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SUMMARY PAGE

THE PROBLEM

An important parameter in the study of biomechanical response to various
stimuli is the angular acceleration of certain anatomical segments. Current
preferred practice is to compute these values indirectly, using data acquired 4
via arrays of linear accelerometers. A small, lightweight transducer capable .4
of performing angular acceleration measurements directly has the potential of
reducing both the number of required data acquisition channels, and computa-
tional complexity. This report evaluates such a candidate transducer.
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FINDINGS

L
¥ This study documents the performance of a sample of the Endevco 730£®
a angular accelerometer. Experimentally derived data are presented concerning
. the following:

3 a. Calibration technique

5 b. Linearity

c. Sensitivity

d. Temperature effects

e. Crossaxis response

£ Linear acceleration response

g. Spectral characteristics
h. Frequency dependency
i. Transient response

Subject to the limitations discussed in the text, the device seems to be
a viable means of measuring angular accelerations.

RECOMMENDATIONS

User needs should be compared with performance capabilities and limita-
tions of the transducer. If there is a suitable match, the device should per-
form effectively.
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INTRODUCTION

In 1981 the Endevco Corporation intrqduced a "miniature" single axis
angular accelerometer approximately .75 in.” , weighing 17 grams. The quoted
dynamic range was 50,000 radians/sec” rendering it potentially very useful for
certain types of biodynamic research such as crash simulations and ejection
event instrumentation. Based on some encouraging early reports (ref. 1, 2)
Naval Biodynamics Laboratory (NBDL) purchased one of these devices in 1982 and
has been performing a comprehensive evaluation for the past year. This evalu-
ation consisted of two parts:

a. Development and validation of a calibration technique that is both
accurate and amenable to automated operation.

b. Evaluation of the accelerometer itself.

This report summarizes the findings resulting from the evaluation pro-
gram,

CALIBRATION DEVICE EVALUATION

Because high level angular accelerations cannot be sustained for any
lengthy period of time, the only practical means of calibrating angular accel-
erometers is to impart some sort of oscillatory stimulus. An optical scanner
was chosen by NBDL due to the high accuracy inherent in these devices. An op-
tical scanner is a precision moving coil galvanometer generally used for the
accurate positioning of mirrogg. The specific device selected is General
Scanning Corporation's G300 P scanner. In addition to its ruggedness and
accuracy, it is equipped with a position transducer which provides not only
feedback for closed loop control, but also provides a means of monitoring
angular deflection. Its excursion range is * 12.5°, which is sufficient to
generate full scale drive down to 80 Hz and significant drive (3000 r/s/s) at
20 Hz. The scanner, mounted on a heavy duty base and with accelerometer in
place is shown in Figure 1. The characteristics of the position measuring
transducer and its signal conditioning were first measured statically, by
means of the setup shown in Figure 2: The scanner shaft was coupled to a
graduated 3" cylinder via a pair of gears with a 8:1 ratio, thus increasing
the effective readout resolution of the scanner's position by a factor of 8.

A d.c. source was used to deflect the scanner via its power amplifier
(GS 600 PD) through its range in 2° increments. The output voltage of the
feedback circuit was monitored and recorded, and a linear regression analysis
performed on the data. A representative plot of the results is shown in Fig-
ure 3. Three replications of this procedure produced the results in Table I.
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- Table I. Summary of Scanner Sensitivity Evaluation

Replication # Sensitivity (v/deg) Correlation (r2)
1 .16135 1
2 .16106 1
3 16114 1
Mean Sensitivity: .16118 v/deg Std. Dev: 1.5 x 10-4 v/d

The calibration obtained agrees well with the manufacturer's specifica-
tion of 0.16 volts/deg., and the results show the scanner to have excellent
linearity and repeatability.

Examination of the position pickoff and its associated electronics indi-
cated the possibility of a frequency dependency for the position measurement,
therefore a test was designed to establish what this dependency might be. A
high quality, front surface mirror was attached to the scanner shaft and a
laser placed so that its beam would reflect off the mirror (Figure 4) into a
screen approximately 10 feet away. The mirror was then excited at a number of
discrete frequencies, causing the laser beam to describe a line along the
screen. It was then a matter of simple geometry to compute the actual deflec-
tion angle and to compare it with the measured value from the position pick-
off. The results are summarized in Figure 5, which shows that there is indeed
a frequency dependency. Thus, before the scanner position circuitry can be
used to establish input acceleration to the accelerometer, a correction factor
must be applied.

ACCELEROMETER EVALUATION

Principal Axis Sensitivity. The overall test setup used to evaluate the
angular accelerometer is shown in Figure 6, which is self explanatory. The '
procedure followed for sensitivity determination was to calibrate the accel- ]
erometer at seven discrete frequencies from 20 to 250 Hz. At each frequency, 4
seven different acceleration levels were applied, and in order to minimize ,’
experimental variability the entire experiment was replicated three times. .
The data obtained were corrected for the previausly described scanner varia- .
tion and then subjected to linear regression analysis. Figures 7-13 are re- 9
presentative results for this procedure for each frequency. Figures 7 and 8
in particular, indicate that linearity and resolution remain excellent even at
low levels of acceleration.
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The results of the regression analysis are summarized in Table II; Figure
14 depicts the mean sensitivity as a function of frequency, indicating some
frequency dependency. The variability of the procedure, based on the three
replications is shown in Figure 15. The mean sensitivity at 100 Hz is 7.68
v/r/s/s, which is almost 4% higher than the manufacturer's calibration, but
since the detailed methodology of the latter is not known, no conclusion can
be drawn at this time. As will be seen, variations in ambient temperature
alone may account for a significant part of the difference.

Crossaxis Sensitivity. In order to determine this parameter, a fixture was

built to hold the accelerometer with its sensitive axis perpendicular to the
scanner shaft axis. The accelerometer was again calibrated as before, the
results being shown in Figure 16. Additionally, the accelerometer was then
rotated about its sensitive axis in 60° increments to determine if any asym-
metry existed. As shown in Figure 17, the crossaxis response is indeed asym-
metric, with the most sensitive orientation being 180° from the reference
(serial number up) position.

In order to ascertain whether the crossaxis response was due to spurious
inputs, a front surface mirror was bonded to the fixture and the laser again
employed as depicted in Figure 18. Any spurious input into the sensitive axis
while the fixture was being vibrated should have resulted in an elliptical
trajectory for the laser beam, or at least a widening of the beam. The re-
sponse magnitudes shown in Figures 16 and 17 would require inputs resulting
in a vertical displacement of the laser beam ranging from .25 to .5 inches.
No such displacements were observed, thus the response appears to be true
crossaxis sensitivity of the accelerometer. However, even the worst case
value is on the order of 1% of full scale, well within the manufacturer's
specification of 27%; further, since the crossaxis sensitivity is proportional
to input, the ratio remains invariant for lesser values of input. Spot checks
at frequencies other than 100 Hz showed no significant frequency dependency.

Linear Acceleration Sensitivity. For these measurements, NBDL's 12" linear
accelerator was used in conjunction with a lightweight sled. The acceler-
ometer was rigidly fixed to the sled and the latter fired at levels up to
140G's; the sensitive axis was oriented both along and perpendicular to the
thrust vector. If a transducer is truly acceleration sensitive, it should
exhibit an output similar in shape to that measured from a linear acceler-
ometer. No such response was noted as shown in Figures 19 (142.5G's) and 20
(122G's). These were tests in which the accelerometer sensitive axis was
parallel with the thrust ventor. Similar results were obtained for the per-
pendicular orientation.

Unfortunately, there is no way to ascertain whether the oscillatory re-
sponse that is present 1is due to transducer sensitivity or a true input from
the sled. Due to the necessary clearance between the sled slippers and the
rail and the natural vibration modes of the sled, it is quite possible that
the response shown is sled induced. This hypothesis tends to be reinforced by
the data presented in Figure 21, a low level (8.8G) test with the transducer
axis perpendicular to the thrust vector. The large negative peak occurs at
end of the acceleration pulse which is the time of sled-piston separation. It
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- is quite likely that upon separation the sled "settled" causing the angular
il output. Also, the oscillatory mode sensed by the sled accelerometer appears
to be the same frequency as that predominant frequency present in the angular
b o accelerometer traces. Finally, it is evident on the high level tests (Fig-
ures 19 and 20) that the oscillatory response mode begins only after reversal
2~ of the input acceleration pulse, an additional possible indication of sled in-
.j duced input.

Temperature Sensitivity. The steadv state temperature dependency was deter-
mined by letting the transducer stabilize at three different temperature
levels. The results, normalized to ambient (24.7°C) are shown in Figure 22.
The variation of approximately 0.2%/deg.C corresponds to the manufacturer's
"typical" specifications and is well within the published "maximum" range.

% Temperature shock sensitivity was observed by instrumenting the acceler-
ometer with a temperature probe and then rapidly cooling and heating the two
transducers while recording their outputs. As 1is typical of solid state de-
vices of this type (ref. 3), the accelerometer exhibited sudden large changes
in output as depicted in Figures 23 and 24.
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Response Fidelity. Figure 25 compares the accelerometer's output (bottom
trace) with its input, i.e. the scanner's output. The apparent good match is
4 verified by a spectral analysis (Figure 26) which again compares the trans-
-‘ ducer output with scanner position. The two signals appear spectrally identi-
I‘ cal; the slight increase in the amplitude of the harmonics may be due to the
previously discussed sensitivity increase with frequency.

Resonant Frequency. The 7302 accelerometer is specified as having a resonant

- frequency of 2000-2250 Hz with an overshoot of approximately 12 db. As seen
:f in Figure 27, the NBDL sample closely matches these values. The secondary
- peak, between 4 and 5 KHz, appears to be an artifact induced by the scanner,
- whose response between 3.5 and 5.5 KHz is shown in Figure 28: It is evident
S that there is a distinct discontinuity in the 4-4.5 KHz region. The overall
= transducer response appears to be that of an underdamped second order system

with a damping ratio of O.l1.

Transient Response. Because of its underdamped nature, the 7302 accelerometer
is susceptible to "ringing" when subjected to input transients. This is il-
lustrated in Figure 29, where the top trace is the input to the transducer,
and the bottom one is the latter's unfiltered response showing the "ringing"
at the natural frequency. The results of filtering this signal with 1 KHz and
0.3 KHz filters respectively, are illustrated in Figure 30.

& 1.
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¥

4 CONCLUSTONS

Calibration Method. The optical scanner with position feedback, as described
herein, has proven to be an effective and accurate device for calibration of
miniature angular accelerometers. It is, however, a low frequency device and
; beyond 300 Hz the angular displacements required to generate maximum output
! are so small that resolution deteriorates rapidly. This bandwidth, however,
is amply sufficient for the type of experiments envisioned by NBDL, i.e. the
type where no direct impact occurs. If higher frequency calibrations are de-
sired, a lightweight disc may be installed concentrically with the acceler-
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ometer and its tangential acceleration monitored with a subminiature linear
accelerometer mounted on its rim. The two monitoring devices would complement
each other, each being used in its region of maximum resolution.
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o) Accederometer. The physical and electrical characteristics of the Endevco
i 7302% angular accelerometer are such as it seems to be a viable candidate to
}; compete with currently used methods of instrumenting test subjects in biodyna-

mics research of the type conducted at NBDL. Several cautions should be ob-
served however:

.
»

a. Units should be calibrated at or near the expected temperature at
time of test.

.
s

o0

b. Sharp temperature transients should be avoided. 1In tests in which a

il steep temperature gradient is expected, the transducers should be thermally
= insulated.

[ @ Careful attention should be paid to filtering, preferably on-line
vl filtering at the time of acquisition. The typical resonant peak of 12-14 db

i represents a 4 to 5-fold increase in output at resonance. If saturation is to
H be avoided the data path must be scaled such that expected data not exceed 207

of the acquisition system dynamic range, unless on-line filtering is used.

Once saturation occurs, no amount of post-filtering will recover the data lost
during that period.
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- RECOMMENDATIONS

s

Lo A three-dimensional package consisting of three each orthogonal linear
and angular accelerometers should be developed and tested in '"side-by-side"
experiments with currently used packages and evaluated by comparison to si-
multaneously acquired photographic data.
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2o The calibration method described herein should be automated so that the
angular accelerometers, if adopted can be routinely calibrated with the same
ease as the currently used packages.
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FIG 1-ACC. CALIBRATION FIXTURE
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