dural).
TabletVILII givds the characteristice, computed from later
data, for some |0of [these early gages.

TABILES VLl

Comparison of Computed and lieasured Properties of Nichrome-Copel Gages

i r ;éféiEBEEQMTESTj":SE- re coefficient Stress
Gage |Compensated | copel | of resistance, cemented equivalent
No. .| fom dienobhs = - - measured

ratio Computed | Measured (lbs/eqs 1ne)
(nercent)
78 5 Steel Bt -7.30 -10.0 -122
TB 10 Steel 56 | -8.28 ~10.2 125
=B 8 Dural 73 +4452 +2.94 +14,2

The computed data will be observed to agree well with the
measured|data and, in spite of the wide difference between
the correct length ratios for compensation and the ratios
given, the degree of compensation is guite good, espccilally
ip S thescase of |specimen PB 8., The length ratio does not
therefore appear to be critical. Gages arc now being made
with fhe| longth ratios civen in table VIII. Difficulties
are, however, being experienced in assessing the stress
equivalent with the present equipment.

It is suspected, however, that there nmay be some vari-
ability in the characteristics of the wires after molding
in. The molding temperature (140° C. for 15 minutes) might

<9
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have some effecet on the complex alloys used, so that
slightly different molding times might produce appreciably
diffiferent tonperaturec eoefficientss Bhe ecoefficient of
cxpansion of laminated: Bakelite is about 30 x 10™% per 0C.,
iNeh s u stz tlyy greaterithan ithat of duralunins ' Hence, in
the cooling down of the gage after completing the nmolding,
g lincor ecompressive strain in the wire ofrabout 0.002
nleh per dinech i1s to be expecteds It might be possible
that the compressive strain suffered by the wire on cool-
ing be of a hydrostatic nature and therefore has no large
effeet on thc properties of the wire.

Other Aspects of Two-Wirec Gages

A gage of two-wire type may be temperature-compensated
as closely as is desired by means of external resistances.
In the series type, the predominating resistance is shunted
by a resistance external to the gage; this resistance nmight
be a small coil of constantan wire 1lightly cemented to the
surface of the gage. In the parallel wire type, the re-
sistance is placed in serices with one of the wires.

In this way it could be possible to make a gage de~—
signed, say, to be compensated on dural to be compensated
also on steel. Such a gage, when ceﬂentﬂd dirveetly to
steel, would have a tcmperature coefficient of the order
of =35 x 10~% per 9C., corresponding to P, = -450 ©pounds
per squarc inch per degrees This value can be made zero
by placing a resistance in serices with the copel wire,

Compensation in this manner is very difficult, since
the required resistance is very critical and has to be de-
termined by trial. PFigure 14 shows the results of tests
on a c¢opel-advance gage molded in L;c1tv, containing a
copel wirc of 29.9 ohms rcsistance (the ncgative component)
in series with an advance wire of 23.0 ohms resistancec.
This gage, when clamped to duralumin, was found to be very
nearly perfectly compensated for temperatures When clamped
togotieel Mt had 8 tlemperature coefficient of resistance of
Bl = e SN 10_6, corresponding to & stress equivalent of
P, = -340 pounds per square inch in stcel. Tests werc uade
using different values of cexternal resistance in shunt with
the copel wirc. Pigure 14 shows the observed values of
By, the computed values of S and the values of P, for
differeat values of the cxternal resistance. It is observed
that ° P, varies rapidly in the region near where P, = 0.
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e, howewver, to arrange o gage.compen-
cel and duralunin, for example, by haviag
it one wire in the unichrome~copel design.
If (part of the |nichrome wire: is shortened: so that 1ts bfs
feetive length is reduced from 81 perceant to 48 percent

oif $hat. of the |copel wire, a "durall gage is them comnpefis
sated for steel.

Self-Compensating Gage

5

If & gage |be constructed of a length of wire of re-
sistance 1 lyinjg along. the length of the gage, and of
a. length|of thd some wire of resistance Ry - arranged at
right angles tgq the length of the gage, then this gage
should measure |the differcnce in strains along and at
right angles to the axis of the gage. These resistances
forn adjacent arms| of a Whcatstone bridge i Woo® 18Y% T
for cexomple, the gage be cenmented to a bar subjected to

o simple tensidn strain e, then the rcecsistances will
change %0 ;

2oko)

2

oy
o
-
}_J
+
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@
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8
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1
w
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Hence the ratio changes fron

Ry Ry 7
to — |1+ S(1 + 0)e |
Bz 2 5

The deflection |is therefore linear with strain. Such a
gage should be self-compensated, for, if the resistancesin
the zoge be heated, these will increase in the same pro-
portion and hence the ratio of the arms will not be changed;
temperature effects will thus cause no deflection of the

calvanometer,

Much effort was expended in the earlier stages of the
rescarch to make compensated gages in this manner, using
cast Bakelite and cast and molded Lucite for the mount. I8 7
was not found possible to cemcnt these early, comparatively
thick, gages effectively in the lateral dircection, This
method of construction might be successful, using the pres-
ent 0,010 inch [thick bakelite gages.
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Gage with Nogatively Strain-Sensitive Wire S

The ncgatively strain-scensitive wirec type of gage
would contain three types of wire, joinecd in series. One b
wire would be the wirc of negative strain scnsitivity
forming onec arm of the bridge. The other two wires would
be in an adjacent arm and would be arrangod to have the
same over-all temperaturec coefficicnt of resistance as the
negatively strain-sensitive wirce In this way, the strain
efifects of the wires would Teiunforee cach other, and the
thermal effects would counterbalance. The wires of ncga-
tive strain sensitivity appear to have extremely high tem-~
peraturc coefficients of resistance (e.g., for l-percent
Mn nickel P = 2440 x 10" ©'per ©°C.) rendering this method
impossible.

Measurement of Temperature Coefficient of Resistance

Changes of resistance with temperature were obtained
by heating the specimen slowly (6° C. per hour) in a well~
stirred oil bath, the temperatures being read on a ther-
mometer graduated in tenths of degrecs Centigrade. Fig- =
ure 16 shows the apparatus arranged for a thermal teste.

On the electrical side, the arrangement was the same as
for the strain tests. It has been mentioned that, with
the commercial bridges used in most of the tests, a change
in resistance in a gage of 25 ohms of about three parts
per million can be detected. Though this sensitivity is
ample for strain measurements, it is too low to assess
accurately the degree of compensation of the recent gages.
Better apparatus is being consequently designed for this
pPUrposc.

Independence of Strain and Temperature Effects

The theory of temperature compensation of wire strain
gages presupposes that the effects of temperature and of
strain on resistance are independent, in other words, that
gages compensated at zero strain are compensated for tem-
perature olso when under load., This fact could be checked
by cementing a tomperature-compensated gage to a bar,
placing the bar in bending, and making a thermal test on
the gage.  This method has not yet been tried, If a gage
be cemented (or clamped) first to steel, then to dural,
and finally left free, and if a thermal test be made on
the gage in each state, the temperature coefficients ob-
tained in each case should be related by a simple law.
This law has been checked on a few occasions and has been
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found ttg be reasonabls;
en in i the fRollowing pa

J\
ot
=
[

we«” The stheony wand datel are i giv=

Consider & finc wire ern ded in syabthedbiec Bes ing win
theforn of an| experimentol’ cagc. When such =2 gage is
heated, |it expands linearly at a ratc given by the cocf=
fleilcntt |of expansion of the Tesin, since compeared bolsthat
of the resin the cross-scctional area of the wire is
nealaisihles The cocfficient of expansion of wesins is
@auech greater than|that of metallic wires. Some wvalues
are given in table IX.

TABLE 1IX
Coefficient of
Resin lincar cexpansion
per °C. o, X 10°
Bakelite 30 3
(Laminated paper)
Bokelite [(cast) 60
Luocite 70
Henece onl nea 'hg the gage, the wire is stretched elasti-
el ly sin. It would thus be cexpected that the
tenperaty oefficiont of resistance of the wire whe
embeddecd in resin jwould be grecater than that of the fr
wirc. Furthermore, if the gage be firmly cemented to a

metal bar, and|so [coastrai
game rate as the bar, the
sistancel of the¢ cemented g

e

pendent pn thcec|cogfficient

Assumec that the Tatvteral
gct on the resistance o

. Let both be h
ar be now stretched
ngth of its gage, due to

S it

eral [restraint o
¢s are und

inereoases in resistanc

ned to expand thermally at the

temperature cocefficient of re

age would be expected to be db—
of cxpansion of the bar.

al strain of the gage has no

0o 4y

f the wirc. Consider two iden-

'al gapes, one firmly cecmentecd to a steel bar and the
e

eated through 1° C. ©Let the
po that the total 1hcrease) ¥
temperature and strain, is

nercase in length of the free specimen.

f the cemecnted gage can be ne-

cr identical conaltio ns, hencec
e nmust be the sanc. The in-

e
)Se din 'residtance of the cemented gZage is then R B,
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(where R 1is the gage resistance) owing to temperature
rise of 10 ¢, and is BRS(ap - ag) owing to the subse~-

quent strain, where the symbols are as previously de-
finede The increase in resistance of the free gage 1is
REBAES en cie

By HoBldpieiag) = B (10)
If the cemented gage be attached to dural,

Br + S(ap = ag) = B
therefore,

Bs - Ba = (ag = aghb (11)

Taking og = 24 x 10=6, o = 10 x 1078,

[@)]

(Bz = 51) 166 = 14 (12)

The following table gives some data collected during the
course of the research on five gages, of which one is
molded from laminated Bakelite, three molded in Lucite,
and one cast in Bakelite.

The results of two of the five sets suggest that the
temperaturc and the strain effects are independent and
that lateral effects are negligible. The other three re-
sults might contain some incorrect data, yet they suggest
that these conclusions are not true. For final confirma-
tion, it is necessary therefore, as previously mentioned,
to make a thermal test on a compensated goge under strain.
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TABLE X

Thermal and Strain Data

Isoelastic
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CEMEYTING OF GAGES

trument whiech can

"
il

t

A strain gage is essentially an ins
measure with sufficient accuracy the strain over any suit-
able gage length and which can readily be calibrated. 15
is therefore highly desirable for the resistance strain
gage to be able to be firmly cemented to a metallic sur-
face and also to be capable of removal for previous or
subsequent celibration when necessary. This removabilidty:
and .the property of individual calibration, differentiates
the type under development from a nonrcemovable assembly
of wirecs capable of mecasuring strain. This latter method
has been shown by Professor Ruge of the Massachusetts In-
stitute of Technology to work very successfully. By the
use of a cement, such as celluloid dissolved in acetone,
the mounting problem, and the effect of molding temperature
and molding strains mentioned previously, do not cxist.
Nevertheless, it is felt that a gage which can, if neccs~
sary, be individually calibrated for strain sensitivity,
temperature compensation, and maximum allowable strain and
which can be shipped through the mail and attached by un~-
skilled labor, is very desirable. The problem of cementing
is thereforc not the least important of the problems asso-
ciated with the construction of eclectrical recsistance
strain gages.

—te

r o -
Hot Cementin

e
De Khotinsky cement (hard grade) is a very satisfac-
tory hot cement for laminatcd bakclite gages. The metal
surface is hcated to 135°9 C. and the cement sprcad on.
The gage is thon gently placed in position and the metal
allowed to cool, The gage can be removed cither by re-

>

heating the mectal or by dissolving in alcohol.

Lucitc gages connot be attached by de Khotinsky ce-
ment, since at the requirecd temperature they soften and
warp, oring to the release of internal molding stresses.
Likewise, de Khotinsky coement is difficult to usc whon the
gage has to be attached to a large mass of duralumin such
as a propeller blade. The great heat conductivity of
duralunin and heat-trcated aluminum alloys makes it dif-
ficult to obtain the proper local temperaturec without dan-
ger of overhcating the metal and changing its strength
characteristics. A cement that will set without clevated
tenperature, even though more time is requireds ig highly
desirables
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De |[Khotinsky cement appears to be completely cffec-
Tive up|thb strialng of 0,07 of 1 percent, which is the
maximum strain used at present in the tests. In the
strain tests on compensated gages (and under steady tem-
perature conditions on uncompensated gages) readings at
& givean |strain are almost identically reproducible when
de Khotinsky clement is used; no creep is observablee. (8ce
fable I land (fiz. L3w) To strain a bakelite gage 3/8 imch
wide by |0010 |inch thick by an amount of 0.,0007 ineh per
ineh requires |a pull of about 2.6 poundss If the only
arca effective in cementing the gage is assumed to be a
tab of about 014 square inch area beyond the terminal
points of the wires, then the mean shear stress in the
cement becomes about 20 pounds per square inch. . There
seems to be no reason why the laminated bakelite gage
ShilonidSwiont 2o mp bo strains of 052 of 1 percenty, CorTe=
sponding to a shear stress in the cement of about 60
pounds per square inch.

There is reason to suspcect, however, "that the suc-
ccssive lheatinlg and cooling of the gage involved in ce-
menting |and removal might affcct its characteristicss
This point is pt prescent being investigated. Prolonged
baking of the gage before calibration or use might over—
come any such trouble.

Cold Cementing

Tho cold cements which have becen studied are plastic
wood, Duco, and casein cement, All thesc cements have
been tricd using various Lucitc specimens. Their use with
the laminated bakelite gages is now being studied.s Plas-
tic wood secms to be the best, having good adhesion to
steel, duralumin, and Lucitec. Table XI gives data obtained
in o strain test on a Lucite gage with copel wire cemented
to a stecel bar with plastic woods These results are plot-
ted in Figure 17,
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TABLE XTI
Strain Test on Gage MY 17: Copel Wire )Molded in ILucite

' Comented with Dlastic Wood to Steel

Gage rosistaance "69.4 ohms
‘ [ Galvonomeot alibration 49.1 divisions = 1 ohm chonge in rosistance ]
| AT FIUN Y 20 BB gy ;AL e S ALY B 0 o) ol o S
‘ ' GClJuﬂOﬂbtcr readings
Strcss R RS i .' - Timiet wisle- ‘E S LS e ST e 4 S ety i 0 P a0 ~ant e e s S P orath e | 49 @ S S,
} in First cyclo Scccnd cycle
stecl i ' e &
(1. fegs ) Lood i Load Load Load
lincrecasing ' decreasing increasing decrcasing
4,267 . 5.60 > 5.')\_ O 5.65
; " ) / | 3
8, 585 Be75 5.80 i 6475 6.85
i
1 | m
200 7.90 7925 i 750 985
l —
17,067 9.03 I 905 i SRe5 9.06
\ 2 | A\ H ]
2 | A
21,333 | 020 . = 1085 -
! e (BN S i Wl B e B R s

A slight hysteresi
S0, bhe average width o
to about 200 pounds per s
of Whisl toital s'tricsis Tanges

bserved in the readings; even
hysteresis loop correcsponas
el ineh or"roughly 1 perccunb

H 0
o B o o0

o

o

Bekelite gages attachoed with plm_tlc wood may be
guieci:ily removed by soaking for o few minutes in acetonc.
Lucite gages comented to steel may be removed by soaking
for sovoral hours in strong (20 pereent) caustic soda.
This method, of course, cannot be used for Lucitec gages

o4 3

cemented to duralumin., 4

Cosein ccment scems to lack adhesion to stececl and to
attack duralumin, bcinn slleadldnes S Phis diffideulty ecan' be
gvecrcome by interposing a layer of uasized paper ecemcnted
with Duco cement. mevort‘oloss, thoe ndhcq1on to Bakelite
and Luveite is poor, fairly wide hysteresis loops arec pro-
dueced, ond crecp is observable on lovdlng. It scems pos-
S et hats thetcenmentin s properties of thp bekelite zage
mig nt Fe improved by wusing & shect op plain instecad of im-
pregnated paper for the lowest sheet when the gages are
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molded. | Cascin cemcnt can be removed readily with caustic
soda: thouzh this cement does not abtack Lucite or steel,
itt attacks dural and also the eellulosie Filling of the
bakelitc gascs.

Oac| attempt using Duco with a Luecite gage was unsuce
cessfuls Bl gement , together with cements of i the ureas

8
formaldehy dc Tvpe (wnlch arc quick-setting) will be tried
on the bakelitc gagesa

COWCLUDIWG REMARKS

hod  af making cledtriecal . strain gasgcs of the

le A met
resistance typce has been developed. Fine wires arc molded
into laminated Bakelite (paper filler). These gages are
about % inches long by 3/8 inch wide by 0.010 inch thick.

Temperature compensation is effected by having in series

or pa1“1101 wires with positive ond negotive temperature
CO“ILlC nts of pr@sistanees - Phe proportienis of theiwires
are Gifferont, |in |gages tempeoraturc -compensated for steel
fron bhosc in gagaes conpensated for duralumin. These gages
can be ecmented td steel or duralumin with de KhotlnskJ

cennente.

H: B

v given dcsign, the

2 eproducible, and

t d. These results
mighdnbel due he wires, overstraining
of the wiros g goy impenfect cementing
gditlicel of s the wires in the zage or of the gage: itsedls
The coanditions under which gages with rceproducible proper-
ties can| be made gre now be 1n; investigated. Cold-ccment-
ing mothpds, obviating ropeated heating and cooling of the
gage, arg also|becing tricd.

It has been found th
s age arc not alwa

When the correct conditions have becen established, it
is proposed to make jigs for the production of temperaturc-—
compe nsated gages (of cbout 250 ohns resistances The appli-
cabillmy of thesc |gages up to strains of 0.2 percent will
be studied. It is proposed to usec these gages on impact
work. Short gage-length gages for work on stress concoen=
brations| are also |being considereds

3. Temperature compensation requirements are such that
the change in resistance duc to temperaturc change is of a
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smaller order than the change 1n resistance due to strain.
This necessitates a much more sensitive apparatus for
mcnsurlnb resistance changes than 1s regquired for normal
strain mcasurcments. This necessity will require the de
sign of a special bridge to give the maximum sensitivity
with the given gage; also a more sensitive galvanometer
waldls berrecguired y and ‘thiss galya nonctcr must be chosen
with the desired ch wracteristies

For work in the field, low-resistance gages and de-
flection methods of measuring resistance changes are un-
desirable.s In the first case, the resistance of long
leads might be of the order of 0.5 ohm; a gage resistance
of 250 ohms or more is thereforc required. A copel~
nichrome gage embodying four lengths of wire in a gage
1/2 inch wide and 3 inches lonb would have this resistance.
The deflection mecthod requires a long-scale, sensitive
galvanometer, frce from vibration, and also'a constant
voltage on the bridge,

A null method may be uscd by placing a high resist-
ance 1in scries with a decade boex across the balancing arn
of thc bridge. Figure 18 shows an arrangement suitable
for use with the multiratio bridge. In this example, the
gage resistance is 25 ohms, The balancing resistance con-
sists of the resistance R 1in the bridge and a shunting
resistance ry the'malue of v  eonsisting of a resistance
of 5,000 ohms in ‘series with a d cade box variable in steps
of 0.1 ohm. When the decade box reads zero and the resist-
aneet MRINE aSs et Lo 268 ohme), thu balancing resistance will
then be about 250 ohms, which is the correct wvalue for
balaneeliwhecn the ratio ©of Hhe ratio armsiis 0sl. I€ nowl
e age Tesistance be alit@red by say 1 part-in’a amillien,
Bhen tol restorel the. galvanpmetber deflection to zero the
balancing resistance nmust be altered by 1 port in a mil-
lion by puttlng g resistanee @z 'in the box in series with
the 5,000-ohm resistance.

Hence,
{ Rr \ dr _ 10-6
\pig ol pe

or

dri=i8sl "ohm

Hence, O.l-ohm steps in the external-resis e
spond to incrcases in gage resistance of 1 p:
Tion.

¢ box corre-
art in a midl-=
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A null deflection method has two further advantages,
e i1 resistance is independent of voltage varia=-
tions, and hence high-voltage "B" batteries can be used

vdying |curpent, The only limitation is the permis-
urrent and power dissipation in the gage and bridge
circuite The null deflection method also leads to the
possibility of using an a.c. voltage on the bridge, an
amplifier and oscillograph taking the place of the galva-
noneterj when mno signal is recorded on the oscillograph,
the bridge is balanced.

To summarize, the program of future work consists in
sttandardizi and | producing in quantity wire—-type resist-
ance strain gages as well as developing cold-cementing
methods |and mefthods of instrumentation suitable for wuse
in the flield.

Massachusetts Institute of Technology,
Cambridge), Masse., July 1939,
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(a) Component parts

(b) Mold assembled.

Figure 1.~ Casting mold
for Lucite.

Figure 6.~ Pressure
mold for
Lucite.
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(d) Single-decker gage ready for use.

Figure 7.~ Lucite Gages

(2) Assembly for laminated bakelite gage.

TE—

(b) Gage ready for use.

Figure 8.- Bakelite gages.
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Figure 9.- Arrengement of apparatus for
strain-resistance test.

Figure 16.- Arrangement of apparatus for
temperature-resistance test.

Figs. 9,16
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Figure 10.- Bridge for test on low resistance gage,
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Figure 14.- Temperature compensation for Copel-advance gage.
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Figure 17.- Lucite gage, plastic wood cement.
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