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INTRODUCTION 

Measurement of power passing through a rotating shaft has 

been a subject of considerable interest for many years. It is 

well known that power is a function of the speed at which the 

shaft rotates per unit of time and the torque applied to the 

shaft. The measurement of shaft speed is a relatively simple 

matter as compared to the measurement of torque. 

The measurement of torque in round rotating shafts has been 

of interest to engineers throughout many years. any devices 

have been devised to measure the torque output of power units 

and prime movers. Of these devices, a notable one is the 

"Prony brake" which makes use of a brake band that is restrained 

by a lever resting upon a pair of platform scales a given dis- 

tance from the axis of rotation. The torque is the simple pro- 

duct of the force on the scales times the length of the lever 

arm. The main disadvantage of this tyre of torque measuring de- 

vice is that the power is entirely consumed and dissipated in 

the device itself, and therefore is not available to operate any 

type of machine. The brake-type Treasuring device is entirely 

unsatisfactory for measuring, for example, the torque passing 

from an engine to an irrigation pump, or from a tractor to an 

ensilage cutter through the power take-off shaft. 

Numerous devices have been devised to measure torque in the 

shafting of an operating machine. One such device is an optical 

arrangement which measures the ankle of twist of a torque sensi- 

tive member. 
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A hydraulic torquemeter has been developed ty Dr. V,esley F. 

3uchele, of the Agricultural Engineering Department of Michigan 

State University. 

There has been a definite need for a compact torque sensi- 

tive device which can be inserted into a power train between the 

power source and the power requirement. The use of electrical 

resistance wire strain gages properly oriented on a rotating 

shaft, and a suitable means of transferring an electrical signal 

from the rotating strain gages to a stationary recording instru- 

ment, has made such a device possible. 

These wire gages have commonly been called SR-4 strain 

gages, named after two men who simultaneously and independently 

developed them. These two men were Simmons, of the California 

Institute of Technology, and Pure, of the Massachusetts Insti- 

tute of Technology. 

The advantages of using these gages for torque measurement 

are: 

(a) small physical dimensions 

(b) light weight 

(c) ease of installation 

The disadvantages include the necessity for slip rings and 

brushes, and the necessity for adequate temperature compensation. 

PURPOSE OF INVESTIGATION 

There is a need to make tests on irrigation pump installa- 

tions to determine the efficiency of the pumps and power units 
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separately. To do this it is necessary to know the power out- 

put of the power unit and the power input to the pump. 

The purpose of this investigation was to design, build, and 

test a compact torquemeter to be used speeif cally for measuring 

the torque in the power couplings between irrigation pumps and 

their power supplies With this torque known, it is possible to 

calculate the engine efficiency and the pump efficiency separ- 

ately. 

The same torquemeter was also to be easily adapted to the 

measurement of torque in tractor power take-off shafts. 

REVIEW OF LITERATURE 

Use of SR-4 Strain Gages for Measuring Torque 

The use of SR-4 strain gages for measuring torque in vari- 

ous machine elements has been practiced by several companies. 

Jensen (5) stated that the John Deere Waterloo Tractor Works had 

designed a torquemeter utilizing SR-4 gages to be used in measur- 

ing torque in tractor power take-off shafts. Schoenleber (10) 

also stated that the J. I Case Co. had used SR-4 gages in the 

measurement of torque in tractor power take-off shafts and in 

the measurement of tractor steerin,,, torque. 

Huge, et al. (8) stated that bending stresses, stresses 

attributed to an axial load on the shaft, and effects attributed 

to temperature changes in the shaft could be canceled by placing 

the complete bridge circuit in a certain pattern on the torque 
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sensitive member. This permits the measurement of pure torque. 

The Baldwin Lima Hamilton Corporation (13) has manufactured 

several models of commercial torquemeters which make extensive 

use of SR-4 strain gages. 

Selection of Strain Gages 

Schoenleber (10) stated that SR-4 strain gages were classi- 

fied according to filament material and mounting material. SR-4 

gages utilize only two different types of filament materials. 

Type A gages are made of advance wire containing 45 per 

cent nickel and 55 per cent copper. 

Type C gages are made of "iso- elastic" wire containing 36 

per cent nickel, 8 per cent chromium, and 0.5 per cent molybde- 

num. The remaining percentage is made up of iron and other con- 

stituents. The two general types of mounting materials are 

paper impregnated with nitrocellulose cement and paper impreg- 

nated with bakelite cement. 

Iso-elastic wire is from 50 to 100 times more sensitive to 

temperature than advance wire. The gage factor for iso-elastic 

wire is almost twice that of advance wire. Gage factors for 

iso-elastic wire gages range from 2.7 to 3.5, while advance wire 

gage factors range from 1.5 to 2.0. Iso-elastic strain gages 

were recommended by the Baldwin Lima Hamilton Corporation (12) 

for the measurement of dynamic strains because of their larger 

gage factor. The gage factor is defined as the ratio of the 

unit change in resistance of the gage to the unit change in 
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length of the gage. It was pointed out that their larger temper- 

ature sensitivity was a factor to be considered. 

Jensen (5) stated that 500-ohm bakelite gages were used in 

the John Deere torquemeter. 

Selection of Slip Ring Materials 

Signals from the strain gages mounted on the rotating shaft 

must be transmitted to stationary recording equipment. This 

must be done with the aid of some type of collector ring mounted 

on the shaft. Schoenleber (10) named two different types used 

by the J. I. Case Company. Silver-graphite brushes working on 

coin silver slip rings were used as one type, and copper discs 

rotating in mercury pools were used in other applications. 

Perry and Lissner (7) have given data on many different 

brush and slip ring materials. They stated that the most widely 

used material combination consists of silver or silver-plated 

rings and silver-graphite brushes. 

Lee (6) stated that the brush contact area and contact 

pressure must be kept large so that the variation in contact re- 

sistance is kept small. 

Perry and Lissner (7) indicated that the most practical 

method of minimizing variation in contact resistance is to place 

the entire bridge circuit on the rotating shaft. 
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Applying SR-4 Strain Gages 

Important information on the best methods of applying SR-4 

gages to the test specimen was obtained from Baldwin bulletin 

279-B (3). Paper gages should have a clamping force not to ex- 

ceed one pound. According to the Baldwin Lima Hamilton Corpor- 

ation (3), bakelite gages must be applied with a clamping pres- 

sure of not less than 25 pounds per square inch. A clamping 

pressure of 100 to 200 pounds per square inch is desirable. 

Perry and Lissner (7) stated that the clamping pressure for bake- 

lite gages must be at least 30 pounds per square inch. 

STRAIN GAGE THEORY 

Bonded Wire Gage Characteristics 

The wire resistance strain gage consists essentially of a 

short length of .001-inch diameter wire which is insulated and 

cemented to the piece being subjected to strain. If the bond 

between the wire and the piece being tested is sufficiently 

strong to prevent slippage, the wire will be strained by an 

amount which is equal to the strain in the specimen under test. 

The wire used is arranged in a grid and is cemented between two 

thin pieces of paper for insulation. The wire has the property 

of linear variation of electrical resistance and strain. Most 

bonded wire gages are about the size of a postage stamp. 

In using bonded wire gages, the two physical quantities 
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which are of interest are the change in gage resistance and the 

change in gage length. The dimensionless relationship between 

these two quantities is termed the "gage factor" and may be ex- 

pressed as 

6 R/B 
F = 

ALA 
where F is the gage factor 

R is the resistance of the gage in ohms 

is the small change in gage resistance in ohms 

L is the length of the wire in inches 

AL is the change in length of wire in inches 

The gage factor is a measure of the sensitivity of the gage 

and is supplied by the manufacturer. The resistance of the gage 

is also supplied by the manufacturer and if the change in re- 

sistance (AR) can be measured with sufficient accuracy, the 

only unknown in the equation is "_\.iL/L. CiL/L is defined as the 

unit strain (e) in inches per inch. The equation then becomes 

LS,R/R 
F 

.6,R/R 
or (:- 

F 

which is to say that the unit strain in a test specimen is equal 

to the unit change in resistance (,QR/R) of the strain gage di- 

vided by the gage factor. As the change in resistance is mea- 

sured, it may be substituted into the equation and the unit 

strain solved for directly. 
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Basic Instrumentation 

Since the value of D R is only a few thousandths of an ohm, 

it is not possible to measure this quantity with a standard ohm- 

meter. It is therefore necessary to use a oheatstone bridge- 

type circuit to measure AR with sufficient accuracy. 

The Wheatstone bridge circuit is composed of four resistors 

connected in a definite pattern, as illustrated in Fig. 1. 

The Balanced Bridge 

There are two methods of measuring the value of 41 R with 

the Wheatstone bridge. One method is the balanced bridge method 

and the other is the unbalanced bridge method. 

In Fig. 1, R1 is considered to be the strain gage, and R2, 

R3, and R4 calibrated resistances. Rg is the galvanometer re- 

sistance and Ig is the galvanometer current. The battery, E, is 

the voltage source for the bridge circuit. I1, 12, 13, and 14 

are the currents through the respective resistances. 

If the bridge circuit in Fig. 1 is balanced, there is no 

current flow through the galvanometer (Ig = 0). From Ohm's law 

(E = IR), when the galvanometer current is zero, the voltage drop 

across the galvanometer is zero. Since the voltage drop across 

the galvanometer is zero, the voltage at B must be equal to the 

voltage at C. It then follows that the voltage drop from A to B 

must equal the voltage drop from A to C. Similarly, the voltage 

drop from B to D must equal the voltage drop from C to D. It is 



F p. 1, Basic wheatstone bridge circuit. 
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also apparent that if no current flows through the galvanometer, 

the current I must equal 14 and the current 12 must equal 13. 

From these observations the following relationships can be 

written: 

EA B EA C 

or I1R1 = 12R2 

and EB D = Ec D 

or I4R4 = I3R3 

and since = 14 and 12 = 13 

then I1R4 = I2R3 

and 12 may now be eliminated by dividing one equation by the 

other. This gives 

or 

I1R1 I2R2 

I1R4 I2R3 

R1 R2 

R4 R3 

It is now possible to solve for R1, which gives 

132 
R4 

R3 

R1 is a strain gage mounted on a test specimen, R2 and R3 

are known value resistances, and R4 is a variable resistance of 

known resistive value no matter what the point of adjustment. 

The value of RI can be determined before and after straining the 

test specimen by adjusting R4. The difference in R4 caused by 

the straining process can be substituted into the equation 

AR/R 



11 

to obtain the unit strain in the test specimen. 

Instruments have been developed which have the variable re- 

sistance R4 calibrated in micro-inches per inch of strain. The 

unit strain can be read directly by balancing the bridge before 

straining the specimen and noting the reading of R4, and balanc- 

ing the bridge after straining the specimen and noting the read- 

ing of R4. The difference in the two readings is the unit strain 

The instrument used for the balanced bridge method in this 

study was the SR-4 strain indicator, type W, manufactured by the 

Baldwin Lima Hamilton Corporation, of Thiladelphia, Pennsylvania. 

The Unbalanced Bridge 

In studying the unbalanced bridge, it is first necessary to 

state two rules about the currents and voltages in electrical 

networks. 

(1) The sum of the currents entering a junction of se7- 

eral branches is equal to the sum of the currents 

leaving the junction. 

(2) The sum of the voltages around any one closed circuit 

in the network is equal to zero. 

For the unbalanced bridge the current through each resist- 

ance in Fig. 1 can be expressed from the first rule as: 

R1 current -- II 

R2 current -- 12 

Hg current -- I 

R4 current -- 14 -- l - /g 



R3 current -- 13 -- 12 + 1g 

The voltage equations for three different paths can be 

written using the second rule as stated above. 

If the battery is considered as a voltage source E, the 

voltage equation through path R1 and R4 is 

R1I1 + R4(11 Ig) - = 0 

For the path through R1, R2, and Rs, the equation is 

Rill + RgIg - R212 = 0 

For the path through Hg, R3, and R4, the equation is 

RgIg + R3(I2 + Ig) - R4(Il-Ig) = 0 

It is necessary to solve these three equations for Ig. 

By rearranging, the equations may be written as: 

R1I1 + R4I1 - R4Ig = E 

Ii(R1 + R4) - R4Ig = E (1) 

IiRi + RgIg = I2P2 (2) 

(Hg R3 R4)Ig = -I2R3 (3) 

It is possible to eliminate 12 between equations (2) and (3) 

by multiplying equation (3) by R2 and equation (2) by R3 and 

adding the two equations. 

I1R1R3 + R3RgIg = 12R2R3 

-11R4R2 + (R2Rg + R3R2 + R4R2)Ig = -I2R3R2 

- R4R2) + Ig(R3Rg + R2Rg + R3R2 + R4R2) = 0 (4) 

By determinants it is possible to solve for Ig from equations 

(1) and (4). 

1g = 

R1R3 R4R2 

Hi + R4 

0 

E 

R1R3 R4R2 R3Rg + R2Rg + R3R2 + R4R2 

R1 R4 -R4 

12 



1g 
E(R1R3 - R4R2) 

13 

I 

-R1R3R4 R42R2 - (R1 R4) (R3Rg Peg + R3R2 R4R2) 

E(R1R3 P4R2) 

+ V \fp , 2, 
-n2"1 -r 

R4)(Rg + R3 + R4) - R1R3R4 + n4 n2 - R3Rg(R1 + R4 g 

In this discussion the strain gage is considered to be RI., 

the galvanometer resistance Rs, and the galvanometer current 

R2, R3, and R4 are calibrated resistances in the bridge circuit. 

It can be shown that the relationship between R1 and Is is 

not quite linear, but for the small changes encountered in R1 it 

can be considered to be so. It is then possible to plot the 

value of I in microamperes against the resistance R1 in ohms 

over a small range of R1. Then for a measured change in 1g the 

corresponding value of AR can be found and the unit strain com- 

puted as before. This, however, is not necessary and has not 

been shown here because instruments have been designed to give 

the change in Ig directly in terms of unit strain. 

THE INVESTIGATION 

Materials and Methods 

Material for the Torque Sensitive Member. A high grade al- 

loy steel was machined to specifications and used for the torque 

sensitive member. 

Slip Rings and Brushes. A commercial slip ring kit was 

used to make the slip rings and brush contacts. 

Strain Measuring Instruments. Commercially manufactured 
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strain measuring instruments which give the unit strain directly 

were used in this study. both the balanced and the unbalanced 

bridge methods were used. 

Strain Gages. SR-4 strain gages purchased from the Baldwin 

Lima Hamilton Corporation were used to measure the strain in the 

torque sensitive member. 

Testing. Both static and dynamic tests were run to deter- 

mine the accuracy of the torquemeter. The static tests were 

conducted with a lever arrangement and a Tinius Olsen testing 

machine. The dynamic tests were conducted by checking the 

torquemeter against a hydraulic-type dynamometer. 

The Initial Torquemeter Design 

It was decided that the torque sensitive member was to be 

a round shaft upon which SR-4 strain gages and suitable slip 

rings were to be mounted. The torquemeter was to be as small 

and compact as possible and yet have a torque capacity of at 

least 15,000 inch-pounds. 

The best material available for the shaft was alloy steel 

SAE 4340. 

Specifications from a steel handbook indicate the yield 

point strength of this steel at 96,000 pounds per square inch in 

tension. Since the maximum shearing stress theory of failure 

was considered to be valid in this case, the yield point in 

shear of this material is 48,000 pounds per square inch. 

It was tentatively decided that the diameter of the section 
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of the shaft upon which the strain gages were to be mounted 

would be 1.50 inches. 

Since the maximum torque to which the torquemeter was to 

be subjected was set at 15,000 inch-pounds, the shear stress in 

the 1.50-inch diameter shaft would be: 

T 
c 

Ss 
J 

where T is torque in inch-pounds, c Is the radius of the shaft 

in inches, and J is the polar moment of inertia of the shaft in 

inches to the fourth power. 

(15,000)(2) 
S s 

v(0.75)3 

Ss = 22,600 psi 

Since the yield point in shear for the material used is 

48,000 psi, the factor of safety would be: 

F. S. = 
(0.5) Syp 

Ss(max) 

where S 
YP 

is the yield point of the steel in tension. 

48,000 
F S F. S. - 

22,600 

F. S. = 2.1+ 

It was decided that 1.50 inches would be a satisfactory di- 

ameter for the torque measuring portion of the shaft if the max- 

imum permissible torque wLs set at 15,000 inch-pounds. 

With this information available, the torquemeter was ini- 

tially designed as set forth by the detailed plans in Plates I, 

II, III, IV, and V. 



EXPLANATION OF PLATE I 

Drawing of the initial torquemeter design. Wiring 

and brushes are not shown. 





EXPLANATION OF PLATE II 

Detailed drawing of the torque shaft. Slip rings 

are not shown. 





EXPLANATION OF PLATE III 

Detailed drawings of the bearing hub and the 

end plate. 





EXPLANATION OF PLATE IV 

Detailed drawings of the torquemeter cover and 

the bearing locking collar. 





EXPLANATION OF PLATE V 

Detailed drawings of the brush holder support assembly. 
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kfter provisions were made for a support bearing, slip 

rings, and a splined end on each end of the shaft, the minimum 

length that the shaft could be with the nroposed design was 18 

inches. 

The shaft was designed with a 1 3/8-inch standard 6B 

tractor power take-off spline on each end so the torquemeter 

could be readily adapted to power take-off operation. 

The bearings used were of a size that would make it possible 

to easily remove the shaft and replace it with a shaft which had 

a 1.75-inch diameter torque measuring section and 1.75-inch 

standard splines. This would raise the capacity of the torque- 

meter from 15,000 to approximately 23,800 inch-pounds of torque. 

The shaft which was actually made and tested was the smaller of 

the two. 

The cover for the torquemeter had a maximum diameter of 

8 1/4 inches, and a length of 6 9/16 inches. The torquemeter as 

initially designed had an overall length of 18 inches and an 

overall diameter of 8 1/4 inches. 

Applying the Strain Gages 

The strain gages used in the first test were type CB-7 gages 

which had a resistance of 495 + 3 ohms, and a gage factor of 

3.43. The CB-7 gages were bakelite bonded gages made of iso- 

elastic wire. Their length was 1/4 inch. 

The gages were placed on the shaft with their center lines 

on lines which made angles of 45 degrees with the axis of the 
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shaft. This was done because a shaft subjected to pure torque 

is under a stress condition of pure shear. From Yohr's Circle 

for pure shear stress illustrated in Plate VI, Fig. 1, it can 

be seen that equal stresses in tension and compression act at 45 

degrees from the direction of the shear stress. Stresses acting 

at a point in the shaft are illustrated in Plate VI, Fig. 2. 

In order to cancel the effects of stress attributed to bend 

ing and axial tension or compression loads on the shaft, it was 

necessary to place the complete bridge circuit on the shaft as 

shown in Fig. 2. It was necessary to construct a template of 

paper as shown in Plate VII, F17. 1, to accurately place the 

gages so that R1 was diametrically opposite R3, and R2 was dia- 

metrically opposite R4. Holes were cut in the template at the 

gage positions so that the gages were cemented directly to the 

shaft. It was necessary to wrap the template around the shaft 

so that the ends of the center line of the template matched ex- 

actly. This insured that the angle that the gages made with thE 

axis of the shaft was 45 degrees. 

It is obvious from the arrangement of the gages that a loac 

of axial tension or compression on the shaft would not upset the 

balance of the bridge since all gages would be stretched or com- 

pressed equally. 

If a bending moment were applied, gages R1 and R4 would be 

alternately stretched and compressed as the shaft rotated; R2 ar 

R3 would be simultaneously subjected to an equal condition, but 

exactly opposite in sign to the condition of R1 and R4. It is 

again obvious that the balance of the bridge will not be upset 



EXPLANATION OF PLATE VI 

Fig. 1. Mohr's Circle for stress. 
Fig. 2. Stresses at a point on a shaft subjected to 

torque. 



PLATE VT 

Ss 
Ss-Shearing Stress 

Su-Principal Stress 
Tension 

Sv-Pr incipal Stress 
Compression 

Fig. 1, 

Su So 

2. 
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Slip Ring E Slip Ring 

Fig. 2. Schematic wiring diagr7.-1 

of the bridge circiltt. 



EXPLANATION OF PLATE VII 

Fig. 1. First paper template used to mount gages 

on the shaft. 

Fig. 2. Illustration of how the template was ap- 

plied to the shaft. 
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by a bending moment because the resistance through path R1 and 

R4 increases the same amount that the resistance through path R2 

and R3 decreases at any given instant. 

This pattern was satisfactory to compensate for bending 

moments and tensile or compressive loads applied to the shaft. 

However, it was not satisfactory to compensate for a temperature 

gradient along the shaft. 

In Plate VII, Fig. 2, the solid lines represent the gages 

on the near side of the shaft and the dashed lines represent the 

gages on the far side of the shaft. Let RI. and R3 be in tension 

and R2 and R4 be in compression. If R2 and R4 are at a differ- 

ent temperature than Ri and R3, the bridge will be unbalanced and 

the amount of unbalance attributed to temperature will be doubled 

instead of compensated. This is true since Ri is opposite R3, 

and R2 is opposite R4 in the bridge circuit. 

The above condition was proved by balancing the bridge and 

submerging one end of the shaft in a bucket of boiling water, 

and observing that the bridge did not remain balanced. 

It was necessary to correct this source of error since it 

was not practical to attempt to keep both ends of the shaft at 

the same temperature. The gages were removed from the shaft mad 

replaced with two CX-1 rosettes. 

The CX-1 rosette consists of two iso-elastic gages crossed 

at the center at an angle of 90 degrees to each other and on the 

same paper base. The CX-1 gage has a resistance value of 500 ± 3 

ohms and a gage factor of 3.43. The rosettes were accurately 

placed by the use of another paper template as illustrated in 



Fig. 3. This arrangement compensated for bending moments, ten- 

sile or compressive loads, and temperature gradients as well. 

The strain gages were sealed against moisture by placing a 

piece of aluminum fell over each rosette and then applying a 

layer of Armstrong's A-1 cement. 

Installing the Slip Rings 

Since the complete bridge circuit was mounted on the rotat- 

ing shaft, it was necessary to install four slip rings on the 

rotating shaft as indicated by the schematic wiring diagram in 

Fig. 2. 

The slip rings were constructed with a commercial kit sold 

by William T. Bean, of Detroit, Yichigan. The kit consists of 

1/16-inch silver wire and Armstrong's A-1 adhesive cement which 

is used for bonding and insulation. 

The area on the shaft to which the slip rings were to be 

applied was first knurled with an ordinary lathe knurling tool. 

The surface was then thoroughly cleaned with acetone. Four 3- 

inch lengths of plastic insulating spaghetti were cut and thread- 

ed with 1/16-inch diameter wire. These wires were spaced evenly 

around the shaft and held firmly in place with string, as illus- 

trated in Plate VIII, Fig. 1. A thick layer of Armstrong's A -I 

cement was smoothed over the spaghetti covered wires, and the 

assembly placed in an oven to cure for one hour at 170 degrees F. 

The shaft was then placed in a lathe and the surface of the ad- 

hesive turned down flat, as illustrated in Plate VIII, Fig. 2. 
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TTD 

rig, 3. Paper template for CX-1 ros(ttes 



EXPLANATION OF PLATE VIII 

Fig. 1. Drawing of how spaghetti covered wires are 

fastened to the shaft with string before applying Armstrong's 

A-1 cement. 

Fig. 2. Illustration showing how first layer of cement 

is turned smooth before winding on silver wire slip rings. 
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Spaghetti 
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Armstrong A-I Cement 

Fig. 2. 
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It was necessary to use a carbide-tipped cutting tool since the 

adhesive is very abrasive. The wire was removed from the spag- 

hetti and slots were filed in the adhesive to intersect the 

holes in the spaghetti. The slots were filed from the side of 

the adhesive which was farthest from the strain gages. Each 

slot was made just long enough to intersect a slip ring position. 

A sharp 90-degree bend was made in the silver wire far enough 

from the end so that the silver wire would protrude past the 

edge of the adhesive. The silver wire was inserted into the 

spaghetti and at least five turns wrapped around the shaft, as 

shown in Plate IX, Fig. 1. The silver wire was soft soldered all 

around the shaft to hold it in place. This process was repeated 

for each slip ring. After all slip rings were soldered in place 

they were covered with another thick layer of Armstrong's A-1 

cement, and the curing process was repeated. The shaft was again 

placed in a lathe and the surfaces of the slip rings turned down 

until they were flat and smooth, as illustrated in Plate IX, 

Fig. 2. The slip rings were polished with 400 and 600 grit 

pumice powder and burnished with chrome finish leather. 

The strain gage leads were soldered to the protruding ends 

of the silver wire. It was difficult to solder the leads with- 

out melting the solder which held the slip rings in place since 

silver is an excellent conductor of heat. The soldering opera- 

tion had to be done very quickly. The completed shaft with 

slip rings in place is shown in Fig. 4. 

The brushes which were furnished with the slip ring kit were 

silver graphite and had a rubbing surface area of 1/64 square 



EXPLANATION OF PLATE IX 

Fig. 1. Cross section showing how wire is wound 

on the shaft to form the slip ring. 

Fig. 2. Cross section showing how the slip rings 

are turned smooth. 
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Silver Wire 

Slip Ring 



Fig. 4. The completed torquemeter shaft with slip rings in place. 
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inch. When the end of the brush holder was 1/16 inch from the 

slip ring, the force exerted by the brush spring was 3/8 to 7/16 

of a pound. This gave a brush pressure of 24 to 28 pounds per 

square inch. 

The brush holding device and silver-graphite brush with 

spring are shown in Fig. 5. 

A Design Modification 

Before testing was started it was decided that it would be 

advantageous if the torquemeter could be made smaller. The as- 

sembly which supported the brush holders was redesigned. All 

parts except the bearing hubs, bearings, and shaft were dis- 

carded. inother support assembly for the brush holders was de- 

signed around the parts which were retained from the initial de- 

sign. The second support assembly and protective cover are 

shown in Plates X and XI. 

This modification in design made it possible to put four 

brushes on each slip ring instead of the two which were original- 

ly planned. Four brushes instead of two per slip ring were used 

to lessen the possibility of the brush contact with the slip 

ring being broken as the shaft rotated. 

The maximum diameter of the torquemeter as set forth in the 

second design was 6i inches. This was 1 3/4 inches less than 

the initial design. 

Figures 6 and 7 show the torquemeter with and without the 

protective cover. 
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Fig. 5. Full size view of the brush holding device 
and silver graphite brush and spring. 



EXPLANATION OF PLATE X 

Cross section of the torquemeter after the design 

modification and detailed drawing of the brush holder 

support assembly. 





EXPLANATION OF PLATE XI 

Detailed drawing of end plate and protective 

cover. 
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Fig. 6. The completed torquemeter with protective cover in place. 



Fig. 7. The completed torquemeter without the protective cover. 



50 

Calculation of Torque 

It has previously been stated that a round shaft subjected 

to pure torque is under a stress condition of pure shear, it 

has also been shown from ohr's CIrcle for stress that equal 

tension and compression stresses act at an angle of 45 degrees 

in either direction from the direction of the shear stress. 

From this observation the following relationship can be written: 

Su = Ss = -Sv 

where Su is the principal stress in tension, Ss is the shear 

stress, and Sy is the principal stress in compression. 

From Hooke's Law the following relationship can be written: 

EE'u = Su -,?..(Sy 

E 6y = + Sy 

where Eu and 6y are principal strains, and ,(4 is Poisson's 

Ratio. 

By the method of determinants the principal stresses can 

be obtained as: 

Su - 

C. 

v = 

E 6u 

6v 

-,L( 

1 

1 

1 

1 E 6 u 

11, v E 6, + it.(E Eu 

-/q 

E Cu + 
v 

-/q 

1 



Since Su = Ss = -Sy, the following relationship can be 

written: 

E A'(E6v. 

1 - 1 - A..(2 
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E E 

1 -p2 ( 6u + 'e1(6v) = 
1 - A42 

( 6v - ,q6u) 
( 

Cu + 'e'(6v = 6v 146u 

612 -elezt = -(6v + /6(6v) 

Eu (1 +,e4) = -6v(1+ (-() 

6u = 6v 

Since the strain gages were mounted on the shaft parallel 

to the lines along which the principal strains act, the strain 

in each gage is equal to one of the principal strains caused by 

the torque to which the shaft is subjected. 

Since Eu = - E y and Su = Ss = -Sy, it can be written that: 

E611 6.11. EE-11 (1 - .4) 
Ss 

Ss - 

1 - ,t,(2 

EE 

1 + .44 

(1 - ,e4 )(1 + ) 

where 6 is the strain in one gage. 

It is also true that: 

Tc 
Ss 

where T is the torque in inch-pounds, c is the radius of the 

shaft in inches, and J is the polar moment of inertia of the 

shaft in inches to the fourth power. 
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Tr 2T 

Ss 
vr4 Trr3 

2 

By equating the two equations for shear stress, the follow- 

ing relationship can be written: 

2T 6E 

Trr3 1 + 

11.1,3 

2(1 +,t') 

For this torquemeter the following values can be written: 

E for steel = 30 x 106 psi 

r = 0.75 inch 

.Z(= 0.28 

By substituting these values into the above equation, the 

value of the torque is found to be: 

T = 15,5 

where 6" is in micro-inches per inch and T is in inch-pounds of 

torque. 

Discussion of Instruments 

It has been stated that the two instruments used to test 

the torquemeter were the Universal Brush amplifier EL 520 with 

input box BL 350 in conjunction with the EL 274 recording instru- 

ment, and the Baldwin SR-4 strain indicator. 
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The Brush Amplifier 

The Brush oscillograph was used to record the strain in- 

dications from fluctuating, loads. The instruments were set up 

according to operating instructions furnished by the manu- 

facturer of the instruments. 

The torquemeter has four lead wires. The red wire is the 

input voltage to the bridge circuit. The blue wire is the ground 

and is grounded directly to the rotating shaft to carry off any 

static charge which might build up on the slip rings. The green 

and white wires are the bridge output voltage and provide the 

oscillator drive voltage. 

The torquemeter lead wires are connected to the input box 

terminal, as illustrated in Fig. B. 

1. The red wire is connected to terminal No. 2 

which is the input to the carrier amplifier. 

2. The blue wire is connected to terminal No. 3 

which is the ground. 

3. The white and green wires are connected to 

terminals 1 and 4 respectively. 

If it is desirable to have the recording pen deflect in the 

opposite direction, it is necessary to interchange the white and 

green lead wires on terminals 1 and 4. 

The system is balanced according to instructions given in 

Operating Instructions ED 31207 furnished with input box BL 350. 

After balancing the system it is necessary to calibrate the 

instrument for the particular resistance and gage factor being 

used. 
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Fig. 8. Diagram of how torquemeter lead wires are 
connected to the input box of the Brush amplifier. 
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The system is calibrated using a calibration constant of 

372 attenuator lines. This value is in disagreement with the 

calibration constant as computed by equation (2) on page 5 of 

0peratinc Instructions El) 31207 which were furnished by the in 

strumen:t manufacturer. 

The equation mentioned above appears as follows: 

N x R 
K 
c 

- 
(S) Fm(Re + R) 

where Kc is the calibration constant in attenuator lines 

S is the strain sensitivity per attenuator line 

N is the number of active gages 

E is resistance of the strain gage 

Fm is the gage factor 

Rc is the calibration resistance (390K ohms) 

The calibration constant is obtained by substituting into 

the equation the following values: 

N = 4 active gages 

S = 1 x 10-6 inch per inch of strain per attenuator line 

R = 500 ohms 

Fm 

Re = 390,000 ohms 

4 x 500 
Ke = 

1 x 10-6x 3.43(390.5 x 103) 

Ke = 1,490 attenuator lines 

When this value was used for calibration, the torque as 

measured by the torquemeter was greater than the torque applied 

by a factor of four. 
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It is believed that the equation for the calibration con- 

stant should be as follows: 

1 x R 
Kc 

S Fm(Re + R) 

500 
KC 

1 x 10-6 x 3.43(390.5 x 103) 

Kc = 372 attenuator lines 

When this value was used for the calibration constant, the 

torque as measured was equal to the torque applied. 

The value of the strain measured by this instrument is equal 

to the number of lines of pen deflection times the attenuator 

lines. 

This torquemeter has the complete bridge circuit mounted on 

the rotating, shaft for reasons already stated. 

All four gages are active and are arranged so that the ten- 

sion gages are opposite each other in the bridge and the com- 

pression gages are also opposite each other in the bridge. This 

arrangement causes the instrument to read a strain which is four 

times the actual strain In one gage. 

The strain in one gage is therefore: 

attenuator lines 
6 - 

4 

where 6 is in micro-inches per inch. 

The indicated torque is: 

attenuator lines 
T 

4 
x 15.5 

where T is in inch-pounds of torque. 
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The brush amplifier, input box, and recording oscillograph 

are shown in Fig. 9. 

The SR-4 Strain Indicator 

The SR-4 strain indicator was used on the static test of 

the torquemeter and also on dynamic loads which were steady 

enough to allow the instrument to be balanced. 

The torquemeter leads are connected to the SR-4 indicator 

as shown in Fig. 10. The white and green wires may be inter- 

changed if desired. 

Since the gage factor dial on the SR-4 indicator does not 

include a gage factor of 3.43, it was necessary to calculate a 

new gage factor. The new gage factor was taken from Fig. 3, page 

5, of the operating instructions for the instrument as 1.976. 

The strain indicated by the instrument :must be multiplied by two 

divided by the original gage factor. 

Strain readings were taken as outlined in the operating in- 

structions for the instrument. The strain indicated by the SR -4 

indicator is again four times the strain in one gage, for rea- 

sons previously stated. 

The indicated torque is calculated by the following formula: 

T = 6 15.5 

(D1 - D2) 2 

4 3.43 

(D1 - D2) 2 

15.5 
4 3.43 



Fig. 9. Brush oscillograph on the left, and Brush amplifier 
and input box on the right. 



Page 59 is missing in the original thesis. 
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T = (D1 - D2) x 2.26 

where D1 - D2 represents the difference in the dial readings 

taken before and after loading. 

The SR-4 indicator is shown in Fig. 11. 

TESTING TUE TORQUEMETER 

Static Test 

The torquemeter was tested under a static load to determine 

its accuracy. Both the Brush amplifier and the SR-4 strain in- 

dicator were used in these tests. 

A measured torque was applied to the torquemeter with the 

shaft in a stationary position. Readings were taken from the 

instruments, and the torque was calculated from the observed 

readings. The calculated torque was compared with the measured 

torque applied and the per cent of error was calculated. Average 

values of the per cent of error were plotted against the amount 

of torque applied. The curve obtained is shown in Fig. 12. 

From this curve it can be seen that the torque indicated by 

the torquemeter may be in error by an amount of 5 per cent or 

more if the torque Is 800 inch-pounds or less. 

Two methods of applying the measured torque were employed. 

In the first method, one end of the torquemeter shaft was clamped 

in a vise. A 40-Inch lever was fastened to the other end of the 

shaft, and varying weights were applied to the lever at ten-inch 

length intervals. It was possible to vary the amount of torque 
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Fig. 11, The Baldwin SR-4 strain indicator. 
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Fig. 12. A curve showing the per cent of error obtained from 
the static test plotted against the applied torque. 
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applied from 300 inch-pounds to 5,200 inch-pounds. The Brush 

amplifier was used in this test. Figure 13 shows a comparison 

between the torque applied and the torque indicated by the torque- 

meter. It is again apparent that the values are more in dis- 

agreement at lower torques. 

The torquemeter was tested to make sure all bending moments 

were canceled by applying a bending moment to the shaft with no 

torque applied, and observing that the balance of the bridge 

circuit was not disturbed. 

Torque was applied in the second method by placing the 

torquemeter in a Tinius Olsen torque machine. Torques were ap- 

plied with this machine which varied from 500 to 6,000 inch- 

pounds. It was difficult to keep the clamping jaws of the ma- 

chine from slipping on the torquemeter shaft at the higher torque 

values. It was for this reason that torque values greater than 

6,000 inch-pounds were not applied. The SR-4 strain indicator 

was used in this test. Figure 14 shows a comparison between the 

torque applied by the Tinius Olsen machine and the torque indi- 

cated by the torquemeter. 

Comparison between Values Obtained from 
a Dynamometer and the Torquemeter 

The torquemeter was placed in the power shaft between an 

engine and a hydraulic dynamometer, and the torque values indi- 

cated by the torquemeter were compared to the values indicated 

by the dynamometer. 
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Fig, 13. A comparison between the torque indicated y the torquemeter and the 
measured torque applied in the static test. The Brush a nlifier was used to mea- 
sure strain. 
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Fig, 14. A comnarlson between the torque indicated by the torquemeter 
and the measured torque applied in the static test. The SR-4 strain indi- 
cator was used to measure strain, 



Figure 15 shows a comparison between the values of torque 

indicated by the torquemeter and the dynamometer when the Brush 

amplifier was used to record torque indications from the torque- 

meter. 

The per cent of error was not computed because the degree 

of accuracy of the dynamometer was not known. 

Plate XII shows typical data taken while the engine was 

running at various speeds. 

Figure 1 shows data taken at a chart speed of 250 milli- 

meters per second and an engine speed of 1,050 revolutions per 

minute. 

Figure 2 shows the same engine speed at a chart speed of 

125 millimeters per second, 

Figure 3 shows the same engine speed at a chart speed of 

50 millimeters per second. 

At certain engine speeds the data were smoother than at 

other speeds. Figure 4 shows data taken at 1,450 revolutions 

per minute and a chart speed of 2 millimeters per second. 

It is believed that the difference in the data can be at- 

tributed to the torsional vibration characteristics of the system 

at different speeds. 

An Application of the Torquemeter 

The torquemeter was used to determine the efficiency of an 

irrigation pump and of the pump engine. The torquemeter was 

installed in the power shaft between the engine and the pump, 
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Fig, 15. A comparison between the torque indicated by the torque- 
meter and the torque indicated by a dynamometer. The Brush amplifier 
was used to measure strain. 



EXPLANATION OF PLATE XII 

Fig. 1. Data taken at a chart speed of 250 mom per 

second and an engine speed of 1,050 rpm. 

Fig. 2. Data taken at same engine speed as in Fig. 1 

but at a chart speed of 125 mm per second. 

Fig. 3. Data taken at same engine speed as in 

Fig. 1, but at a chart speed of 50 mm per second. 

Fig. 4. Data taken at an engine speed of 1,450 

rpm and a chart speed of 2 mm per second. 
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as illustrated in Fig. 16. 

During the test the engine speed was varied from 1,775 rpm 

to 2,230 rpm, and the torque varied from 1,007 inch-pounds to 

1,920 inch-pounds. 

Fuel consumption was measured and horsepower input was de- 

termined from the heat content of the fuel. The engine effi- 

ciency varied from 13.9 per cent at the lowest speed to 21.1 

per cent at the highest speed. 

The quantity of water pumped and the pumping head were 

measured. The water horsepower output of the pump was then cal- 

culated. The pump varied in efficiency from 54.3 per cent at 

the lowest speed to 43.8 per cent at the highest speed. 

It was observed that the pump efficiency was highest when 

the engine efficiency was lowest. 

The purpose of this test was to establish a procedure for 

using the torquemeter in tests of this kind. 

RECOMMENDATIONS FOR FURTHER STUDY 

The torquemeter which was designed and built for this study 

has several faults. It is believed that these faults, which are 

a matter of design, are important enough to warrant further study. 

These faults are: 

1. Excessive weight 

2. Excessive length 

3. Difficulty of removing the shaft 



Fig. 16. The torauemeter installed between an irrigation pump and its power source. 
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4. Tendency for the wire-wound slip rings to 

unwind from the shaft. 

An improved design is suggested in the detailed drawings 

in Plates KIII, XIV, and XV. 

The proposed torquemeter will correct several of the faults 

of the one which was built and tested, 

1. The proposed torquemeter is to be nearly six inches 

shorter than the original. The overall diameters are approxi- 

mately the same. 

2. The proposed torquemeter will be much lighter in weight 

since most of the parts are to be made of aluminum. 

3. It will be much easier to remove the shaft from the pro- 

posed torquemeter. This will make it possible to change the 

capacity more easily. The capacity of the torquemeter may be 

changed by making shafts which have different diameters in the 

torque measuring section. 

4. Silver bands butt soldered with silver solder are speci- 

fied for the slip rings instead of the scie soldered silver wire- 

wound rings. This is to eliminate the danger of the wire coming 

loose from the binding material on the shaft. The slip rings 

may be installed in much the same manner as were the wire-wound 

rings. 

It will be necessary to mount terminal strips on the shaft 

so the strain gage leads may be disconnected from the slip rings 

easily. These terminal strips may be secured to the shaft with 

Armstrong's A-1 cement. 

The tube upon which the slip rings are to be mounted must be 



EXPLANATION OF PLATE XIII 

Cross section of the proposed torquemeter design 

and silver slip ring details. 
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EXPLANATION OF PLATE XIV 

Detailed drawings of end plate and plastic 

wire support ring. 





EXPLANATION OF PLATE XV 

Detailed drawings of torque shaft, slip ring sup- 

port, and brush holder support. 
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keyed to the shaft at one end and free at the other end. This 

will prevent the tube from carrying any of the torque load. 

The wiring system for the strain gages is the same as for 

the original torquemeter. 

Surfacing and polishing techniques for the slip rings are 

also the same. 

The external electrical connection may be any type posi- 

tive-locking, four-conductor connector. 

CONCLUSIONS 

The data obtained from this study support the following 

conclusions: 

1. The torquemeter can be expected to give satisfactory re- 

sults at varying speeds and at torque values of not less than 

800 inch-pounds. If the torque is kept above 800 inch-pounds, 

the per cent of error can be expected to be less than 5 per cent. 

The torque value may be allowed to go up to 15,000 inch-pounds 

without damaging the torquemeter. 

The torquemeter gave satisfactory results at speeds vary- 

ing from 0 to 2,230 revolutions per minute. 

2. The soldered silver wire-wound slip rings gave no trouble 

except in construction. nIch difficulty was experienced in keep- 

ing the solder which held the slip rin ,s from melting when the 

strain gage leads were soldered to them. 

The ends of the silver wires have a tendency to come loose 

and protrude. This tendency caused no trouble, but the wire 
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might unwind completely in time. The wire should be held in 

place with silver solder instead of soft solder. 

Armstrong's A-1 cement gave excellent results as a binding 

material for the slip rings and as moisture-proofing material 

for the strain gages. It showed no tendency to soften or crack. 

3. The weight of the torquemeter was 39.5 pounds and the 

overall length was 18 inches. It would be a decided advantage 

if the torquemeter were shorter and lighter in weight. The pro- 

posed torquemeter design in Plates XIII, XIV, and XV is approxi- 

mately six inches shorter, and will be lighter because most of 

the parts are of aluminum. 

4. The iso-elastic wire strain gages were very satisfactory 

for the measurement of strain. 

5. From Fig. 15 it can be seen that the torque values ob- 

tained from a dynamometer and those obtained from the torque 

meter are in close agreement. These values were at the lower 

limit of the range of the torquemeter and at the upper limit of 

the range of the dynamometer. No percentage of error was cal- 

culated because the degree of accuracy of the dynamometer was 

not known. 

It would be an advantage if the capacity range of the 

torquemeter could be changed by changing the torque measuring 

section of the shaft. The suggested design win make this fea- 

ture possible. 

6. Results of this study Indicated that the torquemeter can 

be built for approximately 200 dollars, not including labor. It 

is estimated that labor costs would be around 60 dollars. 
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The measurement of torque in operating. machines has been of 

interest to engineers for many years. Many devices have been 

devised for the measurement of torque. 

It was the purpose of this study to design, build, and test 

a compact torquemeter for the measurement of torque in tractor 

PTO shafts, irrigation pump power shafts, and any other applica- 

tons to which the torquemeter may be adapted. 

The torque was measured by measuring the unit strain pro- 

duced in a round shaft under a condition of pure torque. iLith 

the unit strain it is possible to calculate the shear stress to 

which the material in the shaft is subjected, and with the shear 

stress it is possible to calculate the torque which produced it. 

The device used to measure strain was the SR-4 strain gage. 

The SR-4 strain gage is a small grid of fine wire which is ce- 

mented to and insulated from the test specimen. The wire used 

has the physical property of linear variation in resistance with 

change in length. When the test specimen is strained the wire 

which is cemented to it is strained an equal amount. With cur- 

rent passing through the wire it is possible to measure the 

change in resistance caused by the strain. With the change in 

resistance known, It is possible to calculate unit strain. 

It is known that a shaft subjected to pure torque suffers a 

stress condition of pure shear. -t can also be shown from Molir's 

Circle for stress that tension and compression stress_s act at 

an angle of 45 degrees from the direction of the shear stress. 

From this discussion it can be seen that the strain gages were 

mounted at 45 degrees to the axis of the shaft. The gages were 
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also arranged so that the effects attributed to bedding moments 

and axial loads on the shaft were canceled. 

A slip ring and brush arrangement was designed to transfer 

the signal from the rotating shaft to the .stationary recording 

instrument. - Silver graphite brushes working on silver rings 

were used. 

The torquemeter was tested by applying a static load with 

the shaft stationary. Within the operating range of the torque- 

meter the percentage of error was not greater than 5 per cent. 

The torquemeter was tested over a range of 300 to 6,000 inch- 

pounds of torque. The lower limit of the torquemeter range was 

found to be approximately 800 inch-pounds if the results are to 

be accurate. The torque may reach 15,000 inch-pounds without 

danger of damage to the torquemeter occurring. 

The torquemeter results were also compared to torque values 

obtained from a hydraulic dynamometer, and were found to be in 

close agreement. 

After the torquemeter was built and tested, a new design 

was proposed which would correct many of th.e faults which were 

found to be present in the original successful design. 




