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APPLICATION OF PULSE TECENIQUES TO STRAIN GAGES

By Newell D. Sanders and George H. Brodie

SUMMARY

Pulse techniques have been applied to strain gages for increasing
the output level and extending the useble range. Bonded and unbonded
strain gages which normally operate with exeiting potentials between
3.5 and 14 volts were operated satisfaectorily with 200-volt pulses of
l-microsecond duration and = repetition rate of 350 per second. Outb-
puts 15 times grester than normal outpubs were measured. A pulse-
generating circuit and a pulse-~detecting circult are described. An
analysis of pulsed coperstion of strain gages is given.

INTRODUCTION

Strain gages are convenlent and commonly used measuring devices for
producing electrical signels which are functions of displacements. The
convenience and simpliclty of such gages 1s offset to some extent, how-
ever, by the extremely low level of output signal. This low level of
output may, in some applications, impose extreme requirements regarding
stabllity and noilse level of amplifiers assoclated wlth the gage. Through
+the application of pulse teechniques, it may be possible to obtain ocutputs
of tenths of volts instead of the microvolts or millivolts usually ob-
tained. Considerable improvemernt in signal-to-noise ratio may result,
thereby permitting extension of the lower practical 1limit on the range
of loads which can be measured.

Reports of applications of pulse techniques to strain gages have
been recelved from various leboratories; however, no analysis or quanti-
tative report of results has been cbtained.

This paper presents an analysis and results of an experimental in-
vestigation of the application of pulse techniques to strain gege meas-~
urements. The experimental phase Included investligation of the response
of bonded and unbonded strain gages to high-voltage pulses of various
energy levels,; investlgation of problems connected with pulse power
supply and transmission lines, and investigatlon of problems connected
vith strain-gage output detection.
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ANALYSIS

A representative strain gage bridge will produce a maximum output
at full-scele deflection of approximstely 3 millivolis per volt applied
to the bridge. The output can be increassed, therefore; by applylng an
increased potential to the bridge. The applied potential is limited,
however, by the heating effects of the bridge current. A high-voltage
pulse of short duration may be used provided that the energy of the
pulse and the heat-storage capacity of the gage are such that excessive
temperature rise will not be obtained. In the pulse technique, the
maximum voltage will ususlly be limited by the insulation breakdown
vaelue. The meximim pulse duration will be limited by heating effects.
Minimum practical pulse duration is esteblished by tranemission problems
and unwanted coupling between strain gage Input and output circuits.

The pulse technique will be illustrated by a theoretical exemple
through application to an unbonded strain gage with the following charac-
teristics:

Active BYMS o « v v &« ¢ o o &« 2 o« o o s s s s s s s s s s s s 2 e . 4
Over-all resistance, ohms . . . ¢ ¢ o « s « « o o » =« « o« s s » o « » 90
Input potential, vOlEs . ¢ & ¢ ¢ ¢ ¢ v ¢« ¢ o o o s 2 o o o « & &« » T.2
Temperature rise, OF . . ¢ ¢ + ¢ & ¢« + & 2 s o 2 « o o « « o s &« « « BO
Wire size, dn. .« « ¢ ¢ ¢ ¢ ¢« ¢ ¢ ¢ 4 ¢ 4 e 4 4 e s e e s s e s s 0.001
Wirematerial « &« & o ¢ ¢ ¢ o ¢ ¢ ¢« o« o s s o s o« s a s » « » » Advance

Additional informstion needed in calculations:

Wire resistance per unit length, ohms/em . . . . « v ¢ . . . . . . 9.42
Wire weight per unit length, gfcm « « « « « « « « « & « . . . 45.2X10-6
Specific heat of wire material, calfgram °C R o T Ko

A pulse repetition rate of 350 cycles per secound is chosen because
of requirements of a special application for the pulsed strain gage.

The gage will be subject to high-voltage pulses of short duration
and of sufficient energy to bpring the wire temperature to 50° F above
ambilent. A cooling period will then be allowed to permit cooling of the
wire before another voltage pulse 1s spplled. Typlcal temperature
cycles are shown in figure 1. The average power over a complete cycle
is approximately equal to the power dissipated in normal operation with
direct current excitetion.

The first step in the estimation of the temperature cycle is the
estimation of-the cooling rate. The cooling rate is equal to the steady-
state heating rate, which may be calculated from the current and resist-
ance of the gage wire. The total bridge current is 80 millismperes and
the current through each arm of the bridge is 40 milliamperes. The
dissipation per centlimeter of wire is found from the current and wire
resistance of 9.42 ohms per centimeter as follows:
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9.42X(0.040)2 = 0.0151 watts/cm

When the current is turned off, hest continues to flow awey from the
wire at this rate until the temperature difference falls appreciably
below 50° F. The heat is supplied by the heat capaclity of the wire.
Phis heat cepacity 1s

Specific hest density heat capacilty
0.10 X 45.2x10-6

4.52X10~6 cal/em OC
19.3X10-6 joules/em ©C

The rate of temperature decrease is equal, therefore, to the guotient
of heat dissipation rete and heat capacity

Rate of temperature decresse = 0.0151/19.3X10-6

0.78° C per millisecond

1.4° F per millisecond

The slope of the cooling line in flgure 1 is selected to be 1.4° F per
millisecond. The repetition period corresponding to 350 cycles per
second is 2.86 milliseconds. The total cooling in the period is 4° F.
The heating pulse must, therefore, supply sufficient energy to heat the
wire 4° F.

The selection of heating pulse is simplified by first estimating
the temperature rise caused by a l-ampere pulse in the wire for 1 miecro-
second.

Resistance X current? X time
Wire mass X specific heat X 4,188

Tempereture rise =

g.42 X 1 X 10-6
45.2 X 1076 x 0.1 X 4.186

0.498° C/(amp?2)(microsecond)
& 0.9° F/(ampz)(microsecond)

The selected temperature rise is 4° F; therefore at 1 microsecond

I =44/0.9 = 2.1 emperes
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I 1s the peak current in zmperes through one arm of bridge. The re-
quired voltage across & 90-ohm bridge is 380. The voltage required for
other pulse duretions is shown in figure 2.

If-the gage will withstand 330 vdlts, the meximum effective pulse:
duration is 1.3 microseconds and the maximum bridge ocutput is (at
3 mv/volt) 1.0 volt.

At first glence, it might eppear that e pulse of such small dura-
tion as 1.3 microseconds would be dAifficult—to transmit because of stray
capacitances in the gage, caeble, and assocliated equipment: However, the
pulse 1s derived from a condenser (0.04 microfarad) which is large com-
pared to stray capacltances. An unbonded gage with 12 inches of shlelded
lead was found to have a stray capacltance of 85 micromicrofarads. This
small capacitance will reduce the pulse amplitude only six parts in
10,000. Bonded strain gages may have stray capacitance three times this
value. If the characteristic impedance of the ceble equals the gage
impedance, the aitenuation is only of the order of 0.2 decibel per 100
feet.

EXPERIMENTAL INVESTIGATION

In the initisl experiments it was decided toc use power supplies and
detection clrcuits which operate at 350 cycles per second and are capable
of producing pulse voltages up to 400 peak with effective pulse duration
of ebout 1 microsecond.

The selected pulse repetition frequency will permit faithful re-
cording from input signals with frequencies up to at least 35 cycles
per second.

The effective pulse duration 1ls defined as the duration of a rec-
tangular pulse whose peak smplitude and energy equal those of the actusal

pulse.

Equipment

Stralin gages. - Unbonded strain gages are frequently used in acceler-~
ometers and in pressure-measuring devices. Two commercisl pressure-
measuring gagee of this type were selected for pert of the investigatilon.
One bonded strain gage was also used in the program. All four arms of
the bridge were cemented to a siteel cantllever beam. Approximate charac-
teristics of the three units were as follows:
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Gage A B c
Maximum pressure, lb/in.2 5| 10| ~--
Meximum load, I1b -= | ===} 200
Bridge resistance, ohms 90 | 350 | 350

Recommended bridge potentlal, wvolts | 4.5 14| 12

Meximum output, mv/volt 3 3 3

Pulse supply. - A schematlc diagram of the pulse supply is given in
figure 3. The pulse is formed by the discharge of the 0.04-microfarad
condenser through a triggered thyratron. The bridge was coupled to the
cathode circult of the tube through a 1l:1 pulse transformer. The trans-
former obviates grounding one of the input terminals of the bridge. The
pulse-forming condenser was chaerged from a direct-current power supply
through & 22,000-ohm resistor. The trigger pulse was supplied from a
blocking oscillator driven by a convenient alternating-current source of
adjusteble frequency. The thyratron used was a 3D22.

The circuilt diagram shows two secondery windings on the pulse trans-
former. In the investigation reported herein, one secondary was con-
nected to the gage under test, and the other secondary wes connected to a
5l-ohm dummy load.

A split-stetor air condenser was connected across the transformer
secondary terminals to provide means for balancing the capacitative
coupling to ground. This adjustment permits a closer approach to a null
balance with the bridge than could be cobtalned otherwise. A potentiometer
wag also connected across the same terminals for improvement of the null
balance point.

Pulse detector circuit. - The pulse detector circuit (fig. 4) con-
sists of a voltage amplifier, a diode pesk detector, and a pulse stretcher
which is capable of holding the peak value of the pulse with negligible
loss for the period of 1 cycle. Near the end of each cycle, a "dunking"
circuit discharges the pulse-holding circuit in preperation for the
succeeding cycle.

Typlcal wave forms are shown in figure 5. It can be seen that the
output is essentially a direct-current signal with zero signal reference
level shown in each cycle. In most of the work described in this report,
the output was fed to a pen-motor type of recorder. Becsuse of the low
cut-off frequency of the pen-motor, the return-to-zero pulses did not
show in the records.
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The relstion of input to output of the amplifier portion is shown
in figure 6. The amplification factor corresponding to the slope of the
line is 7500.

RESULTS

Meximum allowable voltages - The 90-ohm unbonded gage was subjected
to a series of tests in which applled pulse potentials were progressively
increased while effective pulse duration was maintained fixed at 1 mlicro-
second. A typical pulse trace is shown in figure 7. At pulse potentiels
between 120 and 300 volis, the gage operated with no sign of deterloria-
tion for continuocus periods of 8 hours. Although precise measurements
of gage sensitivity were not made, visual observations of oscilloscope
traces did not show chenge in the relstion of gage input to output. The
zero setting of the gage was likewise unchanged.

The tests were terminated when the dummy load on the transformer
was inadvertently disconnected, which allowed the pulse voltage to rise
t0 values approaching 400 volts peak and the pulse duration to Increase.
Several hours of operation under these conditions resulted in a permanent
shift of the balance point of the gage. The shift In balance polnt was
approximately 15 percent of the full ocutput of the gage. Visual inspec-
tion of the gage elements falled to reveal cbvious demage, and except
for the unusually large zero shift, the gage appeared to retain normsl
sensitivity. The damage may have been the result of over-heating rather
than flash-over or insulsation break-down. '

Effectlive pulse duration. ¢ Most of the investigation was conducted
with pulse samplitudes and durations shown in figure 7(&). Maxlimum voltage
was approximately 190. Figure 7(b) shows how the effective pulse dura-
tion was estimated. The ordinate is the instantaneous power (EZ/R) for
the wave shown in figure 7(a). The duration of the rectangular pulse was
chosen such that its area equals the area under the curve for the actual
pulse. The effective duration was approximately 1 microsecond. The
energy of a single pulse was approximately 540 microwatti-seconds. At =a
repetition rate of 350 per second, the averasge power was close to 0.2
watt, a value well within the rating of the gage.

Sensitivity. - The sensitivity of a strain-gage bridge when excited
wilth short-duration pulses 1s expected to be lower than the sensitivity
when excited with direct current becasuse of the shunting effects of the
internal cepacitances within the gage. The cantilever beam with bonded
strain gage was found to have a direct-current sensitivity of 3.04 milli~
volts output per volt of excitation potential with full load applied to
the beam. When pulses having 190~volt amplitude and l-microsecond effec-
tive duration were applied, the gensitivity dropped to 2.4 millivolte
output per volt of peak excitation potential with full load applied to
the beam. This loss of sensitivity is not considered to be serious pro-
vided adequate calibration procedures are followed.

3255



qgee

NACA RM E54B08 7

The sensitivity of unbonded strain gages was not checked, but be-
cause these gages have lower capacity to ground than do the bonded gages,
the sensitivity when excited with short pulses is expected to be close
to the direct-current sensitivity.

When the emplitude of exeiting pulses was 210 volts, the output sig-
nal at full load was 0.48 volts. This ocutput is 15 times greater than
the output usually obtained wilith direct-current excitation.

Minimim readable signal. - The readebility with small signals was
investigated by loading the cantlilever beam and sirein gage with l/ 2
percent of rated load. The output signal was recorded on a commercial
pen-motor type of recorder. The record is shown In figure 8. The gain
of the amplifier was adjusted to produce approximately 0.8 of full-scale
deflection with this load. The recorded trace is clear and free from
noise, The record can be read to approximately 1/50 of the deflection
produced by the l/ 2 percent load. It is concluded that the readability
is 1/100 percent of full scale. Although the electronic circuits are
believed to be capable of further extenslon of the readsbility, such
extension is probebly not warranted because of limitations imposed by
hysteresis and drift in the gage itself.

Effects of cable capacitance and inductance. - The gages used in
the tests were connected to the pulse source with 60-foot cables in order
to simlate conditions under which such a straln-gage system might
actuaelly be used. The power input line consisted of two 70-ohm coaxial
cgbles used as a balanced tTrensmission line. The ocutput from the gage
was fed to the detector through & single coaxial cable of similar type.
Changing the length of the power ceble requires a slight readjustment
of the balance cilrcuits associated with the pulser output transformer.
The two 60~foot cables between the power supply and the gage Introduced
& S5-percent loss of pulse amplitude.

A bonded strein-gage bridge was substituted for the unbonded +type.
The significant change in the amount and distribution of the stray
capacities to ground made necessary the addition of a capacity bridge
across the strain-gage bridge terminals in order to cobtain a good null
balance. Once set, mica trimmer condensers used for the bridge balancing
needed no further adjustment. A conventional-type direct-current balance
control was added at the same time and the whole system enclosed in a
small metal box for shielding and rigidity.

Sensitivity to external noise. - The system was found to be rela-
tively lmmune to electrical disturbances. However, at high gains (l/ 2
percent of load for full output deflection) a coded electrical paging
system in the building produced signals which were picked up by the
emplifier and recorded. An example of such a record is shown in fig-
ure 9. This noise did not affect the readsebility materially.
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Linearity. - The linearity of the complete recording system is
shown in figure 10. The bonded strain gage and cantllever beam were
used in this calibration. Earlier calibrations showed nonlinearity
close to the balance point of the bridge, as might be expected. Linear-
1ty in figure 10 was obtained by electrically off-setting the belance
point an amount equivalent to 1/4 vercent of the full load of the beam
and off-setting the recording pen a like amount in the opposite direc-
tion to give zero deflectlon at zero load.

GENERAL DISCUSSION

The experiments just described do not establish the limite on the
pulse technique of strain-gage measurements. The maximum allowable
pulse voltages have not been determined. Nelther hss the maximum pulse
duration as determined by gege heating been found. It is belleved that
the amplifier gain could be increased considerably before noise would
meke further increase unprofiteble.

The pulse repetition frequency of 350 cycles per second was chosen
with a particuler epplication of the equipment in mind. However, it
has been found that the equlipment will work at repetltion frequencies
from 60 to 700 cycles per second.

The pulse technique 1s especially adventageous with low-resistance
(90 ohms) bridges because the output signals contain more power than in
the case of high-resistance brldges, and transmission over coaxlal
cables having matching impedance 1s convenient.

Experlence with strain geges leads to the suggestlon that pulse
technigues might be applied to varisble reluctance and differential
transformer types of transducers.

CONCLUSIONS

The analysis and experiments reported herein show that high-voltage
pulses in the order of 200 volts may be applied to low-voltage (10 volts)
strain gages provided the duration and repetition rate of the pulses are
limited to avopld overheeting of the geges. Output signals are approxi-
mately 15 times greater than those ordinarlly obtained. The short pulses
(1 microsecond) do not introduce difficult problems in transmission,
amplification, and detection.

The partlculer pulsed strain-gage system described herein provided
readability to l/lOO of 1 percent of full scale without observeble noise.

Lewis Flight Propulsion Laborsgtory
Netional Advisory Committee for Aeronautics
Cleveland, Ohio, February 9, 1954

3255



Temperature differential, °F

(vl

3355

60
50
S

Coolling line
40
%0 4 Repetition pericd
20
10
0 2 3 4 5 8 7

Time, milliseconds

Figure 1. - ftrain-gags Lemperature cycle.

80HFSHE WI VOVH

[4s]



Peak potential, vclie

1000

600

400

200

100

S

.2

4 .6 .8 1.0 2 4 6 8 10
Effective pulse duration, mioroseconds

Figure Z. - Relation of allowable pulsse duration 40 pulse helght. FRridge
reslstance, 90 ohma; frequency, 350 cycles per second.

- ggzg

0t

SCHPSHE W VOVN




Positlve
trigger

Input

30 to 50V
1-microsecond
duration

at 350 cpa

" CB~-2 bagk - 3255

B+
230 to 500V

22K

S0gFSH WH VOVN

0.001ppf
82K 0=100ppt OuEﬁut to
Split M gtrain gage
- 6.37 stator = o
60 cps
518
Negatlve
bilas voltage
1 1P17
aZg to 45V - Woeatinghouse

Flgure 3. - Pulse powsr supply.

TT




f Anplifier

U

Dunking pulse Inpu'b-\|

P
0.01 |

A1l remistors 0.5W unlses noted - '

Figure 4. - Pulase amplifier and atretcher.

G52%

t,ector—r'— Pulae stretchar——l

gl

BOEFSH W3 VOVN




NACA RM E54B0O8

3255

Bridge output

"Dunking" pulse

|

Detector output l N\ [\\\\\\\\\\-—-—__-

Output signal

1 1
«————— 2860 miocrossconds — eve

Time

e ————

Figure 5. - Wave forms.



14

80
60

m

]

—t

[}

>

IS

B a0

[0}

£

[»]

o=

pa

—

&

g 20

NACA RM ES4B0OS

e

P

8 8 10 12 14
Gage output, millivolts

Figure 6. - Relatlon of amplifier output to Ilnput.

eaee



3255

NACA RM ES54BO8

Potential, volis

N

N

0 2 4 6

Instantaneous power, watts

15

400

-

Effectlive power
pulse

300

200

T

100

N

0

Time, microseconds

(a) Potential applied to bridge
terminals,

Figure 7. - Actual and equivalent effective pulses,

2 4

(b) Pulse power.



Figure 8. - Readability at small loads, Loed, % percent of full lced.
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