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INTRODUCTION

In the fields of experimental mechanics, design, and
environmental testing of equipment, there is a continual need
for the knowledge of the acceleration of a particular point,
surface or body. To permit the desired information to be
obtained experimentally, numerous forms of acceleration trans-
ducers have been designed, calibrated and used. Of these
numerous types, the piezoelectric accelerometer has been the
subject of concentrated study and use during the past ten
years.

The sensing element in a piezoelectric accelerometer is
a piezoelectric element. The voltage potential between the
two surfaces of a piezoelectric crystal is proportional to the
pressure on the crystal, and if a small mass is mounted on the
crystal and the unit subjected to an acceleration, the force
on the crystal will in turn be proportional to the accelera-
tion (Newton's Second Law). This results in the voltage be-
tween the faces of the crystal being proportional to the accel-
eration of the mass above. Of course, the above represents a
simplified description, and there are refinements made in the
actual construction.

After an accelerometer of this type is made, the sensi-
tivity must be determined in order that the acceleration may

be related to voltage output. This calibration of accelerom-

eters may be done in several ways.

One common method is to excite the accelerometer with






.

sinusoidal motion. The motion is usually obtained with an elec-
trodynamic shaker, a piezoelectric shaker, or a vibrating

beam. Difficulties encountered in this method of calibration
are the measurement of amplitude with sufficient accuracy and
obtaining true sinusoidal motion, i.e., no distortion or var-
iation from rectilinear motion.

The reciprocity method of calibration is also used for
piezoelectric accelerometers, and it also results in a sensi-
tivity determined under steady state motion. The method re-
quires a vibration generator, but it does have the advantage
in that no mechanical quantities must be measured, only elec-
trical quantities. 1Its disadvantages are that three distinct
experiments must be performed, and the computations are more
involved.

Another method used by manufacturers of commercial accel-
erometers is the comparison technique. The output of an ac-
celerometer which has been carefully calibrated (possibly by
the reciprocity method) is compared to the output of a pro-
duction unit while they are experiencing the same motion, and
the sensitivity of the production model found from a ratio of
the voltage outputs. Again, the type of motion is sinusoidal
Examples of the way two accelerometer manufacturers furnish
calibration data are given in Table I page 3.

When the experimenter uses the accelerometer for deter-
mining accelerations occuring during a transient phenqmena,
he must make twé éséumptioﬁs? 1.) the accelerometer will have

the same sensitivity for the transient phenomena as for the
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Table I

Typical Manufacturer's Calibration Information

Endevco Accelerometer Model 2211, Serial No. 6799.

Output in Peak mv/Peak G Esg
Output in RMS mv/Peak G (E

Accelerometer Capacity in ulf (cC_)

Output in Peak uu cmbs/geak G
Eg(C, + 100) x 10
Maximufa TPansverse Sensitivity

100 uuf total external capacity
for all sensitivity calibration

Frequency 20
Sensitivity 1.0

50

100 200 400 1000
0.0 4.8 3.0 B0 &P

13.6
9.6
570

9.11
3.6%

2000 4000
4.0 1.9

Columbia Research Laboratories Accelerometer

Model 51Z, Serial No. 13%08.
Crystal Capacity: 200 uufd Weight
Cable Capacity 170 uufd Housing
Resonant Freq. 100 kc

Useful Range
Accel. Range
Calibration Temp.

Temperature Range:

2 cps to 35 kc
655 G to 40 kG
2

-40° to 100%

: 5.5 gms
: Stainless Steel

Mounting Stud: No. 10-32Z
Date Calib: 2-11-59

Measurements made at 1 G peak, into 5000 megohm

resistance,

Calibration Data

Steady State

Freq.,cps : 50 100 200 300 400 500 600 700 0 800 1000
Sens.,mv/b: 8.9 8.9 8.5 8.6 8.9 8.7 8.2 8.2

1200 1400 1600 1800 2000
9.0 s 8.T 2.4 8.5

8.4 9.0
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steady state motion for which it was calibrated, and 2.) the
accelerometer will have the same sensitivity for an arbi-
trarily shaped pulse as it has for a sinusoidal pulse.

The thought that these two sensitivities might be differ-
ent resulted from discussions with other people working in
experimental mechanics and from personal experience. There
seems to be general agreement that data on transient phenom-
ena taken with piezoelectric accelerometers are usually
suspected of large errors.

A study of the literature showed that several methods
of calibrating accelerometers for transient phenomena have
been used by other investigators. Each particular method had
limitations. For example, one method resulted in a high fre-
quency ringing of the accelerometer which necessitated the
use of an electronic filter, and in addition, it only compared
the output of one accelerometer to another. No effort has
been made to control the waveform to determine the effect of
shape on sensitivity. Most of the methods were based on the
equation V2-v1 = [tzadt To use this equation requires the
assumption that acéelercmeter output be proportional to accel-
eration, which may or may not be valid under transient con-
ditions.

This thesis was undertaken to accomplish the following:

1. A check of the assumption that sensitivity of piezo-

electric accelerometers for steady state sinusoidal
motion and transients are the same.

2. Determination of the effect of pulse shape, period,
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and peak acceleration on the transient sensitivity.

%, A check of the assumption that accelerometer output
is proportional to acceleration for a specified
range of pulse shapes, periods, and peak accelera-
tions.

4, Recommendation of a method of calibration of piezo-

electric accelerometers for transients.

Items 1 and 2 above were done by experimentally deter-
mining the transient sensitivity of two commercially avail-
able accelerometers, and item 3 by a careful study of the
calibration data.

There are an infinite number of transient acceleration
pulses which might occur, and for this reason, certain limi-
tations must be placed on those used in this investigation.
Certain variables required to describe a pulse will be con-
trolled. The variables to be controlled for the purposes of
this investigation were shape, period, and peak acceleration.
The shapes to be used in the test work Qere the half sine,
sawtooth, and square wave. The range of periods and peak
accelerations used was selected to cover the range most fre-
quently encountered by investigations in the field of envi-
ronmental testing, i.e., periods from 1 ms to 30 ms, and peak
accelerations from 25 G to 2000 G. The range of periods has
been intentionally selected to be well within those for which
the assumptions of rigid body mgqhanics are applicable,

» The éccelérdmeters used in this investigation were the

Columbia Research Laboratory accelerometer Model 512, Serial
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Number 138, and Endevco Corporation accelerometer Model 2211,

Serial Number 6799.
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LITERATURE REVIEW

Calibration Using Sinusoidal Motion

When an accelerometer is calibrated while experiencing
sinusoidal motion, the methods differ only in the method used
to obtain the motion and measure the amplitude of vibration.

A literature search has been made to determine the amplitude
and frequency range covered using the various methods of
excitation, and the degree of accuracy of calibration for
these various methods. Also of interest is the peak acceler-
ation used in the calibration methods.

Tyzzer and Hardy (1)* calibrated several accelerometers,
identified only as 75 G, 200 G, and 500 G instruments, using
a vibrating beam to obtain the motion. The steel free-free
beams, having a 2" x 2 1/2" cross section, were excited by an
electromagnetic driver, and covered the frequency range from
400 to 2000 cps. The amplitude was measured with strain gages
cemented to the beam on the upper surface, and with a micro-
scope having a calibrated reticle. The microscope was focused
on a beam of light which was reflected by graphite particles
cemented to the surface of the beam. Magnification of 100x
was obtained this way. The strain gages were calibrated by
measuring the displacement of the bar with the microscope.

The strain gage instrumentation also permitted the measurement

of phase angle, which was of interest since thg accelerometers

*
This notation will be used throughout to indicate ref-
erences as listed in the reference section.
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tested had internal damping.

The amplitude measurement error was stated to be
+0.2 x 10°° cm, which corresponds to an 8% error at 2000 cps
for 200 G's, the approximate maximum obtainable with this
device. The frequency error of the oscillator used was 10.2%.
The total error in calibration was not estimated, but other
errors would include voltage meter error and reading error
for voltage and frequency.

Zeigler (2) calibrated several piezoelectric accelerom-
eters by obtaining the motion with a piezoelectric shaker,
and measuring the vibration amplitude with a Michelson- inter-
ferometer. The frequency range covered was from 250 to 7000
cps, and the amplitudes reported were up to 30 microinches
at 4180 cps. This corresponds to a maximum acceleration of
54 Gl's, The sensitivity of one accelerometer was determined
by measuring the amplitude with a microscope and an inter-
ferometer. The results agreed within 0.6% for amplitudes of
0.980 x 10> and 0.490 x 1072 inches. The amplitude response
curve of one accelerometer (pickup voltage vs. vibration
amplitude) was determined for several frequencies, and was
linear for the range covered. The overall accuracy of the
work was estimated at 5%.

vates and Davidson (3) designed a non-loading displace-
ment transducer and vibration generator (to permit observa-
tion of signal from the transducer) for use in the cal;bxat;op
| 6fvvibrétion pickups;. The taﬁge of displacements which could

be measured was 0.0l inches to 100 microinches, for a band
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width of 10 to 20,000 cps, and 10 microinches from 60 to
10,000 cps. These values cover an acceleration range from

2 x 10'u

G to 40,000 G. The probe produced a voltage propor-
tional to the probe to surface separation. The signal was
chopped, amplified, and read on a stabie vacuum tube volt-
meter. The accuracy of the displacement measurement was
stated to be within 5% of full scale. Displacement readings
had been compared to displacements measured using a strobo-
scopic illuminated microscope over the frequency range of 20
to 2000 cps, and found to agree within this tolerance. This
instrument was not used to calibrate accelerometers over the
range of its stated capabilities, since there are no known
shakers of any type available to cover that range.

Rosenberg (4) describes an electrodynamic shaker, circa
1953, having the following specifications:

Load capacity: 5 grams

Frequency capability: 100 to 10,000 cps.

Acceleration level: 20 G.
These capabilities are representative of the range which may
be covered with shakers, and they illustrate why the device
designed by Yates and Davidson does not permit calibrating
accelerometers over its stated range.

Another method of measuring the amplitude of vibration
was devised by Sulzer, Smith, and Edleman (5). This method
makes use of a stroboscope and microscope, as had been used
'by others...Howevér; improveﬁents were made, Normally this

method is satisfactory only to about 800 cps. Above this, the
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period of the flash becomes so long that'the image becomes
fuzzy. Also, the flash does not occur once for each cycle.
The limitation on the frequency is removed with a specially
designed circuit for the stroboscope which makes the flash
duration proportional to the period, and fires the flash tube
once for each cycle. The phase of the flash is changed with
a toggle switch, permitting the double amplitude to be deter-
mined. It is stated that this device may be used for fre-
quencies to 10,000 cps.

The use of the above described device for the calibration
of piezoelectric vibration pickups is described in a paper by
Edelman, Jones, and Smith (6). The frequencies for which
these measurements apply is not specified, but it is stated
that peak to peak vibratory displacement measurements were
made from 0.2 cm to 6 x 107% cm by direct viewing. A Fizeau
interferometer was used for determining amplitudes at moderate
and high frequencies, and the error claimed was "considerably
less than + 5%." The frequency range covered in this work was

50 to 11,000 cps. An electromagnetic shaker was used to ex-
cite the accelerometers up to 500 cps, and above this fre-
quency, piezoelectric shakers were used. The calibration curves
for two barjum titanate accelerometers were given, and for
the above mentioned frequency range, the sensitivity variation
was from 2.3 to 2.8 mv/G on one, and from about 3.2 to 3.6
mv/G on the other. Both were essentially linear. The authors

418 note that the bérium titanste shakers were not consistést .

That is, a frequency for which the shaker gave clean sinusoidal
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motion one day, would give distorted motion on another day,
or possibly it might cause the shaker to operate at one of
its flexural modes. This was attributed to variation in
temperature and/or history.

The stroboscopic interferometer method of amplitude
measurement described in the previous reference and its use
in calibration of vibration pickups is further described in
reference 7. The light used in the Fizeau interferometer had
a wave length of 5876 A. The shaker consisted of a stack of
barium titanate rings having a 6" o.d. and 2" i.d. To deter-
mine the amplitude of vibration, the excursion of a fringe
and the distance between fringes were measured with a filar
micrometer. This permitted the determination of the double
amplitude as some fraction of the wave length of light.
Double amplitude measurements were made from 284 A at 108 cps
to 651 A at 20,000 cps. Recognizing that one Angstrom unit
is 10‘8 centimeters, the G range may be computed. It was
1.33 x 1072 G at 108 cps to 105 G at 20,000 cps. Maximum and
minimum amplitudes were 808 A (3.2 microinches) at 10,000 cps
and 247 A (0.98 microinches) at 2292 cps. For any frequency,
the results were stated to be within & 0% .

Manufacturers of commercial accelerometers occasionally

give information on sensitivities at temperatures other than

ambient, as does Endevco Corporation (8). The temperatures

dven cover ranges from -100°F to 500°F. For their type II
crystal, the‘sénsitivity deviation over this range was O to

-3%. Their type I and III crystals had variations in sensi-

tivity up to 12% for smaller ranges in temperature.
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Sensitivities of several unidentified commercial accel-
erometers were determined in simulated space environment by
Keast (9). Three accelerometers were tested at a pressure of
o b 10'5 inches of mercury absolute for a frequency range
from 20 to 70 cps, at a G level of 0.5. The motion was sinu-
soidal, and the amplitude was measured using a microscope
with a calibrated reticle. The sensitivities for the accel-
erometers were down 6% to 16% from the values at atmospheric
pressure, but were essentially constant for the frequency
range covered.,

Tests were also run on two of the above accelerometers
at temperatures down to -320°F. This was done by insulating
an accelerometer with fiberglass and aluminum foil, immersing
in liquid nitrogen, removing and mounting on a shake table,
and then determining the sensitivity at a constant frequency
as the unit warmed. This was done for frequencies of 30, 50
and 100 cps. A plot showed the sensitivity was independent
of frequency, and that sensitivity rose gradually as temper-
ature dropped to about O°F, was approximately constant from
0% to -200°F, and then dropped fairly rapidly from -200°F
to -320°.

Reciprocity Method of Calibration

The methods of accelerometer calibration described in
the previous section require a vibration amplitude measure-
ment. This amplitude becomes quite small for the high fre-

qtehcieé, and consequently becomes quite difficult to meas-

ure accurately.
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Trent (10) devised a method of calibrating electrome-
chanical pickups based on the results of three experiments
which do not require the measurement of oscillating mechan-
ical quantities. To perform this calibration, two linear
transducers are required, and one of these must be bilateral.*
Piezoelectric accelerometers are bilateral, so this method
may be used for their calibration.

The first experiment which is performed is to use a vi-
bration generator to subject the two transducers to the same
motion. The voltage output of each accelerometer is measured,
and the ratio of the sensitivities determined.

The second experiment consists of rigidly connecting
together the mechanical sides of the transducers. In the
case of piezoelectric accelerometers, the bases are clamped
together. The bilateral transducer is excited with an alter-
nating current, and the resulting voltage from the other
transducer is measured.

For the third experiment, the mechanical side of each
transducer is rigidly connected to opposite ends of a known
mass. The bilateral transducer is again excited with an al-
ternating current, and the resulting voltage from the other
transducer measured.

Using these electrical measurements, Trent has shown

that the sensitivity of a transducer on which the voltage

& _ : i
A bilateral transducer is one which functions conven-

iently (tranduces) in either direction. 1In the case of an

accelerometer, an acceleration at the mechanical side produces

voltage at the other side, or a voltage at the electrical

side produces an acceleration at the mechanical side.







EYS

output was measured in experiments two and three, may be

determined with the following relation:

e iR oM
i sl T (1)
e |

wheres S' =acceleration sensitivity ratio of open circuit
voltage to acceleration (directed inward at its
mechanical terminal).
]

—%r =ratio of voltage outputs of transducer being
calibrated to bilateral transducer. Determined
in first test.

Ii =current driving bilateral transducer, second test.

Ei =voltage output of transducer being calibrated,
second test.

Ié =current driving bilateral transducer, third test.

E% =voltage output of transducer being calibrated,
third test.

joM=mechanical admittance of known mass used in third
test. '

If phase of the sensitivity is of no importance, the
magnitude only of S§' may be determined by using the absolute
values of E and I during the test, and dropping j. The units
to be used for the quantities in the equation are meters,
kilograms, seconds, volts and amperes,

Harrison, Sykes, and Marcotte (12) used the method pro-
posed by Trent to calibrate two Massa piezoelectric accelerp-
meters, Some of the difficulties encountered in the experi-
mental technique include 1) the measurement of signals in the
order of microvolts in circuits which are‘only a few inches

from circuits with hundreds of volts impressed, 2) covering
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the entire frequency range with one driver accelerometer, 3)
obtaining a large difference in

] ;
Ié Il] with a rigid body between the accelerometers,
E

2 1
and 4) fastening the accelerometers rigidly to one another
and to the mass.

Difficulties one and two above are related, since the
low output of the accelerometers occurs at the low fre-
quencies, and high voltages are required on the driver
accelerometer to increase the G level. The result is an
undesirable signal to noise ratio. To eliminate this, a
larger barium titanate cylinder was used below 250 cps.
This permitted an acceptable signal to noise ratios to be
obtained to 100 cps.

The third difficulty is encountered since the quantities

1 ]
E& and 71 must not be nearly the same, or large error will

: R |

be introduced in the results. To obtain a large difference
in these quantities requires a large mass to be used in the
third experiment, and when this is done, the mass fails to
act Aé a rigid body. Harrison, Sykes, and Marcotte considered
the wave motion in the mass, and obtained a correction factor
of cos WL to multiply E% by. In this factor, L is the length
of the ;ass, and ¢ is the wave velocity in the mass. It is
pointed out that this cqrrection factor may not easily be
determined, since ¢ varies when the wave length approaches
the same valwe as the diameter of the bar. These experi-

menters used a mass of about 0.5 kilograms and stated this
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caused a 5% error at 10 kc,

The fourth difficulty was partially caused by accele-
rometer bases which were not flat. Correcting this shifted
one accelerometer resonance from 8 kc to 12.4 kec. Nonrigid
connections between the accelerometers and mass at the high
frequencies also contributed to this difficulty.

The two accelerometers had a sensitivity vs. frequency
curve which was essentially flat from 250 cps to 2000 cps,
and then there was a gradual rise to about 7000 cycles, at
which point the slope became quite large to the peak. It
is stated that the calibrations are correct to 8% for the
part which is flat.

The above work with the Massa accelerometers was
continued by Stowe and Bort (12). They stated the accuracy
of the calibration at low frequencies (below 1000 cps) had
been improved thru better instrumentation and refined
techniques. The error was reduced to 2%, and since this was
for low frequencies, it was possible to obtain a check of
the results by an independent method, i.e., measuring
amplitude of vibration and frequency. The error at 10 kc
was said to be 6%. At this frequency there was no way to
obtain an independent check. However, Zeigler (3) used a
stroboscopic interferometer method on the same type of
accelerometers, and his data agreed to 6 kc.

Levy and Bouche (13) also used the reciprocity method
for calibration of a variable resistance type accelerometer
and a piezoelectric type. The frequency range covered for
the piezoelectric transducer was 30 to 5000 cps. In this

range, the sensitivity increased linearly from about
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0.014 volts/G at 30 cps to 0.018 volts/G at 2000 cps. At
2000 cps, the slope of the curve became steeper. This
calibration was conducted at a nominal acceleration level
of 2 G's., Difficulties were essentially the same as those
previously mentioned.

Transient Response Theory

Levy and Kroll (14) determined the theoretical response
of a seismic mass type accelerometer to transient accelera-
tion pulses having shapes of half sine, triangular, and
square, This was done by solving the equation of motion
for a seismic mass m which is suspendended in a case by
spring k and dashpot ¢, when the case is subjected to the

transient pulse y(t). This equation of motion is:

2 2
d°x + c dx + k x=- d ¥ (2)
ae’ nd = at

To make the results of the solution to this equation
more useful, it was placed in non-dimensional form, using
such quantities as the critical damping coefficient cc,
pulse duration, accelerometer period, peak acceleration of
applied pulse, etc.

This equation was solved numerically for ratios of
c/e, of O, 0.4, 0.7, and 1.0, and for ratios of accelerometer
period to pulse duration of 1, 1/3, and 1/5. The results
were plotted to show how closely the acceleration of the
seismic mass agreed with the transient acceleration appiiéd'

to the case. The curves vividly show the poor agreement

when ¢ is zero (which is approximated by piezoelectric
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accelerometers) and how the general trend is toward better
agreement as c/'cc is increased to 0.7, and the period of the
pulse is increased. It is concluded that to obtain accuracies
of better than 5% of the peak acceleration, for the shapes of
transients studied, the accelerometer must have a natural
period less than one third the pulse duration, and damping
between 0.4 and 0.7 of critical.

Rubin (15) extended the work of Levy and Kroll by con-
sidering criterion for design and selection of accelerometers
for transient measurement other than fidelity of indicated
pulse to applied pulse. He proposed that the criterion used
be: "response spectrum of accelerometer output to be an
undistorted version of the response spectrum of the transient."

This would include the requirement that the magnitude
of peak accelerometer response be the same as peak value
of applied pulse, and that there be an accurate reproduction
of the area under the velocity time curve., An electric
analog was used to determine response curve for a half sine
and triangular pulse., These response curves included peak
response/peak input acceleration, peak amplification of
response/peak amplification of input, and response
impulse/input impulse, each plotted against the response
period to pulse duration ratio. Levy and Kroll's work agreed
well with the first of these two curves. The third curve
(not determined by Levy and Kroll) shows that if only the
impulsive nature of the transient 1s.desired, the»accelero-
meter natural frequency need not be as high td obtain a

desired accuracy as for the other two requirements.







&89

He states that any transient can be considered as a
superposition of continuous distribution of frequency
components, and that the steady state behavior of the
accelerometer determines how it alters these components.
For accelerometer design and selection for transient
measurements application of the peak value criterion only
will not necessarily result in one having ideal character-
istics over the largest frequency range. An example where
his requirement for accelerometer selection would be
important is in the determination of response of structures
to transients., An example where the peak value criterion
is useful is when the item responds in a static manner to
the transient,

He concludes that to meet his proposed "spectrum dis-
tortion criterion" that the accelerometer have 0.6 to 0.7
critical damping and the accelerometer period be less than
0.4 of the period of the sharpest pulse in the transient for
5% accuracy.

Calibration for Transients

Conrad and Vigness (16) determined the sensitivity of a
barium titanate accelerometer for transients using impact
techniques. They obtained the transients using both a bal-
listic pendulum and a drop tester. The accelerometer output
was assumed linear with acceleration, and the sensitivity was
determined from the relation Avtkdt;

The change in velocity due to impact was measured on

the ballistic pendulum in two ways. One way was by
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interrupting a beam of light focused on the sensitive
element of a phototube with a light grating attached to the
pendulum on which the accelerometer was mounted. The signal
from the phototube was recorded simultaneously with the
accelerometer signal, and the change in velocity determined
from the known distance between the slots in the grating
and the sweep rate of the oscilloscope. Another way was

to compute it from data taken with a maximum displacement
indicator on the pendulum. The second way was preferred
due to its simplicity, even though there were errors due

to energy losses (wind, cable friction, etc.).

The change in velocity during impact on the drop tester
was determined as the sum of the impact velocity and rebound
velocity, and each of these was determined from the time re-
quired for a contactor to pass over a sensitized area near
impact.

Considerable difficulty was encountered with high ampli-
tude, high frequency components which obscured the rigid body
motion component. On some data, this was attributed to the
travelling wave in the anvil. A filter with 5 kc cutoff was
used on several runs to eliminate noise. For identical drop
conditions, this was found not to affect the accelerometer
sensitivity, even though it lowered the peak acceleration
reading by factors of 2 and 5 (on the data reported). The
sensitivity was not affected since the area under the unfil-

tered and filtered signal was the same.
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The range of pulse durations covered in this work was
0.35 ms to 2 ms. Peak accelerations to 7000 G were obtained.
No consideration was given as to pulse shape or duration.

It is stated that the sensitivities as determined on both’
machines agreed within 5%, and that the sensitivities also
agreed within 5% to those obtained with sinusoidal motion.

Perls (17) used an impact method to determine an
accelerometer sensitivity up to 12,000 G's. To obtain these
high accelerations, the unmounted accelerometer was allowed
to swing through an arc and contact an anvil. The method
of computing sensitivities was essentially the same as
that used by Conrad and Vigness. The differences were that
the change in velocity was computed from the measured arc
during fall and the measured arc during rebound. The area
under the acceleration-time diagram was determined by
electrical integration. The rebound arc was determined
from observation at point of zero velocity.

Perls plotted accelerometer sensitivity vs. peak
acceleration. There was considerable scatter. However, the
best average sensitivity was the same as determined by
sinusoidal excitation at +1 G, 20 cps. Pulse durations en-
counteréd during this test were from 40 to 200 microseconds.

Other tests were run on this accelerometer (Type OBI-14)
to determine its linearity at high compressive loads, which
is assumed to be equivalent to high accelerations. The

ldomptessive force between the seismic mass and crystal was

varied by changing the torque on the screw which held the







il

mass in place. The compressive force was determined from
the torque measurements. At several values of compressive
force, the accelerometer sensitivity was determined at 11 G.
The results were plotted as "% of Response atl250 1b. Force"
vs."Compressive Force." Knowing the seismic mass, it was
possible to show that thisvcrystal was linear to +25,000 G,
within about 1%.

Perls and Kissinger (18) continued the work of calibra-
tion at high G levels to check factors other than crystal
output linearity for high compressive loads. These factors
were possible accelerometer non-linearity resulting from an
increased output as the pulse duration approaches the natural
period of the accelerometer, and a possible mechanical fail-
ure of the transducer or cable. Since high G's are normally
obtained only for very short pulses, non-linearity from the
first of the above mentioned factors could show up in these
tests. These tests also gave a check on the linearity and
characteristics of the electronic equipment for high ampli-
tude high frequency pulses.

Several methods wpte used to obtain the high G levels.
The ballistic pendulum was useful in the range of pulses
having accelerations from 150 to 8000 G's, and durations from
40 microseconds to 1 millisecond. The pulses were also ob-
tained by using an air gun to fire a projectile into a small
target on which the accelerometer was mounted. ©Duration from

25 to 800 microseconds were obtained, and the accelerations

obtained were low.







Pulses were also obtained by rolling a ball down an in-
clined trough into an accelerometer, or an object on which
an accelerometer is mounted. This method gave pulse dura-
tions from 18 microseconds to 2.5 milliseconds, and accel-
erations to 4000 G's.

Data from tests conducted in the above ways was reduced
using the equation AV =J§dt, and the integration was per-
formed electrically.

The accelerometer used in the tests was an NBS-33-14
piezoelectric type. Test results which were reported in-
cluded peak G's as high as 48,000. It was stated that the
accelerometer became non-linear at this point. A zero shift
was encountered at a particular G level. It was believed
that this was the result of a short time relief of the com-
pressive forces on the crystal. There was a trend toward an
increasing sensitivity as the pulse duration approached the
natural period of the accelerometer. This began when that
ratio was around 10.

The results of these tests had a + 16% scatter. This
was attributed to variations in the steepness of the front
of the acceleration pulse, which, it is stated, determines
the response more than the width of the pulse. Also, error
was introduced by the electrical integrator. The data shown
in the report also gives a clue as to another cause of error.
Generally,‘the trace deflections were quite small, and for

the shorter pulses, the shape was obscured by high amplitude,

high frequency ringing.
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Turnbow (19) calibrated several types of accelerometers
under steady state and transient conditions for G levels to
about 200. The types of accelerometers used included two
barium titanate types, one using unbonded wire resistance
strain gages, and one using bonded wire resistance strain
gages. The unbonded wire type was a Statham Laboratories
Model ASA-50-240, and the bonded wire type was designed and
made for use by the author. It consisted of a loading mass
on a machined tube, with four C-D-7 gages on the tube to
measure its strain during tests.

The vibration generator was used only to acceleration
levels up to 20 G and 400 cps. Beyond this frequency, the
small amplitudes could not be measured accurately enough
with the filar microscope, It was estimated that the error
in sensitivities determined by this method was approximately
+ 20% (¥2% for frequency, ¥5% for amplitude, and flO% for
voltage output).

To perform the transient calibrations, a drop tester
was constructed. A carriage was constructed around a 2"
diameter vertical column 64" high. A bumper at the bottom
produced the desired peak accelerations.

The accelerometer sensitivities were determined by
assuming that the output of the accelerometer is proportional
to the acceleration, and using the relation AV = Jadt. The
change in velocity was determined as the sum of the impact

and'rebound velocity. Each of these was found by using a

photoelectric velocity meter. Lines a known distance apart
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were ruled on a piece of lucite and this mounted on the
carriage. A beam of light was focused on the sensitive
element of a phototube, and the lines interrupted this beam
of light from 0.55" to 0.05" before impact. The output of
the phototube was recorded adjacent to timing marks. From
this, the velocity could be computed. The required areas
under the voltage-time curves were determined by enlarging
the oscilloscope record and using a pla*é%eter.

The error in the sensitivities was estimated as follows:
velocity change, i 2%y area determination, . 4 5%; time cali-

bration, 2%; and voltage calibration, : 10%s for a total

I
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error of 20%.

The sensitivity of the unbonded wire strain gage accel-
erometer agreed well with the man;facturer's sensitivity,
both for the steady state and transient conditions. The
transient sensitivity of the bonded wire strain gage accel-
erometer agreed well with the theoretical value computed
using gage factor, loading mass, modulus of elasticity, etc.

Its output, when excited by the vibration generator, was so

low no comparison could be made.

The steady state sensitivities of the barium titanate
accelerometers were higher by 10% to 25% than the transient
sensitivities. 1In addition, the sensitivities showed a
tendency to decrease as the maximum acceleration increased.

‘The_zerobdownward‘shift at the end of the pulse occured

on the signal frcm the barium titanate accelerometers, as

had been noted by other investigators (18). Since it did not
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occur for the other types of accelerometers, Turnbow attri-
buted this to some characteristic of the barium titanate
sensing element (19). This zero shift was neglected in the
area determination by using only the area above the initial
horizontal trace. This gave better agreement with the con-
trol accelerometer on the carriage.

Tests were run over a nine month period, and the barium
titanate accelerometers were stable over this time.

A commercially available ballistic pendulum for cali-
brating accelerometers for transients is described by
Kaufman (20). The ballistic pendulum, manufactured by Gulton
Industries, consists of a supporting structure, a shocking
pendulum, a receiving pendulum, and a shocking pendulum re-
lease unit. A calibration curve is furnished with each unit
showing peak acceleration plotted against shocking pendulum
horizontal displacement for several weights of the shocking
pendulum. Also furnished is a built-in standard calibration
accelerometer haﬁing E specified accuracy of . 10%.

The system is capable of producing accelerations to
500 G's, 1 milliseednd long, and having an approximate half
sine shape. Gulton furnished a curve to Kaufman, showing
that their accelerometer AL403-52 had a linear output to 500 G's.

The manufacturer states that an accelerometer may be cal-
ibrated by using their G vs. horizontal displacement curve.
Kaufman states this should be supplemented_by calibrating an
‘accelefoﬁetef,Qith a natural frequency of at least 5 kc on a

centrifuge, electrodynamic shaker, or crystal shaker, and

this accelerometer used as the standard for comparison. This
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method requires extrapolation of data, since most shakers
are limited to maximum accelerations of about 50 G's.

With this type of shock excitation, the accelerometer
rings. To eliminate this, Gulton furnishes a 2 kc low pass
filter. Corrections must be made for the gain of the filter.
Data are shown with and without the filter, and a study of
the data show the zero downward shift at the end of the
pulse which has been previously noted.

Kaufman states that with this error the overall
accuracy of this comparison method is ¥ 15%, on the pes-
simistic side, and that normal error is + 8%.

Brennan and Nisbet (21) approached the problem of
accelerometer calibration for transients in a manner different
from other investigators. A cylinder of some elastic
material such as steel has strain gages mounted on it so
the strain in the link may be determined. The accelérometer
to be calibrated is mounted on a vehicle, and the vehicle
placed against one end of the cylinder. A force which
varies with time is applied to the other end of the cylinder.
The accelerometer output and the strain gage output are
recorded on oscilloscopes. The rigid body acceleration of
the vehicle may be computed from the strain gage signal,
using the strain gage factor, cylinder area and modulus of
elasticity, vehicle weight, etc. The accelerometer sensitivity

may then be computed from its output voltage and the vehicle

acceleration., The error using this method is estimated to be
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+ 5%. An electronic filter was used when the accelerometer
ringing obscured the pulse shape. The band pass was set to
a pass frequency which resulted in the strain gage and
accelerometer signals having the same amount of ringing.

This method has one important advantage over previously
used methods. There is a verification of the wave shape
presented by the accelerometer, since it may be compared to
the wave shape presented by the strain gages.

One assumption made in this method is that the strain
gages behave under transient conditions in the same manner
that they behave under steady state motion. This is the
same assumption that is made for accelerometers any time
they are used for shock measurement after calibration under
steady state motion.

There is a frequency limitation in the force transducer
due to the finite length of the strain gage. It was stated
that the error becomes appreciable when the wave length
becomes less than ten times the length of the strain gage,
An analysis was presented to show that for a steel force
link with 1/2" gage length strain gages, the error would
be 0.1% for a 20" sinusoidal strain wave (10 kc). This
increases to 10.7% for 2" long waves (100 kc).

They encountered a zero downward shift at the end of
the accelerometer pulse. This was attributed to the time
constant in the system being too short. This was corrected,
and the zero shift eliminated,

No statement was made as to the G range and pulse

duration which were covered with this test method.
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EXPERIMENTAL METHODS FOR SENSITIVITY

DETERMINATION

The transient sensitivities of the accelerometers were
determined for acceleration pulses obtained with a drop
tower. The accelerometers were mounted on a drop vehicle,
and the vehicle arrested from free fall by cushioning de-
signed to give the desired acceleration-time pulse., Data
were taken during the tests to permit determination of the
transient accelerometer sensitivity using two different
methods. The reason for using two methods was to have a
check on the sensitivity, and to compare the two methods.
The methods are based on independent principles and measure-
ments, and agreement under these circumstances would be con-
clusive evidence with regards to the transient sensitivity
for that acceleration pulse. tf

One method is based on the equation V. - V; = J’ a(t)at
and the assumption that accelerometer output is pr;gortional
to acceleration. This is essentially the same approach as
used previously by the authors of references 16, 17, 18, and
19.

In this equation, if a(t) is an acceleration-time func-
tion for which the acceleration scale is not known, but the
change in velocity for some specified time interval is known,
the acceleration scale may be found by the following subgtif
~ tutions: e il i

a = Ay

dt

Tdx
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where a=acceleration at any time t.
A=the acceleration scale on the a(t)
graph.
T=the time scale on the a(t) graph.
y=vertical ordinate of the graph.
x=horizontal ordinate of the graph.
The resulting equation is

Vﬁ;-V1=ATzif y(x)ax (3)

X

> 4
since A and T are constants. In this equation, _ j. y(x)dx
i

is the area under the acceleration-time curve for the inter-
val of the known velocity change. The acceleration scale

is the only unknown, so it may be found. If the a(t)

graph is the voltage output-time curve of an accelerometer,

then the transient sensitivity has been determined for that

particular pulse,

The curves recorded to apply this equation are the

accelerometer output vs, time, and the vehicle position
vs. time (immediately before and during impact). These
data were analyzed as follows:

1. The impact velocity was determined from the initial
slope of the vehicle position vs. time curve.

2., The instant of zero velocity during impact was
determined from the point of zero slope on the
vehicle position-time curve,

3. The accelerometer output vs. time curve was en-
larged an arbitrary amount by projection, and the

area under the curve to instant of zero velocity

determined, using the trapezoidal rule.
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4. The accelerometer sensitivity in mv/G may then

be computed.

A study of this method indicates that accelerometer
sensitivity is based on the impact velocity, the instant
of zero velocity, and the assumption that accelerometer
output is proportional to acceleration. The accuracy of
the sensitivity will be dependent on accuracy of this
assumption and that of the measurements made. This method
does result in a sensitivity for which the laws of kine-
matics are satisfied.

The difference in this method and those mentioned in
the references is in the change of velocity used. The
total change in velocity, i.e., the sum of impact and re-
bound velocity, was used by the previous investigators.
Here, the change in velocity for a smaller interval of
time is used,

The second method of determining the transient sensitiv-
ity is based on Newton's Second Law when extended to rigid
body motion. If a force which varies with time F(t) is
applied to a rigid body, the acceleration of that body will
vary with time in the same manner. This may be expressed

ass

sl i AL (1)

= Mass

If an accelerometer is mounted on a rigid body having

a known mass and a known F(t) applied, then the accelerometer
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sensitivity may be determined at any time t, This method

has one distinct advantage over the previous method; i.e.,

it was not necessary to assume the output of the accelerometer
was proportional to acceleration. It was possible to check
this assumption by comparing the force-time pulse to the
accelerometer output-time pulse. Another way of doing this
would be to compute sensitivities for several force levels
during the pulse. Agreement would indicate the assumption
was valid,

The curves recorded to apply this method are the accel-
erometer output vs. time curve and the force vs. time curve.
The force transducers used were cylinders of an elastic
material on which strain gages were mounted to measure the
compressive strain. The strain gage signal from the appro-
priate electrical circuit is assumed proportional to the
strain in the material; and from this, the compressive
force on the cylinder may be determined. The above
assumption is valid within some limit of accuracy only
for force pulse durations greater than some specified lower
limit. The limit depends on the degree of accuracy desired.
This has been pointed out by Nisbet and Brennan (21).

When the force pulse is determined from this type of
force transducer, the assumption is made that the strain
gages behave for a transient load in the same way they

behave for static loads. The fact that this is a valid

‘assumption has been illustrated in several ways. Clark (22)
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was calibrating a model material for dynamic photoelas-
ticity, and was using strain gages in the exper imental work.
He had determined the effective gage factor for static
loading of a CR type gage on the model material and found

it was lower than that given by the manufacturer. This was
attributed to the stiffening effect of the paper back gage.
Before proceeding with the dynamic calibration, it was
necessary to determine the gage factor for dynamic loading,
in the same range for which the calibration was to be done.

This was done in the following way. A long rod was
struck on one end, and strain gages were used to record
the initial wave in the bar, and the reflected wave. Also
measured was the change in momentum of a throw-off bar at
the end opposite impact. By equating this change in mo-
memtum to the difference in area of initial wave and re-
flected wave (the impulse), the effective gage factor could
be found. It agreed with the gage factor from the static
gage factor. The pulse durat;ons for which this check was
made were around 100 microseconds.

Barton, Volterra, and Citron (23) also illustrated that
strain gages respond to transients the same as to static
loads. Using the Hertzian law of impact, a theoretical
analysis was made to determine the stress wave in an

infinitely long bar due to longitudinal impact of spheres.

Then the problem was solved experimentally, using steel
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balls and a steel rod. The stress waves in the bar were
determined from strain measurements made with type C-8
resistance strain gages. The experimental and theoretical
curves were then plotted on the same graph. For the three
graphs shown in the article, the agreement in peak stress,
waveform, and duration was good, The pulse durations varied
from 76 to 185 microseconds, and the experimental pulses
were from 2 to 10 microseconds longer., The difference in
the experimental and theoretical peak stresses varied about
+ 5%, but this could be explained as error due to the low
value of stresses occurring. The purpose of this work was
not to check transient response of strain gages. However,
it does accomplish this.

The transient pulses to be used in the experimental
work have been previously described. The desired pulses
in this range are described in Table II on page 35. Data
were not obtained for the pulses of low and high impulse
because of limitations in the equipment, The low impulse
tests were restricted by the sensitivity of the force link,
the resolution of the vehicle position transducer, and the
methods of obtaining the desired pulse shape. The high
impulse tests were restricted by the drop tower height, the
"full scale" limit on the position transducer, and again, the
methods of obtaining the desired pulse shape.

The theoretical impact velocity and maximum cushion

compression were computed for the half sine pulse by assuming
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Table II. .Desired pulses for Test Work
1 ms 2 ms Peﬁlgg 8 ms 16 ms
Peak G
50 24,6 49.2 98.4
.031 124 .496
100 24 .6 49,2 98.4 197
.016 .062 .250 1.00 o
200 24.6 49.2 98.4 197 -
.008 .031 .125 .500 :
500 61.6 123 246 *340 E
.020 .078 .312 .87
1000 123 246 *340
.039 .156 43
50 38.6 7z.2
.103 410
100 38.6 T7 .2 154
.051 .206-: .820 x
200 38.6 77.2 154 308 i
.026 .103 410 1.87 ¥
500 95.2 193 308 @
063 257 1038
1000 193 * 340
.126 46
50 38.6 [ o 154
.03 154 .62
100 38.6 TT4 154 308 g
.019 B i g o33 1.23 .9.
200 T8 154 308 é
.039 .154 .62 8
500 193 *340 §
.096 .34
1000 *340
.170
Note: The first number in each square represents the

required impact velocity, and the second number

the maximum cushion compression.
An empty square means that run was beyond the

capabilities of the equipment.

The * signifies a run for which the required impact
velocity was greater than could be obtained with

the drop tower.
used.

The maximum impact velocity was
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the rebound velocity is equal to the impact velocity.

These quantities were found for the sawtooth pulse and

rectangular pulse by assuming the rebound velocity is zero.
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EXPERIMENTAL APPARATUS

Drop Tower

The transient pulses were obtained on a drop tower
designed by the author. The drop vehicles were guided
by two wires, 4" on centers. The anvil, a 4" diameter
steel cylinder 6" high, was bolted to a steel reinforced
concrete block. The concrete block was used to bring the
impact surface to a convenient working height. The
maximum drop height was 152 inches, which permitted
theoretical impact velocities of 342 inches/second. The
height limit was established by the roof height of the
building in which the tower was constructed.

The weight of the drop vehicles could be varied from
1.3 1bs. to 22 1lbs. without materially changing the wave
frequency of the vehicles. This was done to eliminate the
effect of vehicle wave frequency on accelerometer sensitivity.
The wave frequency was approximately 12,000 cps, and it was
kept as high as possible while still maintaining adequate
vehicle weight. Figure 1 describes the drop vehicles used.
Included in this figure are the adapters required to mount
the accelerometers on the vehicle, the vehicle guide wires,
and the impact piece. Figure 2 shows the major components

of the drop tower, along with other items used in the

experiment work,
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Guide wire

—Accelerometer adapter
with hoisting loop
(0.245 1bs, with the

accelerometers)
v JI :" ': T] Vehicle guide
1;; 4 gk i (0.030 1bs)
T‘—d-—u
Lq;’
lﬂhlﬁl_._JL.__B_ Yeight+*
: : | 5.00 1.50 .586
2 6.25 2.50 2.945
e g — 3  6.25 2.00 5.203
‘ 4 6.25 2.50 8.199
? S 6.25 3.00 11.789
A ] 6 6.25 3.50 15,688
| y 6.25 3.90 20.047
{ * Without any attachments
|
28 | T
1.75 or | : — Adapter for flags
2.25 : " (1.297 or 0.500 1bs)
i :-*‘L Flag and attaching screws
: | o el
| v Y g;-J‘ Nose piece (0.304 1bs)
& : :
T l’/—
} }4~—2.00——'

Figure l. Drop Vehicle Description







-84

snjexeddy pejuswiIadxy JO MOTA [[®I8A0 °Z oandyy







=40~

Transducers

The acceleration transducers to be calibrated have
been previously described. The transducers used for the
calibration work include two force transducers and the
vehicle position indicator.

Two force transducers were required to cover the range
of forces to be measured. The type of force transducer
used consisted of an area under compression which trans-
mitted all of the force. The strain at this known area
was measured and converted to force from the known area
and modulus of elasticity of the material. If the area
was selected to withstand high loads without failure, the
strain at the low loads would be too low to measure accurately.
Also, if the area was selected for low load measurement, the
transducer would fail structurally at the high loads,
Consequently, two force transducers were required,

The transducer for the low force range is shown in
Figure 3. The material used was aluminum, since its low
modulus of elasticity permitted the use of a large compression
area to resist buckling and still obtain strains of sufficient
magnitude for an acceptable signal to noise ratio. The
strain was measured with four type A-14 SR-4 strain gages
equally spaced around the outside diameter of the tubular
section, The upper load limit was established as that
which would cause 1000 microinches/inch of strain, to insure
long life of the gages and the thin wall compressive member.

This force transducer was used up to 2,000 lbs,.
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2.00 —
/—Inpact piece
il

7 (0.117 1bs)
-50 FE T ey
A - (A LS .25
3 lr | r \;} !._
| 12 -18
1.19 | I~_—0.875 1.4,
¥ |
)] ; e 1.000 o. d.
I ] e o
25 h i Four strain gages
; il Il mounted on this
f ’ section
——— &% =20 Type A-14
i R ¥ R= 500 + 3 ohms
F=-2.0312%

Material: 2024-T4 aluminum 6

Modulus of Elasticity: 10.6 xslo psi.

Spring Constant, k=1.64 x 10" 1b/in.

Effective Sprung Weight,w= weight above A{:g(spring weight)
w=20.150 1lbs

Peiaigiuns | k
Natural Frequency of Force Link'b*)n—ﬁf—\f—?—
(Wp=10,300 cps

Figuré 3. Low Range Force Transducer
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For loads greater than this, the high force range
transducer is used, It is shown in Figure 4, Due to its
larger outside diameter, it was possible to mount six type
A-14 strain gages around it, and obtain more output for a
given strain than for the low force transducer, It was
used to measure forces from 2,000 lbs. to 36,000 lbs.

A potentiometer circuit was used to measure the change
in resistance of the strain gages on the force transducers,
from which the strain could be found. The circuit used is
shown in Figure 5.

The vehicle position transducer was modeled after the
one designed by Fitzgibbon (24). The principle used is
that the output voltage of a phototube is proportional to
the amount of light falling on its sensitive element. If
the light is made proportional to the position of an object
in between the light source and the phototube, then the
output of the phototube may be used to determine the position
of the object, The one designed and used for this work g8 |
shown in Figure ©.

The requirements on the light source are fairly severe.
It must have an intensity great enough to give adequate
signal and eliminate the effect of other light in the room.
Its intensity must be constant over the distance to be
measured; it must be collimated light or something
approaching this, and its intensity must not vary with time.
o meet the lastbfequiremént, all‘aitérnaﬁiné éurreﬁt light

bulbs were eliminated, since the variations in current
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T——‘z.oo SR
} Impact Piece

31 (0.285 1bs)
? 2* IR ——Six strai
.25 | ] s o X Stirain gages
1——————F“4i-'-“-ﬂ ’,////// mounted on this
: | section
S Ro | l Type A-14
. ‘__*,_._,_1__._1.020 i.d. R =500 13 ohms
; | | F=2.03+2%
. f 1.501 o.d.
|
ST - 0 pi
-215 Lot
gk
| 3 — 20
2.00

Material: Mild steel 6

Modulus of Elasticity: 29 x610 psi.

Spring Constant, k=22 x 10° 1b/in.

Effective Sprung Weight, w= weight above A{:l(spring weight)
w=0.511 1lbs

Natural Frequency of Force Link,u)n__E%? JLg

Wp= 20,500 cps

Figure 4. High Range Force Transducer
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