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NATIONAT, ADVISCRY COMMITTEE FOR AERONAUTICS
TECHNICAL NOTE NO. 1031

A MULTIPLE BRIDGE FOR ELIMINATION OF CONTACT-RESISTANCE
ERRORS IN RESISTANCE STRATIN-GAGE MEASUﬁEMENTS

By Isidore Warshawsky

SUMMARY

A multiple-bridge clrcult is described that eliminates contact-
reslstance errors of the Ffirst order between tho arms of the ordi-
nary Whoatstone bridge. This circult is applied to the elimination
of the effacte of contact-resistance variatlons that may ocecur in
resistance strain-gage measurements made through switeh contacta or
slin rings. No additicnal wiring is required at The strain guges,
and the nunmber of slip ringe need not necessdFlly be incroased.

The general. theory is decrivod and corroct clrcults and construétions
are described, The methods allow considerable Ffroedom in choice of
circult combinations and arc applicable to multiple-point styuin
measurements, particnlarly on rotuting shafts or propeller hlades.
Other applications of the multiplo-bridgse circuit =1ro noted.

INTRODUCTION

In measuring structural straing by obgerving the changs in
electrical resistance of a wire or a carbon strip attacked to the
surface of the test momber, 1t is nocsssury to dutect accurately a
resistance change of a fruction of 1 percent. Tho Ffructlonal change
in reslstance of an Advance wiro stroin gage that is in common uso
is approximately twice tho numerical velus of tho elastic strain
(reference 1); for example, a stress of 10,000 pounds por aquarc inch
in aluninum involves a resistance change of (.2 porcent. In order
to achleve an zccuracy of 2 wmercent in anch A moasurement, the
rogistance must be measured to an accuracy of 0.004 nercont.

Although resistance chenges of such small magnitudes may be
measured guite readily by ordinary bridge mothods in thosu cases
where direct comnmection to tho strain gage can be mado through woll-
soldered comnections, tho —roblom becomes difficult whon conmnection
to the strain gage must bo made through switch contacts or elip rings.

I
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Examples are the méasurement of -stresses &t o number of locations -
by the use of a single bridgs and a multiple-position seloctor -
gwitch and certain cases of multiple-~point stress measurowents on .
A rotasing shaft ar propeller.blads.

In such cases, the possible varintion in comtrct resietance
between switch contaots or between brish and slivp . ring may be of
the seme order of magnitude as the resistanco change due to mctual
straln variation and, if this contact resistance lies ir’'series
with the strain gage 1tself, large errors ars introduced into the
measuroments. To remwedy this situsation, severazl expedlents aro
gensrally employed: (1) circuits so constructed that the contact . _
realatance no longer lles in geriss with the strain gnge but occurs -
instead. at o point in the circuit where 1t—hes negligible effoct;

(2) the use of strain gages of very high resistunce; wnd (3) tho

use of very heavy switch contacts or of' a number of:parallel-

connocted brushes. "Each of thess methods gsometlmes possesses cer-. - .
tain limitations: the first often requlres an excessively largo |

nunber of reglstors when applied tn multinle~polnt measurements;

the second sacrifices elsctrical stabllitv, and the third is mechan-

lcally comulicated.

This report describes o new circult which renders nogligible
the effects of conmtact resistance occurring at the. cornprs of a
conventional Wheatstome bridge and tho. particular. applicztion of - _ B
this circuit to measurements with reslistance strain gnges. In order.
to illugtrate the problem of contact resistance more clearly and to
dofine the scope of the new circuit and ite relation to exiating
techniques, a brilef review of representative methods of mensuroment
that ars in common use wlll first be mads.

CIRCUITS ORDINARILY USED FOR'STRAIN MEASUREMENT
Beries Clroult for Mbnsuremant of Alﬁernating Strains

Stirain variations due to floxural or torelenal vibrations ars
often measured by the series circuit shown 3n figure l{a}, 1in which
the indicator is & rectifier-tyve moving-coil gulvanometer for rms .
mengurements or an osclllograph precedsd By a vacuum-tube amplifier
for instantaneous indication. The strain-gige leads are soldercd
to two alip rings and the brushes bearing on these slip rings nre : ¥
wired to the remainder of the circuit. The alternating voltuge
appearing across the strain gzge R or asross the [ixed resistor S
is proportional to the alternating strain. To approach maximum :
sensitivity For a given powor dlsgiyation 1o the atrain- gngo, tho
- reslstmwrss of - mugt be sevoral times that of R.

=x -
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This circult is equivalent to that of figure 1(b), the contact
resistance between brushes and slip rings being represented by r.
Any variation in the magnitude of r appears as an apparent strain
whose maximum valus, for an Advance wire strain gage, ls eaqual to
the fractional changs 1n strain-gege rogistance, This result 1s

obvious because a change +Ar in the contact reaistance in each arm
hes the seme offeot as would a change AR = 2Ar in strain-gage
roglstance, and the corresponding strain e Is approximately

This 1s the maximum possgible error; the most probable error
resulting from a contact-resistance variation HAr in sach arm
i1s one-half of the meximum possible error. :

Bridge Circuit for Measurement of_Strains

‘A Wheatstone bridge such as that shown in figure Z(a) is. often
used to measure stralns at & large numbeor of points and utllizog a
single bridge and a two-pole multiple-position solector switch.
This clrcult is equivalent to that of figure Z(bf whorein the con-
tact resistance has been represented by 1. As in the case of tho
series circuit, any variation in this contact resistance appears as
an apparent strain equal to the fractional changs in: rusistance of
this arm of the bridge. . .-

For messurement of the alternating component of strain, the
power spurcse and indlcator are the sams as thoso describod. for the
sories circult of the preceding section. For mpasursmant of steady
strains), ths power source ie a battery, en altarnrting -current
generator, or an audio-oscillator; the generator or oscillator is
used to eliminate the effects of .thormoeloctric potontials at the
swltch contacts or when & carrier system is desirel in order. to
fTacilitate amplification.

An alternative circuit to that of figure 2(a)} is shown in fig-
ure 2(¢), in which the two-pole switch 1s replaced by a single-pole
switch and one gide of each strain gage 1s soldered. to a common
terminal, This method has the advantage of tolerating twice as large
a value of Ar/R as does the circuit of figure 2(a).

Steady-atrein measurement is made by observing the deflection
of the indicator or by rébalancing the bridge by pne of several
methods, some of which are shown in figures 3(a) to 3(d). In fig-
ure 3(a), balante is restored by using, in arm S, a dumny strain. '
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gago clamped to a callbrated cantilever beam deflccted by & wicrom-
oter scrow graducted dirocctly in. strain units.- "In figurs 3(b),

arm € 18 shunted by a cal;brated high-regletmrise rheostnt until
bridge balance is rostored. In figure 3(c), the ratlo arms o
altered to restora balance; in figure, 3(d), the power connocllion
to the bridge i1s moved. In the circuits of figures 3(b) to 3(d),
regigtance at the sliding contaqt of the rheostat-potentiometor

does rnobt materially affoct the.accuracy of tho measuremonts unloag
a dotector of very low rosistance i1s used in n» deflection method.

A Wheatstone bridge circuit similar to that of figure 2(a)
with tho switch replaced by slip rlings and hrushss to permit etrain
measurement on a rotating membor is theoretically possible, but is
not usod bocause of the high brush. contact rosistancos that arc
pregent, :

In order to make the circuits of figurcs 1 and 2 usecable, Jt
i8 nocoeeaary that the chango .Ar in-contact resistatito bo vory
small compared to the stroain-guge resistmnce R. For examplc, if
an acouracy of 2 percent 1g required.lin measuring a stross of
10,000 pounds per sguarc. linch in sluminum, the ratlo Ar/R muet be
less than 0.00004, In meoasuroments through slip rings, tho usual
methods for achleving so low a ratic are first, to minimize Ar by

uging a lorge number of brushes connected in parallel and bonring

on the same slip ring and second, to incroqso R by using high-
resistance strain gages made of. carbon rﬂthor than the morc  stahle
and adaptable wire strain gages, which are of comparatively low
reaistence., Thus, the use of a 30,000-ohm corbon strain gage with
a gnge factor of 10 wonld allow. Ar to bo a8 high as 6 ohms In the
above example, whereas the use of o '1000~ohm Advanco wire strain gogo
with a gnge factor of 2 would require .Ar 1o be nobt ovor 0.04 ohnm.
When multiplo-point straln moasurements ars to-bo made, o possidble’
soluticn of the switch-contact—resisthncs probleom 1s thc uec of o
high-quality heavy~duty soclector gwiteh hr rving low and constont-
contact resistance. Switches are avnilable with so lcw i rosistrmoc,
that the use of 'low-registance wire strain gages 1s possible, pro-
vidod that high sonslitivity 1s not required,

Currently Used.Strain—Moosuring Circuits Froo from

ContnctwRosistancc Errors

EfPoctive olimination of contact=resistance errors can b:s .
accomplished by uaing o geparato rofeurence rosistor with onch strain
gage or & scpqrato bridge with each strain gnge, =28 ghown in fig-
ureos 4 and 5. ' Tho ciroults of figurecs 4 z2nd 5.mnay use dlthor =

by i

T
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direct-current or an alternating-current power supply. Circuits
of this type are used frequently in present-dsy practice. oo

The circuit of figure 4 is used for multiple-point measurements.
This circuit uses a separate compensating resistor for each gtrain
gage and has two common connectlons, requiring only a single-pole
switch in the meter circuit; the switch-contact-resistance variation
in this circuit must be a negligible fraction of the meter resistance
if a deflection method is used. It is also essential that there be
negligible variation in the reslstance of the common leads end of
the power supply. If a null method of measurement 1s employed, the
veriation in resistance between points 1 and 5 and between points 4
and 6 must be negligible compared to the parallel resistance between
points S and 6. Also, the resistance of leads 1-5 wnd 4-6 must be
approximately in the same proportion as the two ratlo arms of the
bridge. If a deflection methcd ies used, an additionel condition is
imposed: any variation in the resistance of the power supply and
ite leads must be negligible compared to the parallel resistance
between points 5 and 6. In the deflection metiod, for example, the
use of twenty 1lOO-ohm strein gages in an egual-arm br’dge avrrange-
ment would require that the variation in the resistance of the circuit
through points 5-1-2-3-4-6, which includes the powsr supply, shculd
be less than 0.1 ohm in order to attain l-percent accuracy.

The circuit of figure 5 is used for strain messurements on
rotating members. The contact resistances bétween brushes and slip
rings are in series with the power supply and the detector and can
be made of negligible proportions with little difficulty.

Multiple-point strain measurements on a rotating member using
a selector switch can be made by a combinaticn of the circuits of
figures 4 and 5. Referring to figure 4, slip rings must be inserted
in the battery circuilt between points 1 and 2 and between points 3
and 4; another sllp ring must be ingerted between the detector and
the Junction of the ratio arms A and B; finelly, a fourth slip
ring is inserted between the detector and the single-pole selector
ewitch 1f this switch 1is mounted on the rotating member. If the
switch cannot be mounted on the rotating member, individual slip
rings are used to coknect each junction between a strain gage and
its compensating resistor to its respective switch point.

CIRCUITS FOR ELIMINATION OF CONTACT-RESISTANCE ERRCRS T

A new method for the virtual elimination of errors caused by
contact-resigtance variations at switch contacts or slip rings
utilizes the properties of the multiple-bridge circult analyzed
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mathematically in the appendix. The most general clrecult of—this
type 1g bullt up in the steps shown in fligure 6.' Conigtruction begins
with the simple Wheatstone bridge circuit of filgure 6(a), wherein a
contact resistance. r 1s assumed to ocour at the four corners of

the bridge. Fach of-these original contact resistances is then
bridged by a pair of auxiliary armsa,bj-¢,d; f,g; and h,k whoae
ratio to each other 1s equal to the ratio between the adjacent main
arms (fig. 6{(b)). Connectlon between the auxiliary erms and the
mein axms is mede through a separate brush or switch contact, whose
resistance is denoted by r, wand the power lead Or the detector leoad
that originally went to the cormer of the gimple. -bridgo is connected
instead to the Jjunction of the two auxiliary arms. It is shown in
- the appendlx that this construction hes the effect of canceling
firet-crder .effects of the contact resistance- occurring at any corner
of the original bridge because ‘this resigtance 1s, in effect, divided
betweern: the two adjacent ‘main arms in the same proportion as “the
ratio cf these main arms.

In the practical application-of the multiple-bridge clreult to
resigtance strain-gege measuremsnts,: the uge of separate contacts
for comnnecting the strailn gage to the main bridge arms end to the
auxiliary ratio arms does not mean ‘thet more "than two wires need deo
led off from baeth ghge: the dpplication: redquires only that two
connections, instead of ome, be made at the slip ring or the switch
at which: the contact resistsnce occursi 'Furtherhwre, all four pairs

_of auxiliary ratio arms arec rarsly ‘needed; doet appliications’ utilize
no more  than twe peirs., - Thepe donditlons are illustrated by tho fol—
lowing represontative circuits, ol et T

Strain Measurement through Slip Ringp

: The circuit of figure 7(a) (equivalent'cirﬁuit‘shown in
.£ig.' 7(b)) is used where only the oile strain gage R 18 carried on
Ythe rotating member. A single palr of slip rings 18 used, Just as
in a coaventlonal cilrcuit, but each ring has® two brﬁshee. Cne brush
on each ring lles in the main bridgeé circult” composed of R, 8, A,
and B. The other brush on each slip ring is in sbriegs with tho
auxiliary ratioiaim resistors b and 4. The auxiliary ratio arms
a,b and ¢,d ‘act as potontial dividors across tho contact rosist-
ance occurring in the main bridge circuit, The valuee of theso
resistors must be such that A/B = a/b and A/S =, c/d. Very good
compensation 1ls obtalned iF¥ the auxiliary rosistors aré 1000 times
tho probaeble contact resistance.

The divider a,b at the lowast carner of thﬁ bridgo will bu
recognized as that of the usual Kelvin double bridge. Tho dividor
c,d at the right-hand corner i1s an additional compensating network

ot

i
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that is not found in the usual Kelvin bridge because the Kelvin
bridge 1s ordinarily used for measurements whereln contact resist-
ance in series with the main ratio arms produces negligible errors. -
On the other hand, resistance-strain-gage measurements that must -
detect resistance changes of a few thousandths of 1 percent would

be in serious error if contact-resistance variations of the-same
nmagnitude occurred in the mailn ratlo arms.

The error that results, expressed as the apparent fractional
change in reeistance of the strain gage, 1s of the order of" magni-
tude of the sguare of the ratlio of the contact resistance.to the
bridge~-arm resistance, rather than the first power of this ratvio
as 1t would be in a similar bridge circuit without auxiliary ratio
arms.. Specifically, assuming the same contact resistancs at each of
the brushes, this second-order error is the sum of two terms, one
torm being proportional to the sguare of the contact resistance and
the other term varying as the product of the contact resistancs by -
the amount of bridgo unbalance. (See egquation (43) of appsndix.)

The error 1ls thus least when tho bridge 1s balanced and incrdasovd

as the bridge bocomes unbalanced by the incroase in sirain. Tablo 1
lists -some dosirable combinations of rosistoncs values for the varlous
arms of bridges using strain gages having resistahcvo of 100, 500,
and 1000 ohme. Foxr each of these bridges, table 2 lists the moximum
errors in indicated strain,which would beo causof in an Ilnitlally
balanced bridge by the introduction of 1 ohm of contact roslstance

at oach brush end also theo error in indicated strain in a bridgo-that
is 1 percent out of balance, undor the sameo conditions that lead to
maximum error in the balenced bridge. For purposes of comparison,
thero are also ligted tho moximum crrors. that would be caused by tho
introduction of 1 ohm of contact-rosisbtance variation occurring in
the Wheatstone bridge circult of figure 2(a). It will be notod that
the ratio betweon orrors in tho two typos of bridgo, which might be
termed the "factor of adventage," is botwaen 110 and 4000. Thia
factor of, advantaga would boe still greater if tho asaumcd contact _
rosistance wore.0.l.ohm rather than 1 Shm., The factor of advnntago
would be half as.great if tho two . brushes shown in figurs 7(a) on
sach slip ring were meroly connccted in parallel in s simple Wheat-
stone bridge arrangomont. In those .¢omputations of crrors, it has
been assumod that errors occurring et cach brush.do not’ componsato’
vach othor, but:are: such as to produce the greatest poeﬂiblo orror’

in an initially balanood bridge. - - o

The distinction between thé terms “contact rosistance™ ond
"contact-resistance variation" is to be notod. In tho -‘Wheatctone
bridge circuit of figure Z(a), any constant contact resistance mny
be belanced out in the initilal balancing of the bridgo and only thu
subsoquent variations in thies contact resistance are material, the
error belng proportional solely to those varliaotions. In the mul-
tiple bridgo, errors due solely to the constant contact resistanco
may also be balanced out, but the additional orrors introducod by
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subgequent .variations in the contact resglstances are proportional
not only- o thesoe variations but alsoto the contact. resistances

themsslves. This condition 18 -a "conssguence:-of - the. Fact. that errors

in the. multiple bridge are bf the- second .order,: whereas_prrors im
the sinple Wheatstone bri%ge abre OFf “the firstorder. In, order' to
gimplify computations for the-deta 'of table-2-and. subanupnt t&bles,
both tre contmct resistande aﬂd thé dbntaot resistanqe variaﬁions
have been assignsd the valus of L ohi,.: IO

For null measurements, £he bridge. of: figure 7(a) may be bal-
anced ty any of. the methoda shown in:figurg-3: by using & dummy
gage or:i-a calibrated cantilever in arm § (fig,. 3(a)), by ‘shunting
arm *. . (fig._s(b)), by changing the main ratio .ayms (fig. 3(c))
or: by changing the position of the battery connection ing. S(d)s

. T%s cirquit of Figure 7(0) (equivalent circuit shown in fig- -
ure 7(4)) may be used when an additional slip ring can be installed'
and. when an additional reslstor can be mounted on, the rotuting mem-

ber. -This resistor may be-a flxed one, may-bo a compensaﬁlng strain

gage used- 4o balance out ‘any -temporature @ffects, O may, be anéther
atraln g&go usgd in order. ta ‘provide. dirget. indioation of ‘thg dif-

ference between gtrains at two locations. - The bridgo mdy be balanced

by varying the maln ratioc-arms, as-in figure 3(g). Thg values of —

the au:iliary ratio arms - ¢, &, f, . g- must bo such that
A/S 7/ f/g' . ’ ' E B 'r'xf-.'l'f P

e PR

An advantdge of this circuit ovey tha$ of figuro 7(&) js tha
faoixthat—it allows for the use of & compensating etrain gage noer
~the- incinating gtrain gage: ta reduce the effects of drift due to
tewperature and time, vhich &b seriously limit the’ usofulneas of
these instruments in ateady—strain'measuremonts._ ;

Some- desirable combinations of cirquib Qqnstants Tor the
arrengement .of figure 7(c) are 1iisted -in table 3., The errors in
- atrsln measurement produced by a contact: rasistance of L ‘ohm at

sach brush on the two outside alip ringe are. given in table 4, (The _

. errors caused by cofitact résistance in the meter circuit are neg-

- lected ), these errors are zero if a- nll. mathod e used.. )_ Cogpari-
sons with a similar cirguit having the samo values of R, 8, &,

* and By, but without’ auleiary arms,, are made,. ag was done for tho
cilrcult of figure 7{(a).  The factors of advantago vary frdm 230 to
4000, If a deflection method is .usagd, -the. contact-resiatanca vari-
ation-at.the meter swltch ocontact must be a nogligible fraction of
the me1er raosistance; for examplo, for 1 pergent accuracy, the
oontaot—resistance variatien mugt be. less than 1 porcen of the
meter resistancb. ."' R PSR R

A ]
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Circuits for Multiple-Point Strain Measurement ' -

Multiple-point strain measurements, using selsctor switches,
are distinguished from those involving slip rings by the fact that
in many cases one side of sach strain gage may be connected in com-
mon through a soldered connection, thereby eliminating a source of
error and simplifying the circuit. Typical circuit arrangements
are shown in figure 8. :

The circuit of figure 8(a) uses the same standard resistor S
for all strain-mgages and breaks both sidses of the strain-gage circult.
Its equivalent circult is identical with figure 7(b) and the data
of tables 1 and 2 apply. This circuit may be balanced by any of the
methods shown in figure 3. . o i

The standerd Kelvin bridge circuit of figure S(b) has cne side
of all strain gages common and is e simplification of figure 8(a);
the . number of switch banks is halved and one pair of auxiliary ratio
arms is eliminated. Representetive combinations of bridge constants .
are presented in table 5. Data indicating the advanteges of this -
circuit over the comparable bridge ¢ircuit of fi gure 2(c) are tre-
gented in table 6.

The circuit of figure 8(¢c) uses a separate compensating resistor
for each strain gage, breaks both sides of the circuit, and requires
a five-pole switch. Its equivalent circuit is identical with that
of figure 7(d) and the ddta of tables 3 and 4 apply. TFor deflection
measurements, the contact-resistance .variation at the meter switch .
contact must be a negligible fraction of the meter resistance. For
null measburements, balance may be obtained by the methed of fig-
ure 3(c). Simplifications of this circuit are possible, if one s*de
of the resistors can be connected in common. =

The circuit of figure 8(d) permits a separate compensating
resistor to be used for a group of strain gages and allows for
switching different groups, each with its own compensating resistor.
One side of Sach strain gage 1s common and one side of each ccmpen-
sating resistor is common. Only.one pair of auxiliary ratio arms
is necessary. Other variations of the circuit of figure 8(c) can
accomplish the same result; all variations require a five-pole
switch. if there are no common connections and a four-pole switch
if common connections axre permitted. Balance may be obtained by
the method of figure 3(c).
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Multiple-Polnt Stiain Measurements Through Slip Rings

The arrangements described above may be combined to allow
measurenents on g number of gtrain gages attdached to a rotating memw-
ber, using only a few slip rings. Repreésentative arrangemwents are
shown in Tigure 9 wherein three or four slip rings are used to make ~
measurexents on any number of gages,' selection being made by a - ’
golenoid-operated, multiple-pole, multiple-position stepping switch
that is mounted on the rotating member and moves with it. An addl-
tional pair of slip rings may be neednd to bring power to the solenoid.

The clrtult of figure 9(a) bas one side of all gages ctumrm,
uses a two-pole switch, and requires twc slip rings with one brush
on each and one slip ring wlth both primary and secondary brushes.
1t may be balanced by any of the methods of figure 3.

"The circuits of figures S(b) and 9(c) réquire three slip rings,
two with maln and auxnliary brushes. The referénce resistors and
the auxiliary ratio arme for the meter circuit are carried on the
rotating member.® Balshce 1s cbtained by—the method of figure Z(c}).
The clirsuit of figuite 9(b) uses the same’ compénsating résistor for
all etrain gages and requlires a two-pole switch, whereas  the circult
of figure 9(c) uses a serparate compensating raslstor for each gage
and- reqzires a8 four-pole switch =

The circuit of figure lO permits measurements oA rotating _
memwber 'sarrying strain gafes’ of two different nominal® reBistances.

A solenvid-operated stepping switch’ on’ the rofating part is-advahced
syrchronously with' a simllar’ switch 4T "the” measurlng bridgs. At

the same time that the First switch advanéés to a strain ‘gage of
different nominal resivtahce, the second switch changes resistor- S *°
and also shunte the auxiliary ratio erm 4 to maintain the necessary
proportions between arms. This circult. resemwbles that of figure 9{c),
aexcept bhat*the refe¥ente’ resistors’ are he lotiger on the Yotating
member. ' Strain valuss are obtained from readings of the -manually-
balancel glide wire K ‘in-a null method:: A-separate pair of aslip
rings may be nesded to operate‘the?stépping'éwitch. Figure 10 shows
the wiring diagram for a cémplete installation, including an-=ddi-
tional nonshorting bank on the stepping, éwitch &t the bridge used

to open the power-supply oircujt when thé switcn advances and thus
nrofect the detector.

- . . A . [ = T R e e e

Circult for Use with High-Resistance Deteotor

The Kelvin bridge olrcult shown in figure 1l{a) may be used
if the deteotor is a vacuum-tube voltage awmplifier of high input

Y
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resistance. ' Dispensing with tho auxiliary ratio armas at the right-

hand cornor of the bridge wakes it-nspessary.io havo exme A and

B of comparatively high resistance, If the fractional. change in
resistance duc to -strain 1s AR/R, the contact-resistance. variation =~

is Ar, and the procision desired is P ©percent, tho value of

rosistor B must be greater .than - oo SR - P e

_1%9 Ar/(m/a)

The circuit may be balanced by the methods of figure 3 or by moving
either of the loft-hand potential taps, as shown in figure 11(b).
This type of circuit is applicable also to multiple-point strain
measurements. The high resistance of tho main ratio arms makes this
circuit vory much inferior in sensitivity to the circult of fig-

ure 7(a) when a moving-coil galvancmeter is employed as a detcetor,
but is no restriction when a vacuum-tube voltage amplificr ig used.

Switching Circuits for Measuremcnt of

Stme and Differonces of Straine

Direct measurement of the suma or differences of stralns
measured by rosistance strain gages, in any desired combination,
may be made by use of the multiple-bridge circuit and a multiple-
pole, multiple-position solector switch, without introduction of
any approciable contact-rosistance errors. . -

Two basic circuits «f this type aro shown in figurc 1l2. In
figure 12(a), the sum or differonce of two strains-is obtainable
by use of a four-pole switch. In figurc 12(b), tho difference” "~ T
between any pair of strains out of a group of four is obtain4ble
by use of a four-pole switch. : e .- .

Circuits of this nature are directly apvlicable to tho compu-
tation of principal strains from strain-rosette readings, In con-
gtructing such switching circuits, it will generally bo found that
the number of poles on the switch 1s approximately twico the numbcr
that would be required by a similar swltching arrangement that did
not contain auxiliasry ratio arms or main and auxiliary tornminals.

DISCUSSION

The cirocuilts desdribed for elimination of contact-resistance
orrors arc intended merely to illustrate tho tochniques to bc usod
and menifestly do not include every conccivable circuit that might
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be emplcyed. 'The majority eof the circuits outlined ‘require 'the
application of one or both of :two sxpedients: first—-fhe use of
auxillary ratio arms and second, the use of separate "main" and
"auxilisry" terminals. The result—of these proocedures is to make
the errors approximately provortional to the square of the ratio
of the coritact resistance to the bridge-srm resistunce’ instead of
to the flret power of this ratio, as would occur in a simllar cir-
cult without multiple-bridge. features..

The effect of adding the auxiliary ratio arms can be described
'moré exeotly in the following mammer: ' if; in:a simple.Wheatstone
bridge, the error, expressed:as the apparent fractional change in
~ reslstance of the ¥varilable arm, 18 of the order of magnitude of ,
" -the ratioc of contact resietance to bridge-erm resistance, -then adding
the auxliliery arme reduces this-error' by & factor of the:order. of
magnituée of the ratie of contact resiptance. to.auxiliery-arm resist-
ance. Ag a result, the usual stringent limitatione on. contact
registarice may be relaxed several hundredfold, the improvement in
accuracy thus obtained being greater than the improvements obtalned
by the expedlents of multiple dbrushes or -of high-resigtance carbon
strain gages. " The elimination of errors dus to contact resistance
is accomplished 'with little meclmnical complication and only a mod-
erate—reduction in sensitivity of the measuring circult.,

- Thet obneideratiops that goverm the convereicn of a simple 4
‘Wheatstone bBridge circuilt, such asg that of figure 13, to-a multiple-
bridge circult are derivable from the ‘thesory presented.in the appen-
dix. By standard electrical network transformations, the general
circuit of figure l4(a) 18 replacesble by the eyulvalent circult
of figure 14(c). The effect is therefore one in whicn the contact
reoalstance occurring at any cormer of—the bridge 1s divided between
the two aldljacent arms in the same pwoportion as the ratic of these
arms, thus canceling flrst-order effects of the oontact resistance.
This ef’ect follows from the fact that if

Arl .

Wit

AI‘Z'

then . .
B + Arl

i
Wi

R+Ar2

Inspection of figure 14(c) and comparison with figure 13 brings
out the following points: o
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1. There is no appreciable change in.the effuctive values of
the four main arms;-therefore there need be no change in the values
of the resistors initially used to balance the bridgs.

2. An appreclableo resigtance, dus to the auxiliary ratio arms,
is inserted in the battery circuit if erms ¢,4 or f,g are uscd,
so that a higher battery voltaege 1s reguired in order to preserve
tho same voltage acroegs the strain gage.

3. If arme a,b"or h,k are used and a moving-coll galva-
nometer is the detector, an apprecieble reosistance is introducud
" into this circult; .therefore the galvanometer should be roplaced
by one ‘that will match the new vaelue of reslstance which appears
across its terminals. The new galvenometer will- generally possess
a higher coil reosistence and also a higher current sonsitivity. IT
a high- impedancs vacuun-tube detector is used, no alteration ia
necessary arid there will be no changu in sensitivity.

The net loss in sensitivity causad by arms a,b ‘or h,k will
depend on the typos of galvanometer avallable and canhot be exprossod
in any simple equation, but generally the roduction will be less than
" twofold.’ For bxample, for bridge 16 (table.5) if a commorcial typo
of high-sensitivity gpotlight galvanomotar of 5-second ‘poriod is
uged, the number of divisions of galvanometor ﬂoflbction for a given
AR/P end &°glven powor dissipation in aym R _will bo half as great
when the multiple bridgs i1s uscd as whon. only tHe main’bri&gu 1e
used, assuming that in each case the galvanometar is so chosen that
it will be ‘critically demped by tho -cirgult across 1ts toerminals.
For any othor bridge listed in this tahle, thu roduction in sensi-
tivity will ba much leas sorious. .- .

An important rasult of. the points mbntionod s thut whun the
presence of arms: c,& or f,g would raquiro 8. very largo incryaso
in supply voltago (as, for uxample, in bridgs. 8, table 3), it may
be advantagbous to interchange -the positions of the powor supply
and ths galvanometer. It should be noted, hoWOVUr, thet -wheroas
aprarent loss in .sensitlivity causod by tho proscice of arms c,d
or f,g may bs offset by incrsasing the supply voltagc until normal
voltage-appoars across tho straln gago, .eny loss in sansitivity
caused by arms a,b’ or . h,k . cannot be componsatud by incruasing
tho battely voltage becausc ~doing so would ‘also incroaso the volt&gu

across tho strain gagow . .. .. . e T - T

“Phe praelsion of adjustment raquirod for the auxiliary ratio
armg 1s discussed‘in debtail in-the. apponﬂix.. Tho Tollowing gimple
rule, howcver, holds approximetoly f£or. an equal-drm bridge- the
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procision of the auxilisry ratios must. be’lOOéB percent, where AR

i1s the permissible sxror in meggurement of- strain—gage resistanoe
and r is the probsble contact resistante.”

It ‘should be noted that the negligible contact—reeietance grrorxr
of- the multiple bridge is derived from the fact—that the.ratio of
contaét resistance to bridge<arm resistancé is generally #o small
8 fraction that, when this fraction 1la squared, it becomes negli-
glble. In most practicel applicaticns of the multiple bridge, a
reasonable criterion for the existence of such a condition is that
the contact reeietance shall bé less than 1 percent of the bridge-
arm reslsbtance. 'Moat applicatione satisfy this criterion readily.
On the other hend, if- the contact resiétance ie very high the
multipla-bridge cirouit loses ite effectiveness. . This statement.
applies even to a simple Keélvin double-bridge circuit such as that
shown -in figure 8(b); although this bridge would be unaffected by
changes in the value of resistance occurring sélely at the lef't-
hand column of switch contacts, the additlon of contact resistance
in serias with auxiliary arm ‘b will disturb the balance of the
bridge. Seome s =t - R Lo . - . : [ =

In determining the applicabllity of the multiple bridge ang,
in particular, in evaluating its merits with respect to ¢other cir-
cuits for elimlnating contact resistance, sucli as that shown in -
figures 4 and 5, it may be noted that the multiple bridge offers
no advantegs over the olrcuits of figures 4 and § insofar as reduc-
tion of contact-resistance errors is concerned. (In fact, if the
contact reslstance 1l occasionally very high, as in the case of
poorly seated brushes, the multiple-bridge circult will introduce
more violent detector deflections than will &ither of the other
two circuite mentioned.) On the other hand, the multiple-bridge
clrcuit offers certain advantages in economy of the total number
of resistors required for multiple-point measurements and in its
verasatility in permitting any desired combination of resistors or
arraengement of- the measuring clrcuit and considorable frgedom in
cholice of balancing moethods. Circults such sa those shown in .
figuree 9, 10, and 12 ilivstrate these points. o ; -

Tho multlple bridge is generally applioable to measurements o _
of exceedlingly emall resistance changes, as in the manganin-resistor
pressure gage, and offers a possible improvement—over the usual N
Kelvin hridge in measurcmente where appreciable contact resistance
at the potential terminals 18 unavoidable. The circult is applica-
ble alsc” to hot-wire anemometry, to- meaeuremente with four-wire
resistance thermometers (permitting elimination of the usual’
reversing ewitch), and to sifuations whers the straln gage or othor

CONI W
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sensitive element is far from the measuring bridge circult so that
very long leads must be used. In the multiple bridge, thesv leads
can be made to appear in the same portion of the circuit as do the
contact resistances, so that conslderable lead resistance can b
tolerated and much smaller lead wire cen be used than would be
permissible in the conventional Whoatstone bridge circuit.

Aircraft Engine Research Laboratory,
National Advisory Commlttee for Aeronautics, ’
Cleveland, Ohlo, February 8, 1946. ’ T
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- APPENDIX -~ THEORY OF THE MULTIPLE BRIDGE
_ Theo Whaatpt_'on_e Bridgo
Figure ‘13 represents the--simple Wheatstone bridge, with the

resigstances and currents in - the various arme'as indicuted. The
equatione for the network are:

gr - Ay - dge=00 00 (1)

iyt - dge +dge = 0 - (2)

'.lsl_ bt iR( - iG! =0 (3)

- A'iAl - S'isl - G'iG_! = O (4:)
Blips - R'igs + G'ig:t = O (5)
A, o+ Blip, + Hiip, = E (6)

The solution of these eguntions is

-

ipt = ENpofD'
igt = BNgi/D' | (7)
igr = ENg:/D*
and so forth, whers
v D'= A‘B_‘E'R'(%'T-\-%T+—é—r-|-—%-‘r> + G (A'+B')(S' +RY)
+H'(A'+8")(B"+R')+G'H'(A'+B' +S'+R'") (8)
Ngpr=(a' + 8" )(B'+R') + G'(A' + B' + 8' + R (9)__
Npt = S'(B' + R') 4 G'(S' + B') (10)
Ng' = R'(4' + 8') +G'(8" +R") (11)
Ngr=A'(B' + R') + G'(A" + B') (12)
g = B'(A 4 §°) 4 G'(A* + B') - @)

v Ngr = A'R' ~ B'S' _ _ ' (14)
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The bridge 1s balanced when N ¢ , the nnmerator of the equa-
tion for current in the detector arm 'G', is zero:

A'RY -~ B'S' = O (15)

Starting from an initially balanced bridge, the current in
arm G' caused by a comparatively small change AR' in arm R'

is, essentially, .
1,—E< )(R : (16)

becauso the value of ‘the dendminator D' remains'yradtioally
unchanged inasmuch as it 1s the sum of positive terms consisgting

of triple products of the resistances in the various arms, camparod
to which the change in D' due to AR', im negligible.

The Multiple Bridge

In the multiple-bridge circuit of figure 14(a), tho main arms
are A, B, S, R; the detector is G; the auxiliary rutlo urms ave
a,b; ¢,d; f,g; h,k and the ocontact resistances that are brildgod
by the auxiliary ratio arms are, rgp, Yega- Trgs Thk* Simpler
circuits may bs derived from thie general arrangement by sstting
scme of the variables equal to zero, as in the circuits of fig-
ure 15. ...

The currents in this network may be obtained by direct appli-
cation of Kirchoff's laws and solution by simultansous equations.
An altermate method of solution, which is considerably simpler
mathématically, utilizes the fact that the minor triangle including
a,b,r mey be replaced by an equivelent Y-network, as shown in

figure 14(b); and thet the other three minor triangles, involving =~

c,d,r.q;5 ,g,rfs, and’ h,k rhh! rospectively, may be replaced in z

gimilar manner. Thig transformation is merely the standard trans-
Pormation of a =~ tu a T-network in communication theory or of a

A~ tc a Y-network in power engdnoering.

By thues transforming the four minor triangles, the network of
figure 14(a) is changed to that of figure 14(c), a simplo Wheatstoune
bridge aimilar to thut of figure 13, wherein . .

- AT = A+ frfé/ f,+"_g + rfg> + Ihi'hk/ kh + k + rhk)' (21)

Bl

il

B + orgg /(c + & wog) + Erpc /(h"+ K+ i) (22)
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S"'-S+arab/(a+b+rab) j-grfg/f+g+rfs) (23)
R' = R+brab/a+b+rab)+drcd/c+d+rcd) (24)
¢ =G+ ab | v+ Tap) + hk/h + k4 rhk) L (s
B = cd/ b —ad I‘cd) + fg/{f g+ ng) i _(zs)...

The currents in the main ratio arms,; in the detector circuit, and
in the batbtery circult are obtaina.ble by inserting theee values into
equations (7) to (14)

Only the expression for. the current in the detector cirouit .
need be considered in dstail. This curren;b is .

ig = Mig/D' R (27)

where

C Ngr '=A.R—_:BS+'a+b+r >(bA ELB)!.— c+d.+r )(G.A cS)

f+g+rfg> (fR gB)+ Kh+k+ Tk (hR ks)

- 80 TebTod | T g
| bty (ordTog)| L(a"fbfra'p).(f*'gfrf 8)
+dh I Ted Thk 1. éﬁ _lfg Thk
Jc+d+r0d).i h+k+rhk)' . L(f "78+ri:3).(-h.+_ k'l-i‘l.ik)_d
g B ToaTeg | T
+ (,d'f cg) (c+d+rod) (f+8+rfg) B
[ Tob Thk
e . 28
+ (bh .B._k) (a+'b+r ab) { h+k+I‘hk) ' ( )

and D' 1is obtained Dby substituting eg_ua't‘.lons (21) to (26) in
equation (8). ‘The expression for : D' consigts.solely of‘positive
torms ‘nvolving triple products of ths circuit resistances and,
when ¥gh, Togy Yrgs Tpx are small compared with the other a.rms B

a close approximation 18 obtained: by omi'bting terms involving these
gquantities to-the firgt and higher powers, thereby obtaining the
approximate valus

d o b

il


http://www.abbottaerospace.com/technical-library

¥ACA TN No. 1031 18

.11
D' gpprox., = Do =ABSR A+B+S+R> (G+a+b h+k (A+B)(S8+R)

(m +.5..> (A+8)(B+R)

ab od
o+ BB (e B aesroem o0

Examination of equation (28) shows that fivst~order effects of

the contact resistences r,y, Yods Trgs Thk 8XP eliminabed if
bA - 2B = O (30)
dA - oS = 0 (31}
fR - gB = Q (32)
WR - kS = 0 (33)

Equations (30) to (33) are the conditions for practical elimi-
nation of contact-resistance error, If, in addition, the main srms
of the bridge are adJjusted so that

AR - BS = 0 (34)

(the condition for balanco of the simplc Wheatstonc bridge without
contact rosistanoes), the only current flowing in the detector clp-
cult is that due to terms of the socond order,

Regldual Error Due to Contact Resgilastances

The' pultipleo bridge considered so far has been one containing
only the contact reslstances rgpn, Yo, Tpgy Tpke However, ref-

erence to the circuits shown in figures 7(a), 7(c), and 8(d) will
indicate that, in addition to the above contact resistances, thére
may also exist contaot resistancos in series with arms a, ‘b, 4,
g. In the most general case, thore may oxilst contact redistances in
geries with each of the arms a, b, ¢, 4, £, g h, k. Theso contact
resistances will be denoted by Aa, Ab, Ac, etc. Examination of
equation (28) will show that the introduction of this group of con-
tact resistances (by writing a + Aa, B + Ab, e + Ac, etc, in plaoce
of a, b, c, ete,, respectively) will produce only torme of goochd
and higher orders.
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Conscquontly any,muitiple bridge whose asrms satisefy oqua-
tions (30) to (333 will womain Trée” fron ffrstfurdcr offucts of

the consaot resistances and will possoss onily effects of the sccond
and higher ordersi. An. &doquaﬁa evaluation of thc socond-order
offoct produced by “the 12 contact rusistunc\s Tgbs Teds» Tfgs
This L0, 4D, Ac, ete. (assuming those values are small compared
to &, By N, Tay, b5F V6, etel). can Do obtalned by essuming that
a deflection method is Peing uscf: Arid Finding tho dotuvctor curront
oausad by the prusonqq of tho contact resiﬂtances.

The problcm will Yo traaﬁcd hy considcring two casos, ' In tho
first case, starting with a balanced bridge (detector curiont = Q)
thore will be found tho detector curront 1g1 caused by tho addi-

. tion of rosistances AR, Ty, Trgg, - - +» ba, Ab, etc. In the

scoond case, starting with the .ssmo balanced bridge, there will bo
found the dotector current 1, caused by the addition of reslet-
ance AR alone. This current.is the. "legitimate” mcasurement of
the chango in resistance of arm R, and is derivablo mathematlically
from the precoding case mersly by setting all the contact roslst-
ancos equal to zoro. The difforence botweon the currents in the
.Filret and socond cages: will ropresent tho vrror, due to contact
resistancos. This orror is oxprosagible Also a8 an additlonal
"apparent AR" indicated by the dotector. "' ' -

To determing i3y, the numerator =nd denominator of equation (27)
‘1Y - be 1maginod ruwritten with R + AR a 4+ Ao, D +-Ab, ete.,
- replacing . R, “b, ebc.s - réspeotively. Bogause it is nocessary
to evaluate oniy those teormy which will ultimqtcly yield orrors: of
the socond and lower Orders; the mabhematipal labor mdy be minimized
by noting that, when the values of Aa, Ab, Ac, etc.,. are first —
inserted into equation (28) and equations (30) to {(33) are then
applied, the numeratér” ‘Ngr¢ "will conglaf solely of- AAR plus

'second—ordar terms beoause

N The only zerb or&br term (Aﬁlﬂ Bssﬁlis equal to -zero.

L2, The oniy first+order tarms besi&es AAR will be~

L R -

l’if

'-——-(bA;aB), < fy c%I, e gB), THE (4p - xs)

'c+d

'which are aach aqual to,zgxp.

. ConSequently, in determjning the Traction AAR/D', the denomi-
nator need be expanded only up to terms .of the FPirst order, and in
determining the remaining fractions of 1gj,. the denominator may be
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written simply as Dy, which 1a of zero arder. Thus, If ANt rep-
resents the second-order terms that ajpear in Nup' when all the
contact reasistances are introduced and, if AD reypresents the First-
order terms that appear in D' when.it is evaluated frm equa-

tions (21} to (26), then ; :

ON, AN S - ' Ce
G G G’ | Tap Tr
ANg1 = b e i ab__1g .. ,
G! Sa Aang Sp Ab + So Ac + +bf i( +b)(f+g)]
. ! 1 (. r 7
- ac |~ Gd‘ -’ M._..{ - gk l— ig hk | (35)
(a+b)(°+d 2 L(c+d)(h+?)! [(f+g)(h+k)J
dDg aD, am, Tap roq ro g
= " v e _ﬁ ____‘k_ w
W= dnty fhrag tot aeb 1t org T2t Fig Tst ik ”4(-'3
36

where Fy, ¥p, ¥z, ¥4 are functions of A, B, S, R, -a&, °b,

« + +h, k, and, in the evaluation of the partial derivatives frum
equations (28) and (29), db/@a+b+rab) has been written simply as o
ab/(a+b), etc. o T B

The value of- iGl' is then given by

T - . -
l i - G_‘ll . . - ‘
iGl:E ;DO+AD O i . T T _—t

2, (m) G’ (31
D +AD

and the value of 1G2 is obtained from this eqpation by Befting all
the contact resistances egual to zero:

LAR

1 EAAR oL - N
Gz T T . . B

fa} . o T -

EAR /AR ' - (38)
Dy “R/ ' ' C

The difference betwesen the two currents may then be written as

_ EAR {AN 1 AD /A‘B-} h o (%_;}__- T
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where, in the laet term, AD has been dropped from the denominator
becauso it would contributc only third-order terms.

Tneerting equation (39) inmto the identity

Yoy gt (Yab - icz) - - (40)

vguation (37) may be placed in the form

[ +n14n2< ] (41)

ANG‘ :

aD
Ny = ——=— AR and T‘{2=--ﬁ;;

where

(42;)

The term EAR/DO is the gensitivity factor of the bridge,

relating detector current to fractional change in 'R. Thu torm
AR/R roprosents tho true resistance changs in srm R eand the lash
two terms within the brackels in equation (41) represent the total
error in the measurement of AR/R, expiossed as the apparent addi-
tlonal Fractional change in resistance of axm ‘R, In the resulting
equation

Brror = ny + ng (%?) (43)

the quantitiles N, and Ny .are functiona of the contuact reslstunces
and do not themselves contain AR; M represents tho ¢rror presont
evon when AR 18 zero and nz(AR/R) revresents tho additional
error present when thers exists an initisl unbalance AR. The

oxpliclit expresslons for these orrors in the moasuremont of &R/H
ns obtained from equations (35), (36), and (39), are .

_Tab (ab A&\ |, Ted _Qg.__é_c_:_ Af ég_ , Dbk (Ah 8k
= a+p 8§/ 7 cxd f+g h+k \A B,
bf o Tab Tab  Ted
AR a+b’ f+g a+b c+d

dn Thi (5.__ '
+(.AR X c+d. h+k> f+g X Lk (44)
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t
v
!

and
rr r . r .
g nk h\_1 i‘ab . Ted £g Thk
C‘+g XA) (h+k )75, ;a+'b my o+d T2t Teg T3V Ek T4 i
2 2 2 2. 2 2 K
+ 2 Aa+a2Ab F5+-k Ah+h2Ak Fsi-d Ac+cZAd Fg + g_\ +f_é5 F
(a+b) (h+k) (c+d) (£+g)?
(45)
where _
\%-}- +l~+R)+GO' (A+B) (S+R)+H,(A+S) (BHR)+G, ' Ho (A+B+S+R)
T - (486)
G '=0C + ab + }ll_ﬂ__' . . . ) ;
© a+b btk . Lo __’(é’)
_cd £ : S (A
oS e | e
F, =aB (A&+B+S+R) + Go' (A+B)(a+b) + H,p (A+S) + Go'Hy (a+b) (49)
Fp = dA (A+B+S+R) + Hy (A+8)(c+d) + Gy'd (&4B) + Go'Hy (o+d)  (50)

Fz = gB (A+B+S+R) + Ho (B+R) (f+g) + Go's (A+B) + Go'Hy (f+g)  (51) -

Fy =kS (A+B+S+R) + Go' (S+R) (btk) + Hy'k (A+8) + Go'Hy (k) (52)

Fs = (A+B)(S+R) + H, (A+B+S+R). . - o - (53)

Fg = (A+S) (B+R) + Gy’ (A+B+S+R) I-. , : . . . _ (54)_'

Numerical evaluation of the error will be obtalned for certain :

special cases of practical intersest. For convenience, it willl be
assumed that the values of all contact resistances are eyual. If
this value 1s denoted as r, then equation (43) becomes

Error = Kir2'+'Kér-(AB/Bj- | - J_ (ﬁ?)

where Kirz and ’ Kér are the .values assumed,by the functions m;
and Mo when all the contact resistances are set equal to r. In

the cases itemized below, the values of the contact resistances will
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be chogen eoither equal to »r or to zero in such manner as to pro-
duce the maximum possible value of " Kj (that is, the groatest pos-
gible error in an initially balsnced bridge). The value of Kp
will then be datértined for the same values 'of contact reslestance
as thoss used in evaluating KXj;. In eveluating Kz, it will be
asgumed that G = 0, because thls condition always loads to a
greater error. The resulting values of the total error in a bridge
initially 1 percent out of balance generally will not be the maxi-
mum poesible values, but they will be sufficiently-close to the
maximum to provide effective indication of the order of magnitude
of the total error.

Case 1. - For the circuilt of figure 8(a) (equivalent to

fig. 18(a)), f =g =h = k = rpg = rpk = O. For the clrcuits listed

in table 1, table 2 liste the values of K; and Kp. computed for
conditions that lead to the maximum value of Kj. These conditions
‘are gererally -

 Tabh = Tod = ha =T

AD = Ad =

Case 2. - For the circuit of figure 8(c) (oquivalent to

fig., 16(b)), & = b = h = k = gy = rpk = 0. For the circuits listed

in table 3, tuble 4 lists the values of K3 and Xy computed for
conditions that lead to the maximum vulue of Kj. Those conditlonms
are generally ) :

Toq = Tfg = A8 = ¥
Ad = O

Case_3., - For the Kblvin bridge clrcuit of figure a(v),

c = =L =g=h=k=ry,-= Tpg = Tpg = 0, For the ocircuits listed

in tabie 5, table 6 liste the values of X5 snd Kg computod for
conditiona that lead to tho maxjmum value of Kj. These conditions
ars. .

rap = &b =

Case 4, - For the circuit of figure 9(c) (equivalent to
fig. 15(e)), h = k ¢ 1 = 0. For the circuits listed in table 7,
table 8 lists the-vihlues of K; and Ké computed for conditions
that lead to the maximum value of K;. These conditions are
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Tap = Toq = Trg = ba = Ag = T

Ab = Ad =

Solution for a High-Resistance Detector

When the detector resistance is very high compured to tho
resistunce of the bridge arms, the detector becumes u volbtage-
sensitlive rather than a current-seneitive device and, in pluce of
equation (27), there should be used

N
G_!
E o (56)
(p'/a)
which, as G approaches infinity, becomes
_ =7
og = ENg:[D (57)

where D' is the coefficlent of G in the esquation for D',

Evalugtion of the second-order error by a treatmunt similar
to that of the preceding suction leads to the result that the
apparent fractional change in R, which is actually caused by the
presence of contact rosistances, 1s given by

Error = ny + 52 (AR/R) ' (58)

' where the error nj, at balance, remains unchanged from tho case of
a low-resistance detector and 1s given by : .

- ab_[_&_‘g___é‘) Tedrdd _ Ac +_3<‘ngf ) k(Ah Ak)
L= 25% crd\ R ~ 8/ 7 Frg S h+1: ‘A
. I
/bf Trg % —8b o cd\
\AR atd * Tig AR atb = o+d/ )
+{ &8« ._..m’> (59)
(AR c+d h+k AR f+g btk

The additional error caused by tho presence of an initial unbdlance
AR/R is now 73(AR/R) where .
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- 3> N T : r T r
=(Zfg L\, Ihk h ]. Tab = cd = fg =  ~“hk =
"2 T\ Frg X a )Nk X 1) D, a+b Fl* oxd T2t Frg T3V Rk T4
a%ao+o®rd = | gParsflag =
+ —-—-———-—-é‘- FG + > FG (60)
(ct+d) (f+8) i
and R -'-_-'.-'-.-_: B e ' - -'4‘" -— st —_— - - P . . . T .
‘ B, = (A+B)(StR) + H, (A+B+B+R) (61)
. -S4, fa
Bo = ia +Fig (62)
i = (a+b) (A+BHH,) ] (83)
Fp = d (A+B) + Hy (c+d) (64)
¥z = g (A+B) + H, (f+g) _ _ (65)
‘ Fg = (i) (ssReBy) - 0 ¢ (e6)
A N ¢

For the specilal cese where all contact resistances are equal,
the analog of equation (55} is . -

Error = Kiyz +_f%r (AB/R) . o (68)

_ For tho bridges listed in tablos 1, 3, 5, and 7, thoe valus of
Ko 1s loss than. the value .of Kz in eguation (55), so that no
nurerical listing has Jbacon presented for tho case when G approaches
infinity.

Accuracy Reguiremonts in Design of a Multiyple Bridgoe

In constructing a multiplo-bridge circult, it -is nocéssary to
know ths requirsd accuracy of adjustment of tho resistors in the
various sarme. It Ig obvious that the ratioc bobween resistors in
the main bridge must be acourate to the same porcontage as the

W
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smallest percentage change in arm R that it is desired to measure.
On the other hand, the auxiliary ratio arms do not wrequlre this
accuracy; in fact, 1if the contact reslstances rap, red, rfg;
rpk Were zsero, the values of the auxiliary ratio arms would bo

immaterial in any null method and would then affect only the sonsl-
tivity of the bridge. The' question of what accuracy is required in
the euxiliasry ratios is the converse of the question of what effect
38 produced by a glven change in these ratios and the latter effoct
hes already been stated in equations (43), (44), and (45). For
initially balanced bridge, the effect is given by the first four
terms of equation (44). Roughly speaking, the accuracy roquired

in the auxiliary ratios ls less stringent than the accuracy desired
in the moasurement of R by a factor of thé order of magnitude of
the ratio between the resistunce of one of the bridge arms and the
probable contact resistance. Thus, assume that the auxiliary ratio
»/b 1s in error by p percent so that, instead of u/b, the ratilo
is (a/b)(1 +'0.01 p). This ratio may be written as

a a(l + Aa/a) Aa. Aé) 69
E(l+0.01p)—m_b<l+:—-b (')

From equation (44), treating only the initially balanced bridge
for simplicity, the error in the moasurement of AR/R, due to the
change in a and b, is

eb  Ab N _/Fab o saN_/z D b_/‘b) a _ Aa/a)
CR Xa+b>'\s xa+b)"\f'a’ox X b, (abx ey

Bocause b/R = &/S and because Aafa - Ab/b = 0.01 p, the error
becomes . -

xr
p_xAb/b-Aa/a_ ab . D

Tob X § oS = 5 X o X 0.0l p (71)

If a = b, the percentage error beccmes

Tab

2R

Similar analyses hold for the other auxiliary ratio arms. Consc-
quently, in an equal-arm main bridge possessing two palrs of aux-
1liary ratio arms, the following proportion would hold:

Permissible percentage error in auxiliary ratios _ R (72)

Permissible percentags orror in measurement of R
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where . . is tho prebable contact resigtanco.,- It is important to
note thnt. tho denominator of the left-hand side of this equation
is the .pormissiblo porcontags orror in moasurcmont of R and not
tho permissible porcent.ge orror in moasuremont of .AR/R. It is
aleo to bo noted that only tho ratio betwoen any palr of auxilinary
rosistors such as a,b or c¢,d must bo hold within tho limits
proviously stated and that thée actudl value of thoso rosistors is
not critical. o

REFERENCE
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TABLE 1. - REPRESENTATIVE RESISTANCE VALUES FOR MULTIPLE-ERIDGE CIRCUI1
FOR ELIMINATING CONTACT-RESISTANCE ERRORS AT TWO ADJACENT ERIDGE

CORNERS FOR STRAIN GAGES OF 100, 500, AND 1000 OHMS

Resistance in main ratio Resiatance in auxlliary
arms, ohms ratio arms, ohms
Bridge

R S A B a b c d
1 100 100 1000 | 1000 | 1000 1000 1000 100
2 100 | 1000 | 1000 100 §{ 1000 100 1000 ; 1000
3 500 500 500 500 1000 | 1000 1000 j 1000
4 500 500 | 1000 1000 | 1000 | 1000 1000 500
5 500 { 1000 |} 1000 500 | 1000 500 1000 { 1000
6 1000 { 1000 }{ 1000 1000 § 1000 | 1000 1000 ; 1000
7 i 1000 ; 1000 100 100 1000 | 1000 100 | 1000

TABLE 2. - ERRORS CAUSED BY CONTACT RESISTANCE r AT EACH CONTACT IN
MULTIPLE-BRIDGE CIRCUITS OF TABLE 1 COMPARED WITH ERRORS THAT WOULD

OCCUR IN SAME MAIN BRIDGE WITHOUT AUXILIARY ARMS (SEE FIG. 8(a))

&Constants in equation for | Apparent AR/R produced by
error in multiple bridge l-ohm contact rasistance
[Error = K3r? + Kpr (AR/R)] (ohms per megohm)
Bridge K X Wheat~ Miultipls bridege
1 (%) stone R AR
bl"idge i—— =0 -R-- = 0.01
1 0.95 x 107° | -7.46 x 107> | 20,000] -10 -65
2 .95 -7.44 20,000 10 -85
3 -.20 -1.75 4,000 -2 -20
4 L7 -1.95 - 4,000 -2 -18
S 17 -1.95 4,000 2 ~-18
6 .08 ~1.17 2,000 -1 -11
7 .10 -1.42 2,000' -1 -13

aComputed for conditions leading to maximum possible error in an
initially balanced bridgs., Unleds otherwlse not:d, these condl-
tions are I,y = rgg = At = Ad =r; Aa = 0.

PResistance in detector arm is zero.

CConditions for maximum value of Ky are Trgp = Yoq = bda = 13

Ab = Ad = O. :
National Advisory Coammlittes
for Aeronsutiocs
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1031

8D

- REPRESENTATIVE RESISTANCE VALUES FOR MULTIPLE-BRIDGE CIRCUIT

FOR ELIMINATING CONTACT-RESISTANCE ERRORS AT TWO OPPOSITE BRIDGE

CORNERS FOR STRAIN GAGES OF 100, 500, AND 1000 OHMS

Resistance in main ratio Resistance 1n suxiliary
arms, olms retlo arms, olms
Bridge 2 : 2

R 8 A B c d f £
8 100 100 100 100 1000 1000 1000 1000
9 100 500 500 100 1000 1000 1000 1000
10 500 500 500 500 500 500 500 500
11 500 500 500 500 1000 1000 1000 1000
12 500 500 1000 1000 1000 500 1000 500
13 500 100 100 500 1000 1000 1000 1000
14 1000 1000 1000 1000 1000 1000 1000 1000
15 1000 1000 500 500 500 | 1000 500 1000

TABLE 4. - ERRORS CAUSED BY CONTACT RESISTANCE r AT EACH CONTACT IN

MULTIPLE-BRIDGE CIRCUITS OF TABLE 3 COMPARED WITH ERRORS THAT WOULD

OCCUR IN SAME MAIN BRIDGE WITHOUT AUXTLIARY ARMS (SEE FIG. 8(c))

8Gconstants in equation for | ®Apparent .AR/R produced by
error in multiple bridge l-ohm conbtact resistance
[Error = K322 + Kpr (AR/R)] (ohms per megohm)
Bridgs - - Wheat- | Multiple bridge
1 e stone AR AR
(b) bridge | R ° 0 T = 0.01
8 |-0.50 x 107° | -5.23 x 107> | 20,000 -5 -57
Cg .50 -5.24 20,000 S -47
10 -.20 ~-1.25 4,000 -2 -15
11 -.10 -1.17 4,000 -1 -13
12 ~-.13 -1.00 4,000 ~1 ~-11
13 ~-.50 -1.24 4,000 -5 ~-17
14 -.05 -.63 2,000 -5 -7
15 -.07 -.75 2,000 -1 -8

aCdmputed for conditions leading to maximum possible error in an

initially balanced bridge.

tions are Toq = rfg

= Ag = 13

Unless otherwise noted, thesze condi-

PResistance in detector arm is zero.
“Conditions for maximum value of K are rgg = rpy = 4d = r;

Ag =

0.

Ad = O.

Nationai Advisory Committee

for Aeronautics
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TABLE 5. ~ REPRESENTATIVE RESISTANCE VALUES FOR KELVIN BRIDGE CIRCUIT
FOR ELIMINATING CONTACT-RESISTANCE ERRORS AT ONE BRIDGE

CORNER FOR STRATN GAGES OF 100, 500, AND 1000 OBEMS

| Resistance in main ratio Resisbance in auxillary
Bridge arms, ohms ratlo arms, ohms
R S A B a b
16 100 100 100 100 1000 1000
17 100 100 | 1000 | 1000 1000 1000 -
18 100 | 100C | 1000 100 1000 100
19 500 500 500 500 1000 1000 _
20 500 500 | 1000 | 1000 1000 1000 - ——
21 500 ! 1000 | 1000 530 1000 500
22 1000 i 1000 | 1Q00 | 1000 1000 1600
23 1000 | 1000 100 100 1000 © 1000 :

TABLE 6. - FRRORS CAUSED BY CONTACT RESISTANCE r AT EACH CONTACT IXN
KELVIN BRIDGE CIRCUITS OF TABLE S5 COMPARED WITH ERRORS TEAT WOULD —

OCCUR IN SAME MATN BRIDGE WITHOUT AUXILIARY ARMS (SEE FIG. &(b))

8Constants in equation for ; &Apparent &R[R produced by-

error in mulitlple bridge l-ohm contact resistance L.
Bridge |[ErTor = Kjr2 + Kr (AR/R)] (ohms_per megolum)
Wheat- Multiple bridge T
K giLone
1 Ko AR AR
(.b) bridge ? = O r = 0.01
16 | 0.50 x 1072 | -5.42 x 10-3 | 10,000 5 -49
17 .50 -5.24 . 10,000 5 -47
18 .91 -3.94 10,000 9 -39
19 .10 -1.25 2,000 1 -12
20 .10 -1.20 2,000 1 -11
21 .13 -1.11 2,000 1 -10 l
22 .05 -.67 1,000 .5 -6 1
23 .05 -.7¢ 1,000f . .5 7

aComputed for conditlons leading to maximum poesible srror in an
initlally belanced bridge: rgp = 4b = 1.

bResistance.in detector arm is zero. '_

National Advisory Committes
for Aernnautics
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TABLE 7. - REPRESENTATIVE RESISTANCE VALUES FOR MULTIPLE-BRIDGE CIRCUIT
FOR ELTMINATING CONTACT-RESISTANCE ERRORS AT THREE BRIDGE ... _ _

CORNERS FOR STRAIN GAGES OF 100, 500. AND 1000 QHMS

Resigtance in meln ratio Reslstance in auxiliaxy

R arms, ohms ratio srms, ohms
Bridge . ’ ’

R + 8 | A B a b c d F g
24 100 i 100 ! 100 . 100 }!1000 1000 {1003 };100T7 {1000 {1000
258 100 { 10C ! 1000 1000 |100C J1000{1000! 100{1000{ 100
26 500 l 500 ! 500 ¢ £00 500 500{ 500] 500} 500} S00
27 . BoC SOO‘! 500 | 500 {1000 {1000 {1000 {1000 {1000 {1000
a8 500 { 500 ! 1000 ! 1000 | 1000|1000 {1000]| 500 {1000| S00
29 1000 | 1000 [ 1000 | 1Q00 | 1000 {1000 {100011006 {1000 {1002
30 1000 } 1000 i 500 500 | 1009 {1000 52011000 500 {1000
31 [ 1000 | 1000 } 100 ! 100 |1000 {1000} 100}1000} 100 |1000

TABLE 8. - ERRORS CAUSED BY CONTACT RESISTANCE r AT BACH CONTACT IN

MULTIPLE~BRIDGE CIRCUITS OF TABLE 7 COMPARED WITH ERRORS THAT WOULD

OCCUR IN SAME MAIN BRIDGE WITHOUT AUXILIARY ARMS (SEE FIG. 9(c))

®Constants 1n eguation for | *Apparent AR/R produced by
error in mulbtiple bridge l-olm contact resistance

ohms per megohm
[Error = Klr2 + Kor (AR/R)] ( P gobm)

Bridge Wheat- ; Multiple bridge
Ky Ko stone r ) AR
(b) bridge E— =0 ! -ﬁ— = 0.01
24 |-1.00 x 107 {'-4.20 x 10™° | 20,000 ~10 -52
25 |-1.41 -5.71 20,000 -14 71
26 | -.40 -2.00 4,000 -4 ~24
27 | -.20 ~1.58 4,000 -2 -18
28 | -.23 -1.60 4,000 -2 -18
28 | -.10 ~1.90 27000 -1 11
30 | -.12 -1.09 2,000 -1 12
31 | -.14 .1.21 2,000 -1 14

Computed for conditions lead.ing to maximum possible error in an
initlally balanced bridge: Tgy = Tog = rpy = da = g = r;
Ab = Ad = O, ’

bResistance in detector arm is zero.

Natlonal Advisory Ccumittees
for Aercmautics
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Fixed
resistor

Strain gage ] -
(a) Actual circuit. (b) Equivalent circuit.
Figure |. - Series circuit for measurement of alternating
strains through slip.rings. .

-0 £ O—

Two-pole Single-pole

nultlple—' multiple-
position r r position
switch switch R
Q -~
OIWWO 'WW_ Strain
Strain gages
sages AAAAN© -
(a) Actual circuit using (b) Equivalent circuit - (e) Actual circuit
two-pole switch. using two=-pole using single=-
switch., pole switch.

Figure 2. - Wheatstone bridge for multiple-point strain

measurements. : -
- NAT |ONAL ADVISORY

COMMITTEE FOR AERONAUTICS
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(a) VYarying the resistance of ) b) - -

the reference sra. (b) ggg?tlng the reference resis

S so—-=— NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS © '

POE _— e F

EERNR el 4

- . .. e . -
Lo
CERLpRm o elime oigE SRR

(c) Varying the ratio-ari set= . (d) varying the_Dostt{on-ﬁf th;
ting. . - .battery conngction.

i

a T ~ 3 kl E. - 20w -
€

Figure 3. - Standard methods of balancing the yheatstone
bridge circujt:for resistance straln gages.

B . . T R N R
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Single-pole

multiposition
switch

R .

Compensating
resistors or
strain gages

Strain gages

Figure-u.‘- Multipie-point strain-measuring circuit, free

from contact-resistance errors, using a separate compen-
sating resistor for each strain gage.

NAT [ONAL ADVISORY
.E ) COMMITTEE FOR AERONAUTICS

Slip
rings

Figure 5. - Circuit for strain measurement through siip  ~~~
rings, free from contact-resistance errors. ’ o
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Fig. 6
.
{(a) oOriginal Wheatstone bridge. . . i
NAT 1ONAL ADV { SORY -
COMMITTEE FOR AERONAUT (CS- T
: ¢ . . _ - -

h -
&
A
[}
{b) Original contact resistances bridged by auxiliary arms. o
Figure 6. - COnstEuction of the multiple bridge.
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Slip rings

vVWWA
Strain gage - . . . L

(a) Actual circuit, strain gage (b) Equivalent circuit of figure 7(a).
oniy on rotating member, )

Compensating gage Strain gage

(c¢) Actual circuit, strain gage and . (d) Equivalent circuit of fig-
compensating gage on rotating mem- ure 7(b).
ber.

Figure 7. - Multiple-bridge circuits for elimination of con-
tact-resistance errors in measurements through slip rings.

NAT IONAL ADV ISORY
COMMITTEE FOR AERONAUTICS
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Figure.b.'- Muitlple brldge cnrcuuts for elininaflon of con-

Strain O——o~/\/\0——0
92888 OO\ AN-O—0

. PR R R e

{a) Single reference resis- (b) Single reference
. tor for_all strain gages. . resistor for all _
. - Mo common connection strain gages.
T bctnoon strain gages. o . One side of each . me
- - S T ‘= . ... strain gage com- T
- o - mon, Kelvin o

S bridged
Coes .

S

Compensating Strain

resistors  gages - - . _lcompensating Strain
- Co " : T lresistors . . ,.ges ]
Separate reference resistor for ) _{d) p,ff.r.nt r.f.r..c. re-
sach strain gage. Ko common sistor for each gress
connection between strain gages. . of strain gages. One o
ol R : : . : f“:il o 9% cach strlln !g|¢ o ete s

-=¥A4"f-_ﬁ§i$ﬂﬁl

- R

tact-resistance errors in nultlplo-polnt measurements uslng

selector switches.

e, =
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z
° Py >
E (9]
»
ur}
-
z
o
o
w
Reference
resistor
. Strain| JReference Strainl
Strain
gages . qages | resistors gages
(a) Common reference resis- (b) Common referance resistor for all {c) Separate raference resistor far
tor for all strain gages, strain gages. Referance resia- each straih gage. Reference re-
Reference resistor on tor on rotating member. {Three sistor on rotating member. {Three
tixed member. ([Three slip rin%f and two-pole switch slip rings and four-pole switch
slip rings and two~pole required. required.)
switch required.)
Figure 9. - Myltiple-bridge circuits for multiple-point measurements through slip rings.
’ . m
NAT [ONAL ADVISORY @
COMMITTEE FOR AERONAUTICS .
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Flgure IO. - Complete wlring dlagram “for mnltlple-poini '
measurements on a rotating member carrylng strain gages

of two dnfferent nomlna] reststances.
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(a) Basic circuit, (b) Method of balancing
by moving potential
taps on reference
resistor.

Figure i, =« Kelvin bridge type circuits for use with>high-
resistance detector.

E ©®&

— £ o

{r,
(r2
(R} - Ry)—o
(Ry = Rg)—>

(a) Circuit for sum and difference of (P) Circuit for differences between

any pair out of a group of four

two strains.
strains.

Figure 12, - Elementary switching circuits for direct
measurements of sums and differences of strains.,

»

NAT [ONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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‘Wheatstone bridge circuit.
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o E o—

ab
(a) Actual bridge circuit.

.(b) Transformation of minor triangles.

dfcd
c+bargy

NAT |ONAL ADVISORY
COMMITTEE FOR AERONAUTICS

brap
2+b+rgp

a+b+rap

(c) Equivalent qotwork of multiple-bridge circuit. . ' )

Figure I%, = Multiple-bridge circuit.
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Fig. 15

F
b3

= - ° . (s) ‘Case I. Contact resistances
. - - . % -at two adjacent bridge corners. o m e

- ‘ - . SRE L T A

S ——

. 5
= (b) Case 2. Contact resistances’ o S
- ) Q_t__tuo_opposlto bridge corners. L _ N ‘ e
® E
Y .

MAT IONAL ADY ISORY
COMMITTEE FOR AEROMAUTICS

~(c) Case 4. Contact résistances
S 11: throe brld‘gc corncrs.___'__. o T

Figurm I5. - Spechl cases of the lultiple bridge. T :
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