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During the past ten years, the SR-4
electrical resistance strain gage has
become an extremely important de
vice in the research and development
fields of Agricultural Engineering.
With suitable instrumentation the
SR-4 strain gage may be used to
accurately measure physical variables
such as force, pressure, torque, vibra
tion, and displacement in addition to
its fundamental use in strain measure
ment. When the SR-4 strain gage is
used to measure a variable such as
torque, the device is called a trans
ducer. A transducer is defined as an
electromechanical device which con
verts a physical quantity being meas
ured (temperature, pressure, torque,
etc.) to a proportional electrical out
put.

In testing agricultural machinery,
power measurement using SR-4 strain
gages is simply the aplication of a
transducer to measure a force or a

torque. Knowing the appropriate
speed, these variables may be read
ily converted to horsepower. Where
considerable testing is to be done,
however, an electronic integrator as
described by Avery and Yoerger (2)
would be desirable. In torque meas
urement for example, the integrator
output is in terms of horsepower, the
product of the average torque and
average rpm for that test.

Detailed discussions of the appli
cation of SR-4 strain gages to farm
machinery design and development,
have been reported by Burrough (5),
Jensen (8), Lauderdale (9), and
Schoenleber (13). The primary pur
pose of this paper is to discuss SR-4
strain gage instrumentation from the
standpoint of basic circuits used and
the determination of circuit parame
ters. As an application, an SR-4 draw
bar dynamometer is described.

STRAIN GAGE PRINCIPLE

The bonded wire resistance strain

gage consists of a grid or pattern of
small diameter wire (0.001") cemen
ted with specific adhesives to the part
or member being tested. The change
in surface dimensions of the member

under load causes a similar change
in the length and cross section of the

gage wire, with a resultant change in
electrical resistance of the gage. If the
member is in tension the gage resis
tance increases. The opposite effect
occurs for a compressive load. The
amount of the change in resistance in
relation to the change in length is a
measure of strain sensitivity and is
defined as the gage facter:

G=AR/R-r AL/L [1]

where G=gage factor

AR and AL=changes in resistance
and length respectively.

R=initial resistance of the gage

L=initial length of wire.

In the above equation AL/L is by
definition, the unit strain, micro
inch/inch, and will be designated by
the letter "e" in this paper. For pro
per use of SR-4 strain gages, it is ap
parent that the material to which the
gage is cemented must not be strained
beyond the elastic limit.

A few statements regarding SR-4
strain gage types and characteristics
are necessary for background. A com
plete discussion is given by Perry and
Lissner (10) and by Schoenleber (13).
SR-4 strain gages are classified by fila
ment material and by mounting ma
terials. Type A gages are made from
advance wire (45% nickel and 55%
copper) and have a gage factor of
around 2.0 and a resistance of 120
ohms. Type C gages made from iso-
elastic wire (36% nickel, 8% crom-
ium, 0.5% molybdenum, remainder
iron), have a gage factor of about 3.5
and a resistance of about 500 ohms.
A high gage factor is desirable since
it increases the output and therefore
decreases the amount of amplification
required. There is a linear relation
ship between unit change in resist
ance and unit change in strain for the
advance and isoelastic gage wires. The
isoelastic gage is much more temper
ature-sensitive than the advance gage;
however, with either type the effect of
temperature on changing gage resist
ance may be cancelled out in a
Wheatstone bridge circuit. Strain
gages are available in gage lengths
from 1/16 to 6 in. Information per
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taining to gage selection for various
applications may be obtained from
the Baldwin-Lima Hamilton Corpor
ation who manufacture all SR-4 strain

gages in the United States.

To use the bonded strain gage as a
transducer, it is necessary to measure
the change in resistance which occurs
in the gage when the member to which
it is attached is placed under load. For
a 120 ohm gage having a gage factor
of 2.0, and subjected to a stress of
1000 psi, the change in resistance AR
is given by equation [I].

AR=e G R=33 x icr6x 2.0 x 120=
0.008 ohm. Strain e=S/E where E
is the modulus of elasticity for steel,
taken as 30 x 10° psi. To accurately
measure this small change in resist
ance, a Wheatstone bridge circuit
must be used.

BALANCED WHEATSTONE

BRIDGE CIRCUIT FOR STATIC

STRAIN MEASUREMENT

At Balance:

I] R2 = I2 R4

1 ~ ^ 3

Figure I. Wheatstone Bridge Circuit - Balanced

The circuit shown in Fig. 1 is an
example of the null balance method
of strain measurement. Ri is an active
gage, R2 is a "dummy" or unstrained
gage to provide temperature compen
sation, R3 and R* are precession wire
wound resistors to complete the bridge
circuit. At balance the potentials at
N and P are equal and thus no cur
rent flows in the galvanometer.



An increase or decrease in strain in
the member to which Ri is attached,
will cause an unbalance in the circuit.
The bridge is re-balanced by adjust
ment of R3. The adjustment of
R3 may be incorporated into a dial
which is calibrated in micro-inches of
strain. The difference in the initial
and final strain readings gives the
amount of strain suffered by the strain
gage. This strain can be converted
into force or torque units in a trans
ducer application. Fig. 1 represents
the elementary principle of the null
balanced Wheatstone bridge although
circuits of commercial instruments
are much more elaborate (10).

UNBALANCED WHEATSTONE
BRIDGE FOR STATIC STRAIN

MEASUREMENT

Although the null balance Wheat
stone bridge circuit has greater accur
acy than the deflectional or unbalan
ced Wheatstone bridge, it has other
disadvantages. The principal objec
tion to the null balance circuit is
that it must be rebalanced after load
ing or for each degree of loading.
With the unbalanced Wheatstone
bridge circuit, the galvanometer
deflection is a measure of the
strain or load applied and no null
balancing or computation is required
for each reading. At balance or zero
strain the meter reading is zero at mid
scale; movement to the right can in
dicate tension while movement to the
left indicates compression. Another
advantage of the deflectional or un
balanced bridge circuit is that it can
indicate the magnitude (and sign) of
slow variations in strain with time
which cannot be shown on the null
indicator. With the null balance cir
cuit there is only one position where
the meter needle indicates the correct
value, namely at null balance.

It is often impossible to purchase
expensive strain gage equipment.
Clyde (6) and Jensen (8) have shown
how inexpensive strain gage trans
ducers can be constructed using an
unbalanced Wheatstone bridge cir
cuit. The following analysis is pre
sented as a guide to the design of a
strain gage transducer circuit. The
principal considerations in selection
of the parameters are bridge supply
voltage, bridge output voltage, and
galvanometer or meter current.

Fig. 2 shows a Wheatstone bridge
with four active gages. The bridge in
put voltage is limited by the power
level at which the strain gage can
be operated without danger of electri-

UNBALANCED WHEATSTONE

BRIDGE CIRCUIT

ANO

EQUIVALENT CIRCUIT

N

RT *5"
^r-oX Ro
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P
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Figure 2. Unbalanced Wheatstone Bridge Circuit and
Equivalent Circuit.

cal overheating. This level is deter
mined by the thermal conductivity of
the test member. Aronson and Nelson
(1) quote values of one-fourth watt
for small metal members up to one
watt for large steel and aluminum
members. For 120 ohm gages this al
lows a current of 45 to 90 ma through
the gage. The allowable bridge volt
age (Fig. 2) is E= L (R, -f R,), neg
lecting the very small current that
flows in the galvanometer when the
bridge is unbalanced. Assuming an
allowable current of 50 ma, the bridge
supply voltage would be 12 volts.

The formula for bridge output vol
tage is obtained by the use of Thev-
enin's theorem which may be stated
as follows: Any network with two ac
cessible terminals may be replaced by
an emf acting in series with an imped
ance; the emf is that between the ter
minals when they are unconnected
externally, and the impedance is that
presented by the network to the ter
minals, when all sources of emf in
the network are replaced by their in
ternal impedances. Applied to Fig.
2, Thevenin's theorem states that the
entire bridge circuit may be replaced
by an emf, Eo and an impedance Ro
reacting in series as shown in the
equivalent circuit, Fig. 2 (c). The
emf, Eo, is the open circuit voltage
across the two accessible points NP.
The impedance, Ro is that seen by
the galvanometer or amplifying de
vice looking into the bridge circuit
from the two points.

The first step is to find the differ
ences in potential between N and P
with switch S open. With four active
gages, if Ri is strained in tension R4
will also be in tension, while R2 and
Ra will be in compression. Assuming
the magnitude of the tensile and com
pressive strains to be equal, gages Ri
and R» will increase in resistance by
AR while R2 and R3 will decrease an
equal amount. The voltage at N in
terms of the bridge voltage and gage
resistance is given by:

29

/R,

Vn=E (-R7R.+AR
+AR+R, - AR

/Ri+aR \
\—£RT )= E

)

since Ri=zR». Similarly the voltage at
P:

Vf=K (I'"- )
The expression for the output voltage,
Eo may be written as:

Eo=Vn-V/3

/Rt+AR _(R3-AR) \
\ 2Ri 2R. /Kl

And since Ri=Ra, Eo=EaR

~RT
[3]

From equation [1],aR/Ri=G e, which
when substituted in equation [3] yields
Eo=E G e [4]
If the number of active gages is less
than four, the output is reduced pro
portionately. Equtation [4] shows the
importance of using as a high a
bridge supply voltage as possible and
the value of a high gage factor.

The use of four active gages as in
the bridge circuit of Fig. 2 provides
maximum output for a given gage
type and in addition has automatic
temperature compensation. Examina
tion of equation [2] shows that an ap
parent increase in strain due to a
temperature rise, will be cancelled out
in the adjacent bridge arms. As in
dicated in Fig. 2 (b), the battery is
assumed to have negligible resistance,
which is permissable for most bridges.
The circuit impedance Ro, with E
removed is found by:

Ro= (R'+RQ JR-+R0
Ri+Rs+Ra+R*

Since Ri=R2=R3=rR4, equation
reduces to: Ro=Ri
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The equivalent circuit of Fig. 2 (c)
can be used to calculate the galvano
meter current Ig:

Ig —
Eo E G e

Ro+Rg Ro+Rg [7]

A general expression for current in
the microammeter or galvanometer
for a given strain is:



Ig=
G E N e

4 (R+Rg) [8]

where N=the number of active gages
in the bridge and R=bridge arm re
sistance (R=Ro for a bridge having
all arms of equal resistance)

Since the voltage drop across the
indicating meter Eg =Ig Rg, it follows
from equation [7] that

Eg=Eo
Rg

R„-}-Rg P.

The factor Rg/ (Ro-f-Rg) gives the re
duction in output voltage from the
open circuited to the loaded condi
tion. If the bridge output is fed to a
potentiometer circuit which may be
considered as having infinite resist
ance, equation ([9] shows that Eg
is essentially equal to Eo.

A variable resistance is usually
placed in series with the battery so
that the bridge voltage may be main
tained at a constant value. This vari

able resistance also allows for some

adjustment of bridge output voltage
so that convenient scale deflections

can be obtained during the calibra
tion process. Equations using Kirch-
hoff's laws become quite involved but
by the Thevenin method the calcula
tions for Eo and Ig are only slightly
longer.

c (/>.

WHEATSTONE BRIDGE WITH RESISTANCE

Figure 3.

THE BATTERY CIRCUIT.

From Fig. 3 the bridge resistance
Rb, is given by:

(R.+R-) (R.+RQ
— Rt+R^-I-Ra-I-R,

Note the difference between Rb and
Ro; although for a four arm strain
gage bridge, the numerical value is
the same. The net supply voltage is
E, =E—IbRa where lb is the current
from the battery and lb = E

Rb+RT

Substituting this value for lb in
the above equation and simplifying
gives:

Rb + Ra l J

The value Et is used as the voltage
impressed on the bridge (instead of
E) to compute Eo of the Thevenin
circuit using equation [2]. The imped
ance Ro may be found by employing
a delta to wye transformation of three
of the resistances followed by parallel
and series combinations (14). How
ever, for small unbalances, such as en
countered in a strain gage bridge, Ra
may be ignored and Ro, the resistance
from N to P, computed as (Ri-f-R«)
in parallel with (Ra-f-R.) as before.

CALIBRATION

The most common method of cali
bration used in the Wheatstone bridge
circuit is to shunt a relatively large
resistor into one leg of the bridge.
This operation causes the bridge to
be unbalanced and can be consider
ed as an artificial or simulated strain.

When the resistor Rp is shunted in
parallel with Ri (Fig. 3) the equival
ent resistance between points A and
B is R. The change in resistance.

&R=Ri-R=Rr-
Ri Rp
rt+tr;

Rr

Rt+Rp

rm

AR
From equation [1], e= •^—rr

Substituting the value for AR in equa
tion [11], gives:

e=
Ri

G (R.+Rp)
[12]

Equation [12] gives the magnitude of
the simulated strain produced when
shunting Rp with Ri which causes a
resistance change between A and B of
AR. The bridge unbalance with four
active gages will be four times as great
for a given actual strain, e, so equa
tion [12] must be divided by the num
ber of active arms, N:

[13]Rt

GN (R.+Rp)

To extend the calibation range of
the transducer, more than one resist
or can be shunted with Ri. The re
quired magnitude of this resistor for
an expected strain can be calculated
from equation [12].

By making Rp equal to 100,000
ohms the value of Ri+Rp is essential
ly 105 ohms, so equation [13] may be
written:

e=:
R,x 10-5

GxN

The rheostat Ra, (Fig. 3) may be
adjusted slightly so that the meter or

30

chart indication will read directly in
the transducer units, such as ounds of
force.

APPLICATION OF BRIDGE

THEORY TO A STRAIN GAGE

DRAWBAR DYNAMOMETER

In the fall of 1958, tests were con
ducted at South Dakota State College
to determine the effect, if any, of
spraying deep rooted legumes such as
alfalfa, on the subsequent draft re
quirements in plowing. There has
been considerable farmer speculation
that chemical treatment of the alfalfa

plant would destroy or decay the
tough roots and thereby sufficiently
reduce the energy requirements for
plowing to more than pay for the
chemical application. A strain gage
dynamometer similar to the one de
scribed by Clyde (6) was designed*
for use in these tests. With a maxi

mum pull of 5000 pounds, the strain
at midspan of the beams where the
gages are located, is lOOOpin/in, which
corresponds to an outer fiber stress of
30,000 lb. per in2. Common SAE 1020
steel was used.

It was desirable for these tests to
have a record of the draft as the plow
moved across sprayed and check plots.
Fig. 4 shows how the Varian recorder
was connected into the circuit used

by Clyde. The instrumentation is
shown in Fig. 5. The O-20 microam-

PHYSICAL AND ELECTRICAL LOCATIONS Of, SR-4 STRAIN GAGES
FOR DRAWBAR DYNAMOMETER

Figure 4. Physical and electrical locations of SR-4
strain gages for drawbar dynamometer.

meter housed in the control box 3,
was used to indicate pull for class
laboratory demonstrations when it
was not necessary to use a recorder.
The control box and the dynamo
meter provided an indicating dynamo
meter at a total cost of approximately
sixty dollars. For recording it was
necessary to use the inverter 2, to sup
ply 60 cycle 110 volt power to run
the Varian recorder, 5. The old plow
seat shown in Fig. 5, allowed a sec
ond tractor rider, who could mark
the chart as each plot was traversed.

*The dynamometer was designed and
constructed by Mr. Donald Hamann,
South Dakota State College, as partial
credit for a course in instrumentation.



As an example of the bridge theory
outlined above, the following calcula
tions are made for the strain gage
dynamometer circuit using the re
corder:

R,=R.=Ra=R4=120 ohms
(SR-4, type A-5 gages)

The G-10 Varian recorder lias a
range of 0-10 millivolts. For the maxi
mum pull expected the bridge output
voltage should be 10 mv. Using equa
tion [4], the bridge supply voltage is
calculated as:

Eo

Gxe

0.010

:2.TJx().001
=5.0 volts

Using a variable resistor of 0-1000
ohms for Ra and a six volt battery,
provided a means of obtaining a con-
slant bridge supply Et, of five
volts. With the maximum of six volts

applied to the bridge (Ra set at zero),
the gage wattage is only 0.075 watts.

The three 25K resistors in Fig 4
(a) are used to obtain initial bridge
balance, and to provide a dampening
effect when the microammeter is

used in the circuit.

By equation [13], the simulated
strain is:

R, 120

Figure 5. Instrumentation for Alfalfa Plowing Test!
I. Tractor BjHery; 2. nverter (6V DC—110 VAC);
3. Control Bjx; 4. Strain gage; 5. Recorder

SR-4 TORQUOMETERS
Strain gage torquemeters have been

designed to measure torque in mach
ine shafts anil have been described by
Burrough, Jensen and others (4) (5).
(8) (11) (12) (13). Inmost cases these
torquometers transmitted signals from
the rotating shaft to stationary con
tacts by copper disks rotating in a
mercury pool. Commercial units em
ploy slip rings. The circuit principles

for a strain gage torquometer are
much the same as those outlined for
the drawbar dynamometer. The gages
are cemented to the shaft at angles of
15 degrees to its axis, thus placing
two gages in tension and two in com
pression. Preliminary calculations
should be made to determine the
bridge output expected. Usually the
bridge output is amplified and re
corded with a commercial oscillo
graph.

DYNAMIC STRAIN MEASURE

MENT (INDICATING)

Dynamic strain means a consider
able variation in strain during a short
interval. For dynamic measurements,
circuits more complex than those de
scribed for static measurement, are
required. It is unlikely that the aver
age engineer will design his own in
strumentation as may be done for
static strain indication. Furthermore
little knowledge of instrumentation is
required for operation of commercial
units. It is desirable, however, from
the standpoint of instrument selection
to consider the types and characteris
tics of some typical circuits. The basic
Wheatstone bridge and potentiometer
circuits are used in measuring dyna
mic strains. The table below is a
summary of four circuits used to in
dicate strain on an oscilloscope.

BASIC WHEATSTONE BRIDGE CIRCUIT AND ASSOCIATED

INSTRUMENTATION FOR SENSING DYNAMIC STRAIN

Bridge Supply Coupling and/or Amplification Strain Measurements In
dicated on Oscilloscope

Condenser-coupled, audio-frequ
ency amplifier.

Direct coupled, D.C. amplifier

Chopper and audio-frequency
amplifier

L"GxN(R-fRp) 2x4 (120-|-36,000)
= 415p.in/in.

From equation [4], this is an output
voltage of:

Eo=E G e=5x2x415xl0-i=4.15mv.

The rheostat, Ra, was adjusted to
give this value on the Varian chart,
i.e., the pen was set at 41.5 lines. A
stain of 415^in/in is equivalent to a
stress of 12,450 lb. per in2. (E = 30xl0"
lb/in2). This bending stress substitut
ed into the flexure formula for the
dynamometer beams correspond to a
pull of 2010 pounds. Calibration in
a testing machine checked the calcul
ated values closely. As a convenient
scale calibration, the rheostat Ra, was
adjusted to give 4mv (40 chart lines)
when the testing machine load was
2000 pounds. Thus the number 61
chart lines multiplied by 50 yielded
pull in pounds. With the above set
ting for Ra, the 36K resistor shunted
with Ri produced a chart deflection
of 38.5 lines. During the field tests, a
periodic calibration or check was
made by shunting the 36K resistor
with Re and adjusting Ra to give
38.5 lines on the chart.

Results of the draft requirements
for plowing sprayed and unsprayed
alfalfa have been reported by Ham-
ann and Zoerb (7).

1 D.C.

2 D.C.

3 D.C.

Dynamic only

Static and dynamic

Static and dynamic

Static and dynamic
4 A.C. Audio-Ire

quency oscillator Audio-frequency amplifier

static; and dynamic; strain

recording

For static strain recording a self-
balancing Wheatstone bridge used in
conjunction with a potentiometer cir
cuit is often used. The unbalanced

signals up to 100 cps., the basic sys-
an imposed strain is amplified and
used to drive a motor which rebalan

ces the circuit. The balancing motor is
connected mechanically to a record
ing pen. For measurement of dynamic
signals u pto 100 cps., the basic sys
tem used is to amplify the bridge out
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put which in turn drives a galvano
meter having a pen directly attached
to it. Most recorders used in strain

gage work can be classified either as a
galvanometer type or a self-balancing
potentiometer recorder (3). The gal
vanometer type may be direct writing
or may use the light beam technique.
Some direct writing recorders have a
frequency response of up to 1000 cps.
Frequency response of 5000 cps. are
possible with the light beam type us
ing light sensitive chart paper and a
sensitive galvanometer. For dynamic
variations above the frequency re
sponse of the galvanometer recorder,
the oscilloscope must be used. Tech-



niques have been developed to photo
graph high frequency strain signals
with an oscilloscope camera operating
on the Polaroid Land principle.

Selection of strain gage amplifying
and recording equipment require the
consideration of the following factors:

1.—The type of strain to be measured
(static or dynamic) and therefore the
frequency response required. For the
potentiometer type the full scale bal
ancing time is important; the shorter
the better.

2.—The sensitivity of the instru
ment in mv. per chart line and the
measurement range.

3.—The number of chart speeds
available and the type of marking
whether ink or inkless.

4.—Single or multiple channel.

5—Input and output impedance so
that components may be electrically
compatible.

6.—The availability of the equip
ment and its cost.

Most of these factors are included
in the instruments specifications.

SUMMARY

Transducer applications of the SR-4
bonded electrical resistance strain
gage have become an important tool
in machinery design and testing. The
Wheatstone bridge is the basic circuit
used for static and dynamic strain
measurement. An analysis is made of
the unbalanced Wheatstone bridge
circuit as applied to an SR-4 strain
gage drawbar dynamometer. Instru
mentation for dynamic measurement
is discussed briefly.
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