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Abstract

A mechanical isolator has been developed for a piezoresistive accelerometer.
The purpose of the isolator is to mitigate high frequency shocks before they reach
the accelerometer because the high frequency shocks may cause the
accelerometer to resonate. Since the accelerometer is undamped, it often breaks
when it resonates. The mechanical isolator was developed in response to impact
test requirements for a variety of structures at Sandia National Laboratories
(SNL). An Extended Technical Assistance Program (ETAP) with the
accelerometer manufacturer has resulted in a commercial mechanically isolated
accelerometer that is available to the general public, the ENDEVCO 7270AM6*,
for three shock acceleration ranges of 6,000 g, 20,000 g, and 60,000 g. The in-axis
response shown in this report has acceptable frequency domain performance
from DC to 10 kHz & 10’XO)over a temperature range of -65°F to +185”F.
Comparisons with other isolated accelerometers show that the ENDEVCO
7270AM6 has ten times the bandwidth of any other commercial isolator.
ENDEVCO 7270AM6 cross-axis response is shown in this report. Finally,
pyroshock and ballistic shock measurements, performed by international
oumnizations, show extended applicability of the ENDEVCO 7270AM6.

~ *Reference to a commercial product implies no endorsement by SNL or the
Department of Energy or lack of suitable substitute.
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High Shock, High Frequency Characteristics of a
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Mechanical Isolator for a Piezoresistive Accelerometer,
the ENDEVCO 7270AM6*

Introduction

Figure 1: Slapdown Test Impact for a Nuclear
Transportation Cask.
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mechanical isolator for a piezoresistive accelerometer in response to impact test
and pyroshock measurement requirements for various SNL structures. The
mechanical isolator development was initiated by the impact test of a nuclear
transportation cask in an end-on orientation. All the accelerometers resonated or
broke during the impact. The resonant response of the accelerometers that did
not break was so large that the data was clipped and rendered useless. No
useable accelerometer responses were recorded for the test. Although the
physical damage to the structure could be discerned from the impact, the more
sophisticated analyses of the structural response as measured by the
accelerometers could not be performed because the accelerometer data were lost.
The accelerometers were subsequently isolated with a mechanical isolator design
for the slapdown impact shown in Figure 1, and data were successfully obtained.
The development of the mechanical isolator continued for other programs at
SNL, and the characteristics of mechanical isolator have been reported
previously for frequencies of DC-10 kHz and shock magnitudes of up to 15,000 g
[1,2,3,4]. When technology transfer funds became available to transfer SNL
technology to private industry, a proposal was accepted for an Extended
Technical Assistance Program (ETAP) with the accelerometer manufacturer,
ENDEVCO*, to transfer the mechanical isolator technology.

The ETAP for the mechanical isolator consists of four phases. The first phase was
to determine if the rubber material in the isolator was the most appropriate
elastic material. The second phase was to determine how the elastic material
would be obtained by the commercial manufacturer. For the third phase, the
shock magnitudes applied to the isolator were increased so that the upper limit
of the shock magnitudes for the mechanical isolator could be determined. The
SNL Mechanical Shock Laboratory has been developing test and data analysis
capabilities to extend our understanding of the mechanical isolator assembly in
the high frequency, high shock environments where measurements are being
made during impact and pyroshock tests. In-axis results for up to 70,000 g and a
frequency bandwidth of DC-30 kHz with a Hopkinson bar test configuration are
described [5]. The last phase of the ETAP is the testing and evaluation of the
mechanical isolator prototypes made by ENDEVCO. The piezoresistive
accelerometer is now available as the ENDEVCO 7270AM6 for three shock
acceleration ranges of 6,000 g, 20,000 g, and 60,000 g.

Further characterization of the ENDEVCO 7270AM6 has been directed by other
SNL programs so that the high frequency in-axis (DC-30 kHz) and the cross-axis
response have been characterized as shown in Tables I and 11 [6]. These wide-
bandwidth characterizations are needed for many applications because more
sophisticated analvses are being Performed with the field data. Also,
“Reference to a commercial product implies no endorsement by SNL or the
Department of Energy or lack of suitable substitute.
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requirements have been written to qualify components for frequency ranges of
10 kHz. For example, recent Army research has found that armored vehicle
components can be damaged by the high frequency content of ballistic shock
[7,8,9]. To enhance survivability of the new generation of combat vehicles, the
Army has speafied a minimum frequency range of DC to 10 kHz for the design
and qualification test of components. Since there is no capability to calibrate or
characterize accelerometers with shock inputs for frequencies above 10 kHz, the
SNL Mechanical Shock Laboratory has been given the task of characterizing
accelerometers for the conditions shown in Tables I and II. Additionally, results
from SNL shock environments other than impact and international explosive
tests have been made available to the authors for publication by Aberdeen
Proving Grounds.

Table I: In-Axis ENDEVCO 7270AM6

Low Amplitude
(up h 20,000 g)

Low Frequency
(de-lo kHz)

High Frequency
(dc-30 ~z)

Titanium

Beryllium

Accelerometer Experiments.

High Amplitude
(up to 70,000g)

Titanium

Beryllium

Table II: Cross-Axis ENDEVCO 7270AM6 Accelerometer
Experiments.

Environment Experimental Configuration

Static Compression Beryllium Cylinder

Static Strain Steel Beam

Dynamic strain Steel Beam

Compressive Mechanical Shock Beryllium Cylinder in a Split Hopkinson
Bar Configuration
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Selection of the Elastic Material for the
Mechanical Isolator

The material used in the mechanical isoIator is polysulfide rubber which is sold
as an adhesive in semi-solid form. This material was used for historical reasons
because early mechanical isolator designs used a layer of polysulfide rubber
between two plates. The accelerometer was then mounted on the top plate with
screws in the usual manner, and the assembly was mounted on the structure
with a 10-32 stud in the bottom plate. Polysulfide rubber has been made at SNL
for many years in small plaques with a thickness of 0.010 in. However,
ENDEVCO wanted a commercial source for the polysudfilde material, but no
commercial suppIier of this rubber in 0.010 in. thick plaques could be found.
Consequently, several alternative materials were considered for the mechanical
isolator. These materials were chosen using the criteria: Shore A durometer in
the range of 50-90; temperature range of -65°F and +185”F, and easy formability
into 0.010 thick plaques. The materials chosen were: Silicone (GE RTV 511),
Adiprene, Adhesive Film (3M), and Ethylene Propylene (EPDM) rubber. Two
mechanical isolators were assembled with each material candidate. InitiaIly, aIl
mechanical isolator assemblies were calibrated with both a shaker calibration
and a dropball calibration. From previous experience, the shaker calibration at
30-50 g’s must have less than ~5% deviation over a bandwidth of DC-10 kHz in
order for the isolator to be a candidate for high shock levels. A comparison of
shaker calibrations for the ENDEVCO 7270AM6 isolator and a commercial
isolator, Bruel & Kjaer Model 0559, is shown in Figure 2 and indicates the
superior performance of the ENDEVCO 7270AM6 isolator. For the shaker
calibration, an ENDEVCO 7270A-6K was mounted on the Bruel & Kjaer Model
0559 isolator to maximize the performance of the Bruel & Kjaer Model 0559.
Heavier accelerometers, greater than 1.5 grams, will lower the resonant
frequency of the Bruel & Kjaer Model 0559. Shaker calibrations were also
performed at -65°F and +185°F with similar results.

Additionally, the dropball calibration should be flat (33%) for shock levels up to
the maximum peak magnitude of the dropball apparatus, 20,000 g. If the
material performed adequately during these calibrations, then the evaluation
continued with Hopkinson bar testing at ambient temperatures. The Hopkinson
bar test configuration is shown in Figure 3. This titanium Hopkinson bar
configuration for in-axis characterizations has a 0.75 in. diameter and a DC-
10,000 Hz non-dispersive bandwidth. This apparatus and the associated data
analyses performed in the SNL Mechanical Shock Laboratory are described in
subsequent sections of this report [1-6, 10]. The advantage of Hopkinson bar
testing is that shorter pulse durations (and consequently high frequency content)
can be applied to the test item and the data is available for analysis. Only two of
these materials, silicone and adiprene, performed adequately at ambient
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temperatures at shock amplitudes up to 15,000 g. Adequate performance has
two criteria: the isolator peak acceleration amplitude must not differ
significantly from the peak acceleration amplitude derived from a reference
measurement and the accelerometer must not show resonant response. If the
isolator and its elastic material have good agreement with the acceleration
derived from the strain gages at these low shock amplitudes, then the materiaI
had adequate stiffness. If the accelerometer did not resonate, then the material
had adequate shock mitigation with its impedance mismatch characteristics. The
next evacuation was on the Hopkinson bar at -65°F, and neither material
performed satisfactorily at this cold temperature. Consequently, the search for
an another elastic material was abandoned, and polysulfide rubber remained the
elastic material in the mechanical isolator.

Polysulfide rubber is purchased as a liquid and is not available commercially in
the 10 mil thick plaques required for the isolator. In order for the commercial
manufacturer to have an adequate supply of the polysulfide rubber, a simple
circular fixture was constructed to make rubber plaques with a four inch
diameter. As shown in Figure 4, this fixture consists of a circular housing and a
circular piston that fits in the housing. The piston has three O-rings on it that
allow a vacuum to be drawn on the area below the piston using a fitting in the
side of the housing. The piston is forced down onto stops at the top of the
housing with an arbor press. Six bolts are put in place to hoId the piston in the
correct position during the 24 hours required for the polysulfide rubber to
soIidify. The rubber is cured for an additional 48 hours after it is removed from
the fixture.

PSR(.01 O THICK)
WITHTEFLON SHEET
USED AS MDLD RELEASE

I \ I
—

=
—
———&

PISTON
:

Y3

O–RING SEALS

a+. I /= ’0’’””””

.

Figure 4: Simple Fixture to Make I?olysulfide Rubber Plaques.
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Development of the ENDEVCO 7270AM6
Mechanical Design

As part of the ETAP, tweIve accelerometers were assembled in the mechanical
isolator shown in Figure 5 as an exploded view. Since the accelerometer is
available in five acceleration ranges, all ranges (except the lowest range of 2,000
g) were used: two with 6,000 g range; six with 20,000 g range, two with 60,000 g
range, and two with 200,000 grange. The mechanical isolator has never been
used with the 2,000 g accelerometer because the resonance of the isolator (=30-50
kHz) tends to excite the resonance of the accelerometer at 90 kHz. Testing was
planned for each accelerometer up to its maximum acceleration range. Testing of
the 6,000 g accelerometers in the mechanical isolators was conducted at 5,000 g to
confirm previous results. Testing continued with the 20,000 g accelerometers at
10,000 g to confirm previous results and at 20,000 g. Although the isolator
performed acceptably at 10,000 g, the performance at 20,000 g was clearly
unacceptable as shown in Figure 6. The acceleration time history shows a
nonlinear response at the end of the Hopkinson bar pulse that was not evident at
lower acceleration levels. The Fourier transform in Figure 6 shows several peaks
that are not usually present and a high peak for the accelerometer resonance at
almost 400 kHz. For acceptable isolator performance in the Fourier transform,
the accelerometer resonance should have a magnitude that is at least two
decades below the low frequency asymptote. The observation of this
unacceptable performance led to a redesign of the isolator with six major changes
as shown in Figure 7. First, the mounting stud was changed from a 10-32 to a
1/4-28 to increase the stiffness of the stud and to allow a larger torque value to
be used (75 in-lb instead of 25 in-lb). The thickness of the isolator top was
increased by 1/16 in. and the width of the slot for the accelerometer was
decreased from 0.375 in. to 0.305 in. to raise the frequency of any modes in the
plate-like top. Four 2-56 screws replaced the previous two 3-48 screws to clamp
the top tighter to the bottom. This screw configuration aIIowed a decrease in the
diameter from 0.745 in. to 0.675 in. Finally, the brass pins that were originally
press-fit into the isolator bottom were replaced with two 3-48 screws that have
shrink tubing over the threads to prevent metal-to-metal contact between the
screws and the accelerometer. The elimination of the brass pins simplifies the
machining and assembly considerably because the press fit requires tight
tolerances and an extra operation for assembly. With these design changes, the
ENDEVCO 7270A in the mechanical isolator respond correctly at acceleration
levels up to 70,000 g without significantly increasing the weight of the isolator
(9.5 grams as compared to the originaI 7.5 grams). Above 70,000 g, the nonlinear
response appears and is similar to that shown in Figure 6. The nonlinear
response is amplitude dependent and maybe caused by small gaps opening in
the isolator assembly. A finite element analysis has been made of the new
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isolator design, and no resonance was identified in the frequency range of 30-50
kHz where resonance response has been observed experirnentalIy for the
ENDEVCO 7270AM6. All resonance frequencies identified by finite element
analyses are above 100 kHz. The characterization of the ENDEVCO 7270AM6
for the conditions shown in Tables I and II and results from shock environments other
than impact comprise the remainder of this report.

Hopkinson Bar Configurations

The Hopkinson bar configuration for characterizing accelerometers for in-axis
input is shown in Figure 3. Both titanium and beryllium materials were used for
the ENDEVCO 7270AM6 characterization. In-axis input in this configuration is
an acceleration that is normal to the mounting surface or parallel to the sensing
axis and the integral mounting stud. A maximum shock magnitude of 200,000 g
is used for the titanium bar to insure that the 6 AL, 4V titanium alloy (6%
aluminum and 4% vanadium) does not yield. In this study, the titanium
Hopkinson bar has a 0.75 in. diameter, 72 in. Iength, and a non-dispersive
bandwidth of DC-10 kHz. Strain gages are used as the reference measurement
for the titanium Hopkinson bar and have an uncertainty of +6% [11]. This
titanium capability has been used to characterize the ENDEVCO 7270AM6 at
acceleration levels up to 200,000 g [5].

A maximum shock magnitude of 70,000 g is used for the beryIIium bar to insure
that the beryllium (99% pure) does not yield because it is a health hazard in
particle form. In this study, the beryIIium Hopkinson bars have a 50 in. length,
0.75 and 2.0 in. diameters, and a non-dispersive bandwidth of DC-50 kHz. A
Laser DoppIer Velocimeter (LDV) with high frequency (up to 1.5 MHz) and high
velocity (10 m/s) capability was purchased from a commercial source and has
been certified by the Primary Electrical Standards Department at SNL. For the
1000 mm/s/V range (positive velocity), the total uncertainty with approximately
a 95 YO confidence level for the velocity is +5 YO. When the LDV is used over 90’XO
of its range, this LDV has a +2-3% uncertainty for all specified frequencies and
velocities. The uncertainty decreases for decreasing velocity scales. The LDV
provides a reference velocity measurement for velocities up to 10 m/s and for
frequencies up to 1.5 MHz. The LDV provides information in a bandwidth that
is not available from strain gages that are generally considered to have a
bandwidth of no greater than dc-40 kHz. Since these piezoresistive
accelerometers have resonance at these high frequencies of 100’s of kHz, the LDV
is a useful diagnostic tool. Ref. [12] gives the details of the certification process.
Strain gages cannot be used as the reference measurement for the beryllium bar
because its response exhibits two anomalies that are shown in Figure 8: the high
rate of damping and the non-return to zero of the stress time history.
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A configuration that uses a quartz crystal to directly measure the acceleration
applied to an accelerometer mounted on a flyaway device at the end of a bar was
investigated [13] for use with the beryllium bar. However, it was found that the
Hopkinson bar material for this configuration is limited to aluminum that cIosely
matches the impedance of the quartz crystal.

Cross-axis sensitivity of the piezoresistive accelerometers has been studied with the
beryllium split Hopkinson bar configurations shown in Figure 9. An in-axis
response is the response of an accelerometer whose sensitive axis is in the direction
of the shock. An out-of-axis or cross-axis response is the response of an
accelerometer whose sensitive axis is@ in the direction of the shock but is
perpendicular to the to the direction of the shock. With beryllium’s Poisson’s ratio
of 0.07, the cross-axis performance is obtained with negligible motion in the
accelerometer’s sensitive axis. No special preparations of the beryllium FIopkinson
bar interfaces with the inserts are made other than insuring that the surfaces are flat
and polished. Strain gages are used as the reference measurement for the cross-axis
Hopkinson bar configuration and have an uncertainty of +6% [11]. A picture of the
beryllium insert with instrumentation is in Figure 10.

Another configuration for cross-axis characterizations with the accelerometers
mounted normal to the stress wave at the end of the bar was investigated [4].
However, this approach was abandoned because the resonance at the end of the bar
is about 120 kHz and caused the accelerometers to resonate and break. The split
Hopkinson bar configuration avoids the resonance at the end of the bar and is
easily modified to accommodate different mounting requirements for a variety of
sensors.

careful alignment of the bars with projectiles and/or inserts is required. All
Hopkinson bars used for the results shown in this paper are freely supported. A
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low pressure air gun is used to fire a 3 inch Iong hardened tool steel (for
titanium) or magnesium (for beryllium) projectile at the end of the bar. This
impact creates a stress pulse that propagates toward the opposite end of the
Hopkinson bar. Regulating the air gun pressure that determines the impact
speed controls the amplitude of the velocity pulse. Placing a number of index
cards on the impact surface controls the shape (approximately a hdf sine) and
duration of the velocity pulse.

All accelerometers in this study were calibrated in the SNL Calibration
Laboratory using two methods: 1) shaker calibration and 2) dropball calibration.
The two methods are traceable to the National Institute of Standards and
Technology, NIST, formerly National Bureau of Standards (NBS) as described
elsewhere [14].

Beryllium
Hopkinson Bars
50 in. length each

Air Gun

\

,

‘7
Projectile ‘

Axial & Radial ‘Insert with
StrainGages Accelerometers

Figure 9: Split Beryllium Hopkinson Bar Configuration for Cross-
Axis Input (2.0 in. Diameter).
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Figure 10: Two Flats on the Beryllium Insert for Static
Compression and Mechanical Compressive Shock
Cross-Axis Experiments (2 in. Diameter).
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Hopkinson Bar Analysis for In-Axis Response

The theory of stress wave propagation in a Hopkinson bar is well documented in
the literature [15, 16]. The results of this theory are summarized as follows:

A Hopkinson bar is defined as a perfectly elastic,
homogeneous bar of constant cross-section.

A stress wave will propagate in a Hopkinson bar as a
one-dimensional elastic wave without attenuation or
distortion if the wavelength, 1, is large relative to the
diameter, D, or 10D ~ 2.

For a one-dimensional stress wave propagating in a
FIopkinson bar, the motion of a free end of the bar as a
result of this wave is:

v = 2c& (1)

or,
*=2c@

dt

where,

(2)

(3)

and v and a are the velocity and acceleration,
respectively, of the end of the bar, c is the wave
propagation speed in the bar, E is the modulus of
elasticity, p is the density for the Hopkinson bar
material, and s is the strain measured in the bar at a
location that is not affected by reflections during the
measurement interval.

The motion of an accelerometer mounted on the end of the bar is governed by
equations (1) and (2) if the mechanical impedance of the accelerometer is much
less than that of the bar or if the thickness of the accelerometer is much Iess than
the wavelength. The requirement on the strain gage is that the gage length (g.1.)
be much less than the wavelength or 2 z 10 g.1.

Both time domain calculations, as a percent difference from the reference
measurement (LDV or strain gages), and frequency domain calculations, as
frequency response functions, are made with the Hopkinson bar data.
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The magnitude, phase and coherence of frequency response functions were
calculated so that a quantitative evaluation could be made of the frequency
response for the ENDEVCO 7270AM6. The reference acceleration data,
calculated from either strain gages or the LDV, and the accelerometer response
data were used to calculate a frf, H(jo), using the equations below [17_J.

HI+ H2
H(jcv) = ~ (4)

where,
5

~G XY
H, (j~) . ~

~G
n=l xx

(5)

and

(6)

and where GXYis the cross-spectrum between the reference acceleration, x, and
the accelerometer response, y; GY~is the cross-spectrum between the
accelerometer response, y, and the reference acceleration, x; Gu is the auto-
spectrum of the accelerometer response, y; and GXXis the auto-spectrum of the
reference acceleration, x. The frf, HI is biased by the error on the reference
acceleration, and the frf, H2 is biased by the error on the accelerometer response.
The Hopkinson bar data for these frf calculations have noise on both the
reference acceleration and the accelerometer response, so the average of the two
frf’s in (4) is used. The summations are performed for the ensemble of five
reference accelerations and their corresponding accelerometer responses. The
coherence, yLxY(jo),was also calculated for an ensemble of five data sets according
to the equation [17J

(7)

as a measure of the linearity between the reference acceleration and the
accelerometer response and of the noise in these data.
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Hopkinson Bar Analysis for Cross-Axis Response

The axial motion, a, at a location in the Hopkinson bar other than the free end is
[18]

..3
dt

(8)

wheres is the axial strain. The radial motion, y, is

y = i-&r (9)

where r is the radius of the Hopkinson bar ands, is the radial strain. Since the
relationship between axial and radial strain is

&r= jlE (lo)

where y is Poisson’s ratio, then the fi.md expression for radial acceleration, ay, is

~y=.irda——
colt”

(11)

A prediction of the axial and radial acceleration for the beryllium Hopkinson bar
using the equations above is shown in Figure 11. Strain measurements co-
located with the ENDEVCO 7270AM6 on insert of Fig. 10 in the split Hopkinson
bar configuration are shown in Figures 12 and 13 and indicate a Poisson’s ratio of
about 0.07.
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In-Axis Isolated Accelerometer Performance

The in-axis titanium Hopkinson bar testing was conducted for the final
mechanical isolator design at shock levels of 20,000 g, 40,000 g, and 60,000 g for a
duration of about 40 ps and for temperatures of -65”F, ambient (70”F), and
+185”F. Figure 14 shows the consistent time history data that is required for the
frequency response function analyses of these data. Appendix A shows the
frequency response functions for temperatures of -65”F, ambient (70”F), and
+185”F, respectively,with a non-dispersive bandwidth of DC to 10 kHz. The

frequency response function magnitudes show Iess than four percent deviation
for the three temperatures and the three shock leveIs. For these same conditions,
the frequency response function phase changes are minimal.

The frequency response function coherence plots confirm the quality of the data,
and the coherence is acceptable to 20 kHz. The large deviations in magnitude
and phase that occur above 10 kHz, are due to the loss of coherence at higher
frequencies. The frequency at which the Ioss of coherence starts to effect the
frequency response function is not known, but the large excursions in these
functions above 10 kHz are not due to the ENDEVCO 7270AM6. Rather, the
excursions occur because of differences between small numbers at these
frequencies in the autospectrum for the Hopkinson bar acceleration and the
cross-spectium for the Hopkinson bar acceleration and the isolator response.
These computational anomalies have been noted and discussed previously [1-6,
10-12], and the frequency response functions are useable to at least 10 kHz and
above.

Even though additional testing was conducted with acceptable results up to
70,000 g at ambient temperature, the acceleration Ievel of 60,000 g is the
maximum recommended upper limit for this isolator design over the
temperature range of -65oF to +185”F. The original intention was to reach levels
of 200,000 g, but the 200,000 g acceleration level does not appear to be achievable
with this design approach. In order to reach 200,000 g, an increase in the isolator
weight and consequently, a decrease of the useable frequency range would be
required.

In an attempt to characterize the resonance for the ENDEVCO 7270AM6, it was
mounted on the end of a 2.0 in. diameter beryllium Hopkinson bar with a 1A-28
threaded hole in the in-axis orientation as shown in Figure 3. A low amplitude
shock pulse of -6,000 g with a 15 ps duration was created, and the frequency
response functions (magnitude and coherence) were calculated. A higher
magnitude shock pulse was not used because the duration of the shock pulse at
15 ps causes the mechanical assembly to resonate. Although this configuration
was used successfully to characterize the 1.5 gram ENDEVCO 7270A for a
bandwidth of 50 kHz, the coherence is not acceptable past 30 kHz for the
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ENDEVCO 7270AM6 that has a higher weight of 8.4 grams. The corresponding
frequency response functions are shown in Appendix A.

Although the first (lowest) ENDEVCO 7270AM6 resonance was not identified in
these beryllium Hopkinson tests, a resonance has been observed in other
experiments. Experiments conducted in Germany subjected the ENDEVCO
7270AM6, mounted on a steel plate, to shock from 50 grams of C-4. The
ENDEVCO 7270AM6 exhibited a resonance at 48 kHz. The ENDEVCO 7270AM6
was aiso subjected to explosive shock from 1000 grams of C-4 in the same
configuration. The explosive tests are described in Appendix B that shows
excellent performance and survival for the ENDEVCO 7270AM6 in ballistic
shock environments.

The performance of two isolated accelerometers, the Bobkat Isolator for the
ENDEVCO 7270A [19] and the ENDEVCO 7255 are presented in the form of frf’s
in Appendix C. The frf’s were calculated from Hopkinson bar in-axis tests using
the configurations and equations described above. The tests were conducted on
steel for the Bobkat and titanium for the ENDEVCO 7255 Hopkinson bars with
peak amplitudes shown on the plots. Both isolators have resonance below
10kHz. The resonance changes value with shock ma~”tude, so both isolators
are non-linear for the frequency range of DC-10kHz. Their useable frequency
range is a maximum of DC to 1 kHz. Both the Bobkat Isolator for the ENDEVCO
7270A [19] and the ENDEVCO 7255 are availabIe cornrnercially.

TNO Building and Construction Research in The Netherlands performed an
unsolicited, independent evaluation of the ENDEVCO 7270AM6. TNO
evaluated the in-axis response for four isolators for the ENDEVCO 7270A, one of
which was the ENDEVCO 7270AM6. TNO wants to measure structural response
to underwater explosions that have high frequency content. The conclusion of
their evaluation is that the ENDEVCO 7270AM6 performed the best for their
applications. The evaluation report is in Appendix D. Finally, the performance
specification for the ENDEVCO 7270AM6 is in Appendix E.
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Cross-Axis Isolated Accelerometer Performance

The characterization of the cross-axis response of the ENDEVCO 7270AM6
accelerometer continued in the four environments of static compression
experiments up to 82 pe; static strain on a beam of 250 ps; dynamic beam strain
experiments at 250 ps (as per ISA-RI? 37.2, Paragraph 6.6); and mechanical
compressive shock with a 2 in. diameter split Hopkinson bar configuration. The
orientation of the sensors for the static compression and mechanical compressive
shock cross-axis experiments are shown in Figure 10. Radial strain
measurements verified the performance of the beryllium. Figure 15 shows the
in-axis and Poisson strain as a function of applied load, and Figure 16 shows the
7270 AM6-20K response (nominal 10 pV/g sensitivity) as a function of strain.
For the static and dynamic base strain experiments, a steel beam as specified in
ISA-RF’ 37.2, Paragraph 6.6 was used that creates maximum surface strain at the
fixed end of a cantilever beam. The transducers mounted at this location are
subjected to base strain. The base strain is one-dimensional surface strain
because the beam has a very large radius of curvature that minimizes the motion
at the transducer and the centrifugal acceleration, roz. The results of the static
compression, static beam, and dynamic beam strain are shown in Tables III-V,
respectively. The ENDEVCO 7270A-60K (flat package) and ENDEVCO
7270AM4-200K (can package) [6] results are included for comparison. The
response of the ENDEVCO 7270A and ENDEVCO 7270AM4 accelerometers in
these three environments is a base strain response and is consistent with the
manufacturer’s specifications of <0.5 mv output for a strain of 250 pe. The
response of the ENDEVCO 7270AM6 is much lower in these three environments
because the ENDEVCO 7270A in the isolator mechanical case is essentially
decoupled from the mounting surface.

The compressive acceleration shock applied to the ENDEVCO 7270AM6 is
derived from the strain gages co-located with the ENDEVCO 7270AM6 as shown
in Figure 10. The time history compressive acceleration shock has a magnitude
of approximately 25,000 gas shown in Fig. 17. The ENDEVCO 7270AM6
response to compressive shock measured on the insert is A 750 g or less for three,
randomly chosen, orientations of 0°,45°, and 55° as shown in Figs. 18-20. The
cross-axis responses are 370 (30,000 Hz bandwidth) of the compressive
perpendicular shock magnitude and are very consistent for the three orientations
of the isolator perpendicular to the compressive shock. The frequency content of
the ENDEVCO 7270AM6 cross-axis response is predominantly 20,000 Hz and
40,000 Hz. These two frequencies have not been observed for any other test
conditions and are assumed to be rocking motion of the ENDEVCO 7270AM6, in
the absence of other information. Since these frequencies are significantly
beyond the specified bandwidth of DC-1OKHZ for the ENDEVCO 7270AM6 and
the magnitude is a very small percentage of the compressive shock, the cross-axis
response is considered minimal.
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Table III: Static Base Strain Results.

Accelerometer Orientation Torque Strain Sensitivity Voltage output
Type (in-lb) (g/p&) at 250 ~ (rev)

7270AM4-200K 80° 75 0.5816 0.187

7270AM4-200K 25° 75 0.0612 0.019

7270AM6-20K 5° 75 0.0188 0.045

I 7270AM6-20K I 95° I 75 I 0.0188 I 0.045 I
7270A-60K I In Line \ 9 I 0.1531 I 0.064t
7270A-60K 45° 9 0.4184 0.166

7270A-60K 90° 9 0.3061 0.124

Table W Static Beam Results.

Accelerometer Orientation Torque Strain Sensitivity Voltage output
Type (in-lb) (g/ye) At 250 ps (rev)

7270AM4-200K In Line* 75 3.2260 1.090
7270AM4-200K 15° 75 0.2368 0.080

I ,

7270AM6-60K 15° 75 0.0070 0.006
7270A-60K In Line 9 0.4232 0.175
7270A-60K 45° 9 0.6772 0.280

7270A-60K 90° 9 0.0943 0.039

* 0.009 in shim

Table V Dynamic Beam Strain Results.

Accelerometer Orientation Torque Strain Sensitivity VoItage output
Type (in-lb) (g/w) At 250 w (rev)

7270AM4-200K In Line* 75 3.1370 1.060
7270AM4-200K 15° 75 0.5387 0.182

7270AM4-200K I 15° I 30 I 0.1717 I 0.058

7270AM6-60K 15° 75 0.0147 0.012

7270A-60K In Line 9 0.3918 0.162

7270A-60K I 90° 191 0.0435 I 0.018
I , , ,

7270A-60K 45° 9 0.5804 0.240

* 0.009 in shim
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Uncertainty Analysis

The uncertainty in these measurements and results are attributed to: uncertainty
in the sensors, the reference measurement (strain gages or LDV), the data
acquisition system, and accelerometer response due to variation in mounting
torque. The sensor and data acquisition uncertainty is monitored on a continual
basis in the SNL Mechanical Shock Laboratory as required by the SNL
Specification 9958003 [13]. These requirements include the performance of both
the hardware (sensors, amplifiers, digitizers etc.) and the IMPAX software that
controls the data acquisition system through a computer [13,14,15]. The 9958003
specification allows an accuracy of ~10% for amplitude, ~5 % for duration, and
+8% for rise and fall time for any measured pulse greater than 50 ps in duration.—
The current data acquisition system and software meet these requirements
within ~0.5 ‘XO,and documentation of these results is maintained in the
Mechanical Shock Laboratory. Consequently, the uncertainty in these
measurements is the uncertainty in the accelerometer calibration, ~5 % [14], the
uncertainty of the reference measurement 6 % [11, 12], and the uncertainty in the
torque Wench calibration, ~5% [6]. These three uncertainties are considered
random, so they maybe combined in an uncertainty analysis with a 95%
confidence level as [24-25].

‘T J= W:+w; +w: (1)

where: wT = totaI uncertain~,
WS= accelerometer calibration uncertainty, 5%,
w~f=uncertainty of the reference measurement, 670, and
Wt = torque wrench calibration uncertainty, 35 %.

The vaIue of the total uncertainty, wT, is ~ 8% and is typical for the
measurements made in the SNL Mechanical Shock Laboratory.

Conclusions

A mechanical isolator for a piezoresistive accelerometer, the ENDEVCO
7270AM6, has been developed at SNL, and has been transferred to ENDEVCO.
The isolator has acceptable performance for shock levels of 20,000 g, 40,000 g,
and 60,000 g and for temperatures of -65°F, ambient (70°F), and +185°F with a
frequency bandwidth of DC to 10 kHz. The performance was determined by the
magnitude, phase and coherence of frequency response functions calculated
from in-axis Hopkinson bar data and cross-axis response in four environments.
This mechanical isolator has ten times the bandwidth of any other commercial
isolator as shown in Figure 2 and Appendix C. The mechanical isolator
technology, that was deveIoped in response to SNL impact and pyroshock test
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requirements shows an extended capability in some explosively generated
ballistic and underwater shock environments as shown in Appendices B and D.
The performance specifications for the ENDEVCO 7270AM6 are in Appendix E.

Acknowledgements

The authors would like to acknowledge the expertise of the SNL personnel in the
Organic MateriaIs Deparbnent, Mathew Donnelly and David Zamora, who
developed a process and constructed the fixture for making the polysulfide
rubber plaques. The authors would also like to thank Thomas J. Baca who
provided a starting point, and R. Glenn Bell III, Neil T. Davie, and Patrick L.
Walter for their contributions during the development of the isolator.

References

1.

2.

3.

4

5.

Bateman, V. I., R. G. Bell, and N. T. Davie, “Evaluation of Shock Isolation
Techniques for a Piezoresistive Accelerometer,” Proceedings of the 6@
Shock and Vibration Symposium, David Taylor Research Center,
Portsmouth, VA, November 1989.

Bateman V. I., R. G. Bell, F. A. Brown, N. T. Davie, and M. A. Nusser,
“Evaluation of Uniaxial and Triaxial Shock Isolation Techniques for a
Piezoresistive Accelerometer,” Proceedings of the 61st Shock and Vibration

Symposium, Vol. IV, October 1990, pp. 161-170.

Bateman V. I., N. T. Davie, F. A. Brown, “Characteristics of a Piezoresistive
Accelerometer in High Frequency, High Shock Environments,” Proceedings

of the 4@ lES ATM, Chicago IL, May 1994.

Bateman V. I., F. A. Brown, and N. T. Davie, “Isolation of a Piezoresistive
Accelerometer Used in High Acceleration Tests, F!roceedings of the 17fi
Transducer Workshop, Vehicular Instrumentation/Transducer Committee
of RCCTG, San Diego, CA, June 1993 pp. 46-64.

Bateman V. I., F. A. Brown, N. T. Davie, and M. A. Nusser, “High Shock,
High Frequency Characteristics of a Mechanical Isolator for a Piezoresistive
Accelerometer, Proceedings of the 18fi Transducer Workshop, Vehicular
Instrumentation/Transducer Committee of RCCTG, Colorado Springs, CO,
June 1995.

34



References (cont.)

6. Bateman V. I and F. A. Brown, “The Use of a Beryllium Hopkinson Bar to
Characterize In-Axis and Cross-Axis Accelerometer Response in Shock
Environments,” Proceedings of the 44A International lMrurnentation

Symposium, Reno Nevada, May 3-7,1998, pp. 540-549.

7. Walton, Scott W., “New Ballistic Shock Protection Requirement for Armored
Combat Vehicles,” 6(N Shock and Vibration Symposium, Vol. 1, November
1989.

8. Walton, Scott W., “The Significance of Shock Content Above 10kHz on
Equipment,” 6.W Shock and Vibration Symposium, Vol. 1, November 1992.

9. Walton, Scott W., “Methodology Investigation Final Report of Correlation of
Component Damage to Ballistic Shock II,” U.S. Army Combat Systems
Activity, Aberdeen Proving Ground, MD, TECOM Report No. 7-CO-M91-
CSD-004, Report No. CSTA-7241.

10. Bateman V. I and F. A. Brown, “The Use of a Beryllium Hopkinson Bar to
Characterize In-Axis and Cross-Axis Accelerometer Response In Shock
Environments,” SAND97-2862, National TechnicaI Information Service, 5285
Port Royal Road, Springfield, VA 22162, January 1999.

11. Bateman V. I, W. B. Leisher, F. A. Brown, and N. T. Davie, “Calibration of a
Hopkinson Bar With a Transfer Standard,” Shock and Vibration Journal,
Vol. 1, No. 2, pp. 145-152 (1993).

12. Bateman V. I, B. D. Hansche, and O. M. Solomon, “Use of a Laser Doppler
Vibrometer for High Frequency Accelerometer Characterizations,”
Proceedings of the 66~ Shock aqd Vibration Symposium, Vol. I, Biloxi, MS,
November 1995.

13. Togami, T. C., V. L Bateman, and F. A. Brown, “Evaluation of a Hopkinson
Bar Flyaway Technique for High Amplitude Shock Accelerometer
Calibration,” Proceedings of the 68A Shock and Vibration Symposium, Vol.
I, Hunt Valley, MD, November 1997.

14. Bateman, V. I. And O. M. SoIomon, Jr., “Characterization of Accelerometer
Mountings in Shock Environments,” Proceedings of the 14fi Transducer
Workshop, Vehicular Instrumentation/Transducer Committee of RCCTG,
Colorado Springs, CO, June 1987.

35



References (cont.)

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Davies, R., “A Critical Study of the Hopkinson Pressure Bar,” Philosophical
Transactions, Series A, Royal Society of London, Vol. 240, pp. 352-375,
January 8,1948.

Kolsky, H., Stress Waves in Solids, Oxford University Press, 1953.

Bendat, J. S. and A.G. Piersol, Random Data, 2“d Edition, John Wiley and
Sons, 1986, pp.164-185.

Bateman V. I, F. A. Brown, and N. T. Davie, “The Use of a Beryllium
Hopkinson Bar to Characterize a Piezoresistive Accelerometer in Shock
Environments,” Journal of the Institute of Environmental Sciences, Vol.
XXXIX, No. 6, November/December 1996 pp. 33-39.

Walton, W. Scott, “Pyroshock Evaluation of Ballistic Shock Techniques,”
Proceedings of the 62fi Shock and Vibration Symposium, Vol. III, pp. 422-
431, Springfield, VA, October 1991.

Ulibarri, Davie, and Kuehnle, “Mechanical Shock Test Instrumentation,”
Sandia NationaI Laboratories Specification 9958003-4,1992, pp. 1-19.
Bateman, V. I., “Data Acquisition System Hardware Fidelity Check
Procedures,” February 14,1997, pp. 1-21.

Bateman, V. I., “Software Management Plan for Software Supporting
Production Lot Acceptance Testing,” January 11,1996, pp, 1-5.

Bateman, V. I., “Software Quality Requirements for Area I Mechanical
Shock Laboratory,” Issue A, January 11,1996, pp. 1-10.

Doebelin, E. O., “Measurement Systems Application and Design,” McGraw
Hill Book Company, New York, N. Y., 1983, pp.57-60.

Abernathy, R. B. “Measurement Uncertainty Handbook,” Instrument
Society of America, Research Triangle Park, N.C., 1980.

36



Appendix A

ENDEVCO 7270AM6

Frequency Response Functions
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Frequency Response Functions at -65°F as Measured with a
Titanium Hopkinson Bar (DC-IO kHz Non-Dispersive Bandwidth).
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Appendix B

ENDEVCO 7270AM6 in a Ballistic Shock
Environment

International Explosive Tests in Germany
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DEPARTMENT OF THE ARMY
U.S. ARMY ABERDEEN TEST CEWER

400 CDLLERAN ROAD

ABERDEEN PROVING GROUND. MARYLAND 21005.5059

February 27, 1997

BallisticsDivision

Dr.Vests Bateman
SandiaNationalLaboratories
P.O. BOX 5800, Mail Stop0555
Albuquerque,NM 87185-5800

DearDr. Bateman:

The AberdeenTest Centerwould like to thankyou for fabricatinga mechanical
isoIatorfor the7270accelerometer.TM devicewaswed to measureexplosively
generated“ballistic shocY at levels whichareknownto destroyhardmounted7270
accelerometersandotherstandard,commerciallyavailableaccelerometers.

The mechniea]ly isolatedaccelerometerthatyouprovided survived5 testshotsin
Lechtenau,Germanyand7 testshotsatAberdeenProvingGroundwithoutftilure.
Mr. ScottWalton(410-278-3396)andiMr.MichaelClark(41O-278-5120)canprovide
furthertectilcal details.

p+ercly,

/’1 1

Y 1&.L. ‘j&k;
J Id L. Nook

hector.EngineeringDirectorate
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oEXPLOSIVE TEST RESULTS FROM *
?.andia National Labs

TEST DESCRIPTKNIS

1. The data on tie SRS plot labeled “SO gram German~ were generated in Germany
on 22 May 96. The actual test vws 50gm of M with a 90mm standoff from the center
of a small, fiat steel pl,ate. Dimensions of the plate were 4SOmm x 460mm x 4Dmm. All
gages were mounted ~dially equidistant (127mm) from the center of the plate. The
LOFFI record was genemed by a mechani~lly fiiterad (80W-lz rail offj Endevc.o
226zA-2000. The BOBKAT record was generated from a mechanically filtered(8-kHz
rolloff)Endavco 7270A-6K. The AT(2 VeIocity gage is Scmti Walton’s veloci&’ gage
design.

2. The data an the SRS plot Iabe!ed “1OOOgram GermanF were generated in
Germany on 22 May 96. TfYetest ansisted of detonating 1000gm of C4 placed
directly against ths German BaIlistic Shock SknuIatrx (SBS). The expbs-kfe charge was
placed against the front plate (which was perpendicular to the grnund) of the simulator-
The gages were mounted on a plate (parallel to the ground) that butted into the plate
the explosive was placed against The mass and geometry of the SBS is roughly
equivalent to a turret of a main battle tanlc

INSTRUMENTATION FOR EXPLOSIVE m
TESTS INLICl+TEhlAll,GERMANY Smd,a National labs

SOgm Against Flat PJa@ Wimm Stend-oi7

Gacie TYoe Gaqe Factor Sample Rate Anti-Alias

ATC VeI~ Gage Y
956$ 2ao,oao SO-kHz

BOEKAT (7270A) 36,032g/ 200,000 80-kHz

LOFFI (226X) 3,084g/ 200,000 SO-kHz

Sandia (7270A) 670,691g~ 200,000 None

fOOOgm Against German Ballisdc Shock Simulator (S0S), NO Stand-oti

Gaqe Twe Gage Factor SamrNe Rate Anti-Alias

ATC Velo~ Gage 12.70; 200,000 80-kHz

BOSKAT (7270A] 36,032 g/V 200,000 %C-kHz

LOFFI (22624) 3,084g/ 200,000 80-kHz

San&a (727oA) 599,520~& 200,000 None
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ACCELERATION COMPARISON m
50 GRAM TESTY 80 KHZ FILTER s.mdja=b

L’” ~
.
....... .Smdia 7279 C6iSE&)

tt)!lrl~! !l’!!:ll l),:,
0.0s 2Q.EUS S88.EIIS ?s8

Ims

r t 1 J 1

s

Note: High Frequency on 7270A-AM6 is at 48 K1-lz.

ACCELERATION COMPARISON
o50 GRAM TEST, 30 KHZ FILTER san.,a.g.,s

1.o~+4
I I I I i I I 1 I I I

~
I [ [ I

l“
i I

: — DerivATC Velocity 6age
;; . . Smdia 7270
::

Hi5000.0

-5000.0
t -i

tfJllll 111 J!lllll, ill, ,l
0.0s 250. Dus 500.Dus 750.OW I .Oms

TIME

For a bandwidth of 30 KHz, both signals are reasonable.

49



WIDEBAND VELOCITY
mCOMPARISON =50 GRAM TEST.,..,.....=.’..

2.0

1.5

1.0

0.5

0.0
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0.0s i.Oms 2. Oms 3, Oms
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oACCELERATION COMPARISON m
50 GRAM TEST9 30 KHZ FILTER ...m.....,~.~.

-w
al

11’’’’ 1’’’’ 1’’’’ 1’’’’ 1’””’&

2.0E+4

F /1 —French 7255
----French 7255
-+andia 7270

----DerivativeofATC Vel

1- fl

i.0E+4

I HA..,.,.,......
L

0.0
..

:..“

I I I I 1 I I I I I I I 1! 1,,1,,,,
-50.OUS 0.0s 50. &Js Ioo.ous 150.Ous 2oo.ous

TIM5

Comparison shows 7255 #l is clear outiier.
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WIDEBAND SHOCK SPECTRA
mCOMPARISON “ 50 GRAM TEST.n.ra.a*om].~s
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WIDEBAND SHOCK SPECTRA
mComparison u1000 GRAM TEST...,~atitnanLa,s,s
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Appendix C

Bobkat Isolator and the ENDEVCO 7255

Frequency Response Functions
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c) Frequency Response Function Coherence
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Bobkat Isolator Frequency Response Functions at 5000 g Amplitude
and Ambient (70°F) (DC-1OkHz Non-Dispersive Bandwidth).
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Bobkat Isolator Frequency Response Functions at 15,000 g
Amplitude and Ambient (70°F) (DC-1OW Non-Dispersive

Bandwidth).
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Appendix D

TNO Building and Construction Research
The Netherlands

TNO Report 94CMC-R1366, Mechanical Isolators
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TNO reporl

94-CI?C-K1366

TNO Building and
Construction Research

Mechanical fi.leers

Lange KIeiweg 5. Rijswii< Oa!e

P.o.aox 4s
2600iW CM
The Nettmiants

Au:hor(S)

Pr!0ne+31 15(2)&42CW
Fax +31 15 (2)843993
Telex 3L?270

Ail figh!s resewed
NO pan c1[his publication maybe
reprcd~ce dandforpublii%by Pfint
PPOIOprinLCIiC1OfihOrany Othef
meanstimx!{ Ihe ?retiOuS written
consent o: TNO.

Ir. casethisqmtwas dd. m
imtructiom.the rights andobligations
@ contracting paitks are subject 10
either the Sandard COnd%nS fOf
Resesrch fmm&ma given to TNO
or the rtievant agreement concluded
behveen the contractingpates.
%bmtiii me repal forin$w2ionto
*e&s whohavea directinlemstis
permitted.

Sponsor: i-iinissryof Defesce
Directorateof Material

i?oyd Hetherkwis lizvy
P.O.BOX 20702
2500ES TiiEHAGUE
THE NETHERLANDS

Monitoring Agency : TEO DefenceResearch

Classifiedby : ir. P.J.Keunir.g,RNIN
Classificaczon6ace:30 Novenber1994

Project number : Q77L$613 - A92/KM/12~”
Author : ing. B. Bosrnzn ~y
Approved :lr. A.IJ.Vredeveldt
Visa : ir. G.T.M..3anssen
Pages 23 (excl.RDP & Distr. +

List)
Classification : ONGERUBRICE,ERE /

The classificationdesignation
‘O$KXWJBRICEERD’is equivalentto
‘UNCMSSIFIED’.

0 TNO

.... ..... --:...,-. 4.,
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TNO-report
94-CMC-R1366

Date Page
’30 November 1994’ 2

ManaKeme%tuiCtreksel

Titel . :
Auteur :
Datum :
Opdr.nr. :
lWP nr.
Rapportnr. :

t4echanLcalfilters
Ing. B. 130sman
30-11-’94
r4277461.3 - A92fKM/122
792
9.4-CMC-R1366

Ken viertal mechanische filters, te gebruiken voor &e Endevco 7270A
versnellingsopnemers, zijn beproefd.
De frequentiekarakterisciek (zowel in meetrichcing als dwars da.arop),
ce lineairiteit ev.de temperatuursinvloeden zijn coc een frequenciesvan
10 ldizge=valueerd.
He: is mogelijk OE, net gebruikmaking van speci.alezechaaische filiers,
zwzre schoksignalen in een frequer.tiegebiedtot 10 kHz juist te
regiscreren.
De ge~vzlueerde mechanische filters vertonen klei~e niec
lineairiteiten.
Van de geSvaLueerde mechanische filters heeft het Disk-isolacion-
cechnique filter de besce karakteristieken.
Ch het bruikbare frequentiegebied van een mechanisch f~lter te bepalen
dienen de werkelijk opgetreden omstandigheden (zoals amplitude,
cemperacuur, etc.) in beschuuwing te worden genomen.
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1. SMMARY

Four diEferent mechanical .filcers,to be usetiwith Endevco 7270A
accelerometers, have been tested.
The frequency characteristic (measurement direction and transverse),
linezrity and influence of temperature have been evaluated till 10 kHz.
It is possible co measure high level shock signals in a frequency range
up CO 10 !&z properly, using spec<al mechanical filters.
The evaluated mechanical filters show a.small nonl<neari~y.
Of che evaluated mechanical filters the Disk-isolation-techriique
mechanical filter “showsthe best c’naracteriscics.
One has to consider the actual circumstances (such as amplitude,
temperature, etc.) to define the usable frequency range.
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2. INTRODUCTION

Tine calculation tnethods

Date Page

- 30 November 1994 5

for the effects of underwatershock on a

construction are improving strongly.
Of course there is a need for verification by ex~eriments.
Because of the strong improvecientsin the calculation methods the
frequency contencs of the experimental data has co be much higher tha~
in the past.
Several accelerometers with a very high natural frequency are
commercially available. TNO experience is that in praczice those
accelerouie.tersc~ be exciCed in resonance and fail, even though this

resonance is 180 kliz.
The only way Co zvoid failure, due to excitation in resonznce, is the

use of mechanical fil~ers or internaly damped transducers.
Tineaim of this investigation is to design a mechanical filter for che
Erxievco 7270A transducer with a usable frequency band=idth of 10 Id-l-z.
FOX che usable frequency bandwidth a maximum amplitude deviarion of 5%,
a v.aximumphase deviation of 5 degrees and a maximum transverse
sznsiti.vityof 5X is acceptable.
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3. EVALUATED MECHANICAL FILTERS

Four different mechanical filters, to be used with Encievco 7270A
accelerometers, have been tested.
The first one is the filter as used by TNO in the past at full scale
experiments and small scale experiments. For small scale experiments a

large bandvidth is necessary. This fil~ex will be called TNO-old

filter. This filter is show in figure la.
The second one is the nodified filter of che previous one (thinner
rubber). This filter is called TNO-new filter and is shown in figure

lb.
The third is a further modified filter called TKO-new-round filter.
This filter is shown in figure lc.
The fourth is a filter developed by Sandia National Laboratories and
made available by Endevco. This filter is called Disk-isolation-
Cechnique filter. [1],[2]
Endevco scaced that this filter was not the best they had of this type.
Ike rubber of Che first two filters (TNO-old and TNO-new) were glued on
the steel surface. The rubber of che TNO-new-round filter was glued on
Che aluminium surface. The accelerometer was clamped between VO rubber
layers ac the Disk-isolation-technique fil~er.
The TNO-new-round fil~er and the Disk-isolation-techniaue filter both
has a stud for attachment to the test structure.
The TNO-old fil~er and TNO-new filter were glued to the test structure.
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4.1 Transducer calibration

The accelerometers used for this study were calibrated by TNO using two
methods; a shaker calibration according to 1S0 5347 part 3 “Secondary
vibration calibra~~on” and a dropball calibration according to ISO 5347

pare 4 “Secondary shock calibration”. [3],[4],[5]
Figurs 2 shows a dropball calibration &=ta record.

4.2 Executed nteasurenencs

Some neasuresents took place on the klIL901D light weight shock machine
at a cemperacure of 20 degrees Celcius. Ilifferenc shock levels vere
used (200 g, 300 g, 500 g and 3000 g).
All other measurements were carried out using z hopkinson bar.
On the hopkinson bar some different amplitudes, pulse durations and
cenperztures were used.

The hopkinson bar (made of.AISI -304) is shown in figure 3.
The support allows free movement of the bar in axial direccion.
The hopkinson bar easily lends itself to temperature conditioning
because the end of the bar can simply be inserted into a temperature

chamber. In literature the theory of stress wave propagation is well
documented. [6],[7],[8]
A controlled impact of a projectile a.gainscche bar generates a
repeacdole one-dimensional ekstic stress w-avein the bar which results
in a motion at ‘the free end of the bar of : V-2CC

vith v the velocity at the end of the bar.
c the wave propagation speed in the bar.
e the strain measured in the bar and not affected by reflections.

The shape (approximately a half sine) and durztion of che pulses are
controlled by impact speed and interface.
Acceleration amplitudes of 2500 g, 6000 g and 15000 g and pulse
durations of 45 p, 55 ps anti70 KS were used zt temperatures of 20 and
50 degrees Celcius. The pulse durations were measured at the 10Z level
of the first peak in the acceleration signal.
The four mechanical filters as well as a hard mounted accelerometer
were measured.
On the hopkinson bar also transverse measurements were performed.
For transverse measurements an accelerometer mounted at the.end of the
bar vas used as the reference acceleration.

4.3 Used Equipment

All transducers used for this evaluation were Endevco 7270A-20K (range
20,000 g) accelerometers.
For the measurements on the MIL 901D light weight shock machine and on
the hopkinson bar a Scadas-11 frontend with PDFA-ETD modules and 16
bits ADC (make Difa) was used.
A sampling frequency of 125 ldizand a analogue low pass filter of 61.7
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s. DATA ANALYSIS
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For che MIL 901D light weight shock m=chine the frequency response
functions of the mechanical filters were calc=lzced, using the data of
transducers mounted on the mechanical filters and -a harL mounted
Cransducez. The frequency resolution for this calculation Was 6.25 Hz.
For the calculation of the frequency response funczions 18 zverzges
Were used.

For the ~opkinson’bar considerable Preparations of the datz ~zs

required before frequency response functiOnS could be cdculaced.

Firsz che data had tO be corrected ‘or ‘he time delay of the
acce~eracion record compared to the strain record (this citne~elay is

equal to the time for the G“ave CO propagate fIOm the .sCrain gage to the

end of che bar).
Then the acceleration was int:grace~ to ~btain velocity azc che srrain

record was conver~ed CO ‘eloc~tY using tne factor 2c.
From these data the freq”encY resPonse functions were calculated using

a impzce window co Prevent leakage errors. The frequency resolution for
~hi~ calculation is 488 Hz.
~oc the calculation of the frequency response functions 5 averages were
used.
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6. RESULTS

6.1 ~~ Tests on the MIL 901D light weight

Figure k shows a time hisio~ measured on the
shock machine. The anplituciespectrum of this

shock machine

MIL 90LD light weight
daCa is shown in figure

5. The frequency response funccion of the TNO-new filter, usir!g3000 g
shock level ad 18 averages, is shoc+min figure 6.
AC frequencies higher than 3000 Hz the coherence is 10L’.The
transducers are mounted directly next co each ocher St che centerline.
Figure 5 shows Chat che high frequencies are present in the aeasured
.accelerztionsignal. Apparently the data is very pl~ce dependent for
che high frequencies.
‘i’hesignals ge~erated by the MIL 901D light weight shock mzchine czn
not be used so judge che functioning of the r.echanical filters at h%gh
frequencies.

6.2 Tests on rhe hopkinson “oar

A time history of a 2500 g shock pulse (pulse duration of 70 As) on the
hopkinson b=r is shown in figure 7.
Figure 8 shows the integrated and time shifsed acceleration signal
combined with che velocicy signal of the strain gages.
The amplitude spectrum of the 2500 g, 70 ps acceleration pulse is shown
in figure 9 and the amplitude speccrum of the 15000 g, 45 +
acceleration pulse is show-nin figure 10. It is clear that these
signals can be used for evaluating the filter response in che frequency
range from 1 to 10 kHz very well.
The coherence functions are calculated for the hopkinson bar data.
The calculated coherence functions are unity in the presented frequency
range (1 to 10 kHz).
The frequency response func’cionsof the dLfferent mechanical filters,
for a shock level of 2500 g (70 W} at a cemperacure of 20 as well as
50 degrees Celcius, are shown in figures 11 CO 18.
All mechanical filters show more or less acceptable characteristics a~
20 degrees Celcius.
A temperature of 50 degrees Celcius proves to high for the TNO-new-

round mechanical filter.
The transverse sensitivity of the TNO-new-round mechanical filter is
shown in figure 19. The transverse sensitiviq of each mechanical
filter is given in table 1.

mechanical filter transverse sensitivity [%]

TNO-old (worst direction) 6

TNO-new (worst direction) 7

TNO-new-round 5

Disk-isolation-Cechnique 3.5
b

Table 1. Transverse sensitivity

.
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The frequency response function of the TNO-new-round uiechmical filter
ac a shock level of 15000 g (45 ps) and a temperature of 20 degrees
Celcius isshown in figure 20.
The frequency response function of the Disk-isolation-technique
mechanical filter ac a shock level of 15000 g (45 PS) and a cempexzcure
of 50 degrees Celcfus is show-nin figure 21.
Both filters show a small nonlinearity.
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7. CONCLUSIONS

It is possible to measure high level shock signals ix?z frequency rznge
up co 10 ldizproperly, using special mechan~cal filters.

The signals generated by the MIL 901D light weight shock machine can
= the mechanical filters at highnot be used to judge the functioning o.

frequencies.

A temperature of 5,0&egrees Celcius is to high for the TlfO-new-rounti
mechanical. “filter.

The $xzrusverse sensitivity of the TNO-old and TNO-new =echaniczl
filters are too h<gh.

The evz~uazed mechanical filters show a small nonlinearity.

Of rhe evzluated mechanical filters the Disk-isolation-technique
mechanical filter shows the best characteristics.

One has CO consider the actual circtunstances (such as axplitude,

temperature, etc-) co define the usable frequency range.
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Piezoresistive
Model 7270AM6

Accelerometer

Mechanical Filter
6000 to 60000 g Full Scafe
DC Response
Rugged

Units——- .. -6KM6 -20KM6 -6QKM6

: RANGE [7]
..— — —.-—— —--—. .

.._-_..-.3_,L ..... . . . .-.-.— .:5Ow m lxx -50 C:’cl. .. .. .._
;SENSITIVIW

—.——— —-—-.
iv J .,,._,”~_ 3C - 2CJ,’-:5 j:+

——..— .—. — .? -2?. 1 5
\ FREQUENCY RESPONSE [2]

.-.. ..”-. —.....-. ..-.——.- . .. . .. ..- ...”

I izi(% max. ret. ‘.00 Hz] ~~~ — . . C[om ~t5 :~,c:c,~c . .. ——— ——— . .— —....-
~hiOUNTE D RES-~fi”~~&~~KCY kt+? T;D_ --_”,-”. ...,, ,,._,,,-- :E,.~,-,,,,,-,,,,-,,,,-,,,””.~~-?e,,______Wjc ---- .-,,,-
~rmizKHwT”Y-— ~: wax -.2 up m zccelera:m :ofresmnrlm~ la IP,e :ecomme KJ9~ :am;e.,.-— .. ._ -—..
: (.%CT:ea,m~.:0 fbk ran$el

.—..——.
McasurefnfjP! CC,ceEaIntIeS pfe,.,en: sta:mc IP,l$as a s~ec,- cawm I ni;

wove 10 WC a... . —... ____________
TRANSVERSE SENSf71’/l TY’ ‘.. ?ys 5 5—.... -.. . . . . .-. —.— >

ZE?.O ME..ISURSNCI i3U-PIJT
—. . . . . ..-. .

zl\J Mai .:1 ,>!: .:o~ :.10:. .. —- .-— — .- —.. —— .- —. . . . . . . .

,
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Piezcwesistive Accelerometer

SPECIFICATIONS-continued

PERFORMANCE CHARACTERISTICS-sonIifsued

! Units -6KM6 -20KM6 -60KM6 I
\ THERMAL ZERO SHIFT
! From -30-F ?0 +150=F (-34:C to +66-C)

I THERMAL SENSITIVITY SHIFT

m\/ ),i~x :50 =~~ +50—.
I

/ From -3wFand+150>F (-34eCand*66’C) %.,Max :1 c, xl o t? c
\ OVERRANGE LIMIT g Pk Zla 000 50 coo :lCO 0C3
/ WARM-UP TIME

.—..—
Mirmes Max ~ 2 ~

I
Seconds [Typ) [15) (Is) (15)

ELECTRICAL
EXCITATION 10.0 Wk. 12 Vdc maximum
INPUT RESISTANCE 550400 ohms
OUTPUT RESISTANCE S50 z200 ohms
INSULATION RESISTANCE 100 megohms minimu,m w 100 VrX: beween sensor. cable shield m! c?.se

PHYSICAL
CASE. MATERIAl S:ain!eSs Sieel{17.4 PH CRES)
ELECTRICAL, CONNECTIONS Integral cabie, 4 conductor iio. 36 AWG Te:lcm’9 me.ula:ed leads. fxalced

—— ;
1

shield, tlourwar bon jacke:
IDENTIFICATION ManufaclWir’sJogo, model rlumbcrand seria:cumber

-/

MOUNTINGmORfX.JE [? ] 75 Ibf-in (S,4 Nm)
WEIGHT 8.4 qrams excluding cable (cable weighs 3.6 Qrams{meter)

..- . . ..
...-— —.. .—-

ENVIRONMENTAL

ACCELERATION LIMITS zlOOOOOghalfsine pulse or~ree:imes the:ecommcnded ra:>ge, ic any
direclion, whichever is smaller. Pulse duration should ae the greater of 20
miCrOS@cofidsor five periods of the re$onance f[equency

TEMPERATURE

~ww!... ..:
.30’F 10 Y150”F (-3C’C tO +66’Q
-65’F 10.r250-F (-54’C to +121 ‘C)
Unaif ec.ted. Uni[ is epoxy sealed

. . .. .

—!

CALIBRATfONDATA StIPPt-lED

t SENSlTW~f51 ;lv?Qat ?XWOQ I

ACCESSORY
3123C Wrench

0PTK3NALACCESSCMES
250% 4Ccndwtor Shielded Cable
32153 Tri-axial Mwn!ing wack

NOTES
:. Removable Loc-Tke sh3vlCbeappi!edio 10-32 sludhelore inSaflzicn

cm?

Cors1inue6prc!uucli?nprwemen: ncmess!Latesmat Endewm reacwc the right lC modify these spec.ihcatlons Wnos: notice. EnCevco mamlasns a program oi
c@w-anlsuweiUnce o\`wall prOducts loensure atigalevel olreliabili~. This pro~ram,ncl~desalteni`tin !or&iab,l iYfaclor$ nur,ngprOductdcsi~c, thcsuJps<
01stnn~er,t%ak~ Comroirewwements,andcompulsmycorrec:!veact!onprocedures.Thesemeasures..wether WA consem’atiwspect!tczl!$ns have OIate
...- .. . . .
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