ning

search, evaluation, design, experimentation

#in 1993, a series of new programs were
bid by United Defense Limited Parnership
(UDLP), formerty FMC, whose prime gov-
ernment customer insisted on improving
the effectiveness of their ESS process.

A decision was made to follow the
Advanced Screening Technology Semi-nar
recommendations made by Dr. G.
Hobbs," C.E. (Neil} Mandel, Jr.,2 and R
Mercado.® Advanced ESS involves con-
tinuous operational monitoring during
exposure to ultra-high-rate thermal cycling
with simultaneous stimulation of 6DoF
broadband random vibration.

Cost, schedule, and capability bids
were received from original equipment
manufacturers (OEMs) A and B foradvanced
screening equipment that offered 6DoF
random vibration conducted simultaneously
with high-rate thermal cycling. Plans were
initiated to install an advanced ESS chamber
at Quanta Laboratories for initial use by
Quanta for UDLP products.

In searching for equipment, the authors’
key criterion for ESS was to assure that the
product output response of all of a product’s
components results in a sensible degree of
uniformly high stresses in the appropriate
ESS vibration environment. This needs to
be true for multiples of the product as well,
and is a prerequisite to repetitively and
reliably precipitate hidden (latent) flaws/
defects in materials, processes, or design.

A word of caution: Once a firm locks into
ESS equipment and processes that are not
effective cost-wise or technically, it is
monumentally difficult to later justify the
cost of making a change to higher-level
management. A wrong decision may ap-
pear to have good immediate payback but
may prove disastrous in the future.

In the process of separating fact from
promotion and advertisement the two lead-
ing systems—OEMs A and B—were
evaluated extensively. To assure accurate
gathering of test data, manufacturers of
these systems were contacted to par-
ticipate and witness these tests. One or
more representatives from each company
was present to guide operation of, and if
necessary to make tuning adjustments to,
their respective systems.

The areas of most interest to the authors
were vibration level uniformity, auditory noise
levels, temperature ramp rates, and tem-
perature distribution. However, due to
special ducting that existed in one of the
systems available for us to test, it was not
possible to make a meaningful compar-ison
of temperature measurements. There-
fore, only vibration and noise measurement
results are presented in this article.

Vibration measurement

The efficacy of shock response spectrum
(SRS) analysis for ESS vibration parameter
response measurement has been pro-
posed by some ESS experts as not only the
best, but sometimes the only true
measurement. The authors of this article
question these propositions, and so do
some others.*® “Neither ASD [acceleration
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Senior Project Engineer,
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United Defense LP, GSD
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and
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President
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Santa Clara, California

spec-tral density] nor SRS alone are a
complete measure of screen/test
strength. There is still ‘a gap in the
derivation’ to link any vibration measure-
ment to screen strength (for ESS) or prod-
uct strength (HALT/STRIFE). The strength
of a regimen is a consequence of its effec-
tiveness—exposing the flaws or design
marginalities.”® [HALT™* = highly accel-
erated life testing; STRIFE™* = stress and
life testing.]

Importance of uniformity

The need for repeatability—realistic uni-
formity of response to environmental stimu-
lation—has been questioned by some ESS
experts. Respected ESS instructors rec-
ommend that product output response is
what must be met, not vibration table inputs
or thermal chamber air flow temperature.

The authors believe that the need for

reasonable repeatability and uniformity is
imperative to developing a cost-effective
ESS program. When there are large varia-
tions in table response and great variations
between X, Y, and Z axes, it appears im-
possible to assert that a screen is both
effective and non-damaging. Furthermore,
UDLP as a contractor is a design agent and
a system integrator with total contractual
responsibility for ESS. It is mandatory that
UDLP identify clear, understandable ESS
requirements to competing subcontractors
and suppliers.

It is very difficult, if not impossible, to
prepare an ESS manufacturing process
procedure when using either of the 6DoF
chambers that were evaluated, due to the
inconsistencies and large variations in
vibration levels. The dilemma facing UDLP
is this: After developing ESS parameters,
how does the hardware designer commun-
icate this information to a manufacturer?
Likewise, how can areputable testlaboratory
offer signed and documented certification
of the ESS stress parameters applied to his
customer’s product? This is especially crit-
ical if the product output response to envi-
ronmental stimuli is either unknown or can
have a variation of 2.7-to-one.

Tight ESS tolerances?

Some equipment manufacturers claim
uniform, repeatable vibration tolerances are
not needed. Assuming design ruggedization
(arobust design to begin with) as a precursor
to HALT, all units can be subjected to an
ESS leve! high enough to precipitate flaws/
defects, say these manufacturers. Papers
have been developed supporting this rea-
soning, such as “Is Uniformity and
Repeatability Essential to Vibration and
Temperature Screening?””

This paper claimed that the proof of screen
(POS) is sufficient to verify that no serious
damage has been imposed upon the prod-
uct screened. The article has some strong
points to consider. However, there are also
weak points, which include:

¢ The referenced Santa Barbara ESS
research work was done in 1980 on dif-
ferent equipment than that evaluated here;

e The four ESS articles referenced are
all of older vintage, with dates from 1981 to
1982;

* Two of the five figures shown are clas-
sified by the writers as hypothetical;

¢ Temperature and vibration varia-tions
throughout the chamber are identified to be
“without concern for the variation if and
only if a proper POS has been done.”This
implies a very robust design to begin with,
which is not always an available luxury in
either commercial or military electronics,
whether in new or already manufac-tured
products.

Although it may be true that neither strict
uniformity nor repeatability is necessary,
the definition of “strict” should not mean
without reasonable limits of uniformity.

It is recognized that the tight test

*Trademark of Hobbs Engineering Corporation.
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parameter tolerances usually specified for
qualification specification tests are not
necessary for ESS. Those parameters may
be expanded significantly for ESS tol-
erances. Nevertheless, a screen is a pro-
cess, and like all manufacturing processes,
it must be controlled to be repetitively
effective. Therefore, the authors agressively
propose the need for practical uniformity of
vibration response.

When evaluating the two ESS chambers
discussed in this paper, it was assumed that
ESS parameters developed for a product
placed on the center of the table would be
accurately reproduced in production with
multiple units in a similar setup. However,
results of our testing showed that table
response in development could not be ac-
curately reproduced for a production setup.

ESS equipment options

Some ESS instructors, who are also the
OEMs of Systems A and B, claim that the
best technical and cost-effective approach
to ESS should be to use systems similar
to theirs.

The authors had supported the equip-
ment proposed by OEMs A and B without
question for more than seven years. How-
ever, this support is now questioned by the
authors and by others experienced in ESS
technology. Hank Caruso says, “There are
many valid options for applying environ-
mental stress in different situations.
Readers should be suspicious of ‘technical’
articles that try to restrict or discredit these
options (especially if the author seems to
have a commercial interest in the product
being described). Insist that performance
claims be verified in non-commercial lan-
guage using valid physics. Understand your
options. Reputable vendors can help pro-
vide this understanding. Remember, sales
gimmicks are not physics, acronyms are not
science, and a catalog is not a professional
discipline."®

We authors now conclude that more work
needs to be done (similar to Taguchi ex-
periments) about making comparisons
between 6DoF and alternate ESS processes
and equipment, including vectored fixtures.

The OEMs’ equipment justification has
also been based upon experiential state-
ments such as, “We have screened many
thousands of parts this way, and precipi-
tated numerous defects without damaging
parts.” Someone from one of the OEMs in
this article wrote a paper on this. His sup-
porting argument was, “Proof of screen
following the production ESS process veri-
fies that no significant damage has been
imposed upon the parts.”

This statement is partially true, but the
conclusions appear to involve weak rea-
soning that is more circular than scientific.
That is, in the argument or proof he uses a
conclusion to be proved, or one of its
unproved consequences. POS does verify
that no significant damage occurred to the
product, but it does not assure that an
adequate, high-strength or a benign screen
was used.

- Vibration
% Stress Scake

It is difficult to accept a
system on faith simply be-
cause it is said to have
worked on thousands of parts
that were claimed to be very
robust prior to ESS. If a part
is so robust that extremely
high vibration levels can be
imposed to accommodate
the pattern of low to high =
levels, then the part is
probably over-designed and .
will cost too much. §

Itis claimed by both OEMs g
that their tables have tuning
features to adjust table and
product response, although
the results of this were not
observed during our test-
ing. Even if tuning can make the necessary
adjustments for uniformity of vibration, it
would still be a problem. Tuning the table
for one product unit may be possible; how-
ever, tuning the table for multiple product
units on a production basis is not. It would
resultinlabor-intensive processes requiring
skilled technicians to tune and re-tune as
the products were changed.

It is claimed by one manufacturer that a
“damped, modally rich segmented quasi-
random shaker table” may have a smoother
profile (g2/Hz versus frequency), but the
evaluation results documented in this arti-
cle do not bear this out.

Additionally, because of its segmented
design, this equipment seems to be limited
in the maximum gRMS table input it can
accept without causing damage to the
segments. The lower gRMS is normally
suitable for production runs, but it is
unacceptable for the higher g needed for
HALT during screening development.
Based on experience, HALT is generally
accepted as two times greater than the
production vibration parameter (Figure 1).

Equipment
test and evaluation

During testing, nine triaxial accelerom-
eters were used to measure uniformity of
table response. Thelocations of the acceler-
ometers are shown in Figure 2. It is impor-
tant to recognize that the table input control
accelerometers for each system are quite
different:

* System A has two triaxial system
accelerometers that control averaged table
inputs;

* System B has one single-axis accel-
erometer mounted beneath the table, which
measured gRMS in the table Z axis.

OEM B claims their system is 6DoF, yet
only one single-axis table-control accel-
erometer is located under the table. It is
scientifically difficult to understand how a
single-axis control sensor can be considered
as a suitable control for 6DoF equipment.
Where is the control over the other five de-
grees of freedom?

Although not mandatory in testing, it is
preferable to have more than one sensor.
The second sensor can be used merely as a
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FIG. 2—Trixial accelerometer loca-
tions.

check, and not as a parameter-averaging
sensor. If onesensorgets out of calibration,
there should be a second for comparison to
sound analarm. Thissimple precaution may
prevent many parts from being screened
beyond process limits until the next cali-
bration of the first sensor occurs.

Key considerations

Some key considerations that affect
choice of ESS equipment are:

* One purpose of ESS is to find defects in
design and then to modify prototype units
to become robust production units;

* Most commercial and some military
parts are not inherently robust; therefore
OEM A and B equipment may produce
benign vibration screens on many parts on
the same table;

* The authors see no scientific com-
parison that proves the vibration screen
effectiveness or damage produced by the
simulated 3DoF or 6DoF approaches
discussed in this article;

¢ Until verifiable comparative test evi-
dence is available that 6DoF is superior to
simulated 3DoF, this should not be a key
consideration in equipment selection;

* Data comparing effectiveness of co-
herent and non-coherent stimulation does
not seem to be available. Untilcomparative
testdata on the superiority of non-coherency
over coherency becomes available, this too
should not be a key consideration in equip-
ment selection.




Vibration measuremenl!s

From actual test results, the follawing
general observalbons were made for both
systems:

1. Due to muftipla sources of excitation
of these systems, the vibration levels vary
qreatly from ane Ipzation to another en the
zame Lable, gANS leve's at diferant places
anthe samevibration table differed asmuch
as 2.7 umas ‘from one anothar (Tables 1-4);

2. The ratic of gRMS levels variaes be
wwoan aifferent axes—XeZ YAZ, and XY
wvary graally from one point 1o ancther The
range of these ratios varies from 0,56 to as
nigh as 2.54 for Systemn 8 at an input lavel
of 30gRANS, e, Y is 5B parcant of Z atcne
st and Y is 254 percent of 2 at ancther;

3. The high energy input spectra

ESS equipment (continued)

Pop———— = DSy Ty

genarated by thase systems weré found
primarily at highar frequencies, Almost ro
endrgy was observed below 50 Hz (sae
Figures 3-8), Vibration energy at thesalow
frequencies is often naeded for effactive
anvironmental siress screening.

From the variations around both takles,
and based on Miner's Fatigue Camage
Accumulaticn Criteria, the faligus damage
imparted to cne product unit wourkd be mare
thaan 20,000 times greatar than to another
unit on the same table. Thus one proaduct
unit may have received a high-level ESS
strass while anather may have recaivaed a
ralatively benign stress

Differences in characteristics

Some differonces n characternstics wesa

found betwesan tha two systems. The cnes

inyastigated are as follows:

1. System B can altain a much highar
vibratien level than can System A, The
maximum computed vibration vector for
System A was 55.9 gRAMS: for System B it
was 87.7 gRAMS;

2. System B ganerates a smoother spoc-
frum than System A in frequencies below
2000 Hz, Above 2000 Hz, the spectrum of
System Ais smeother than that of System B
{see Figures 3-8). System A did not axhibit
good repeatability at lavels botween 23.3
and 25.5 gAMS. as masasurad by lingar
averaging of triaxial table-input control
accelarcmaters, Thase were the only
gRMS levels evaluated. ¢ocd rapeatabll-
ity at other levels remaing 1o be sean,

3. Naither System
A or B can cut out

! TABLE 2—Vibration Survey (gRMS)

vibration engrgy in-

TABLE 1—Vibration Survey (2RMS) i out at higher fros
System A, 10 gRMS input, bare table | ||  System A, Max g input, bare table tquenciers.élhetrscm,-
i rum of System A
! slopes off maore
: rapidly than System
i B's at frequencies
X =617 X = 11.09 X =832 ] X=2138 X =2273 X=27.23 above 2000 Hz (sae
Y =9.33 Y= 933 Y = 5.50 |l ¥ =30.90 Y = 26.00 Y =20.18 Figures 3-6). gRMS
7 =813 Z=1135 Z = 8-91 t" Z = 28.51 7 =31.62 Z = 32.73 leve's of S'_‘-str;rn A
X = 4.90 X= 513 X =590 1 X=17.99 X = 16.60 X =21.63 in the fraquancy
Y =759 Y= 631 Y =841 || Y=2818 Y =19.72 Y = 31.26 range af 5-2000 Hz
7 =683 Z=135.14 Z =989 || Z=2570 Z w4519 Z=39.36 and that of 5-4000
Hz, ware similar in
@ magndude (see Tabla
5). For System B,
gRMS levels wera
significantly different
x : thase same
|| x=8.04 X =10.23 X =617 X =29.17 X = 30.55 Xw2268 || [0 123
|| Y=59 Y= 610 Y =785 Y = 21.88 Y = 19.28 Y =291 g Y e
I Z = =12 2= =2 AT A Z =28, TXATENR M. 11 MM TV
| Z2=7.76 7 =1274 Z=989 Z=28.18 7 = 42.66 Z 02 range of 5-2000 Hz
! @ @ @ ® @ was increased to 5-
I 4000 Hz, gRAMS lev-
I ele more than doubd-

ad for the printed
circunt boand under

I TABLE 3—Vibration Survey (gRMS)
System B, 10 gRMS input, bare table

TABLE 4—Vibration Survey (gRMS)
System B, 30 gRMS input, bare table

test in System B.
System B was
evaluated with a

®

X = 16.60 X = 12,20
Y = 15.67 Y= 813
Z= 989 Z= 668
X =10.23 X= 176
Y =189 Y= 7.50
7 =12.88 Z=1549

©

X = 15.67 X=1259
Y = 10.59 Y= 8§31
Z = 1445 Z= 881

X =1679 X =457 X = 3350
Y = 1380 Y = 4898 Y =263
Z = 13.80 7 = 19.05 Z=2541
X = 966 X = 34.67 X=21.13
Y = 18.20 Y = 35, Y =27.23
Z=1245 26.67 7 =46.77
X = 16.60 X =5129 X = 42.66
Y = 19.05 Y =51.88 Y = 3199
Z = 10,00 Z = 31.62 Z=323%

rubber type sheet
across the table to
minimize thermal
heat transfer and to
5;4%'%9 allegadly campen
7 = 38.90 out the high-fre-
X = 20.17 quency enorgy that
Y =31.20 could cause part
Z=33:46 damage. The print-
ed circuit board
holding fixture was
scraened with this
dampennagmasieral,
X = 5370
Y =59.57
Z=3.67
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yet high-frequency energy was still en-
countered as shown in Figures 3-6. High-
frequency energy of this type causes
damage to the screened product and
contributes little to effective screening. This
was observed firsthand: when a printed
circuit board was subjected to high gRMS
vibration input in System B, many com-
ponents popped off the board.

4. InSystem A, where a 15-pound printed
circuit board fixture was mounted at the
center of the table, vibration levels were
much lower in three orthogonal directions
at the fixture’s base than those of the bare
table. Under similar conditions in system
B, the vibration level in the Z direction was
likewise reduced, but those in the X and Y
directions were increased.

5. For System A, the variation in gRMS
magnitude between three orthogonal axes
is greater at the input level of 10 gRMS than
at an input level of 25.5 gRMS. Also, the
spread in gRMS magnitude for each similar-
direction axis at different locations on the
table is greater at the 10 gRMS input level.
Just the reverse is true for System B.

Acoustic measurements

To determine the noise level of these sys-
tems during operation, sound pressure levels
were recorded at different locations. Both
systems were found to have noise levels
below 86.8 decibels—within OSHA criteria
and acceptable for use without ear pro-
tection. Upon written request, detailed
acoustic measurement data can be made
available by the authors.

Skewed-fixture approach

The authors propose another approach
to ESS. Figure 7 shows a simple skewed
fixture. When mounted upon a commonly
available single-axis electrodynamic shaker
system, with special springs, this fixture
can simulate six degrees of vibrational
freedom. The authors belive this represents
significant progress in developing an alter-
nate approach to cost-efffective advanced-
technology ESS, an approach that is both
economical and reasonably effective.

Tests are continuing on the skewed-fixture
design, with and without spring mounts,
using printed circuit boards to determine
product output. The authors planto publish
a second technical article after additional
testing is complete.

M/RAD Corporation proposes a some-
what simpler approach,'® which is offered
as an alternate until after the 6DoF equip-
ment undergoes design improvements.
These improvements will address the limi-
tations identified here, and until increased
effectiveness of 6DoF is proven by sys-
tematic evaluation of comparison tests with
other ESS processes.

The authors point out that to skew (vector)
or tilt a fixture or product on a single-axis
shaker is not the same as giving it a three-
axis vibration input.’ Vectoring a product
tends to result in the three orthogonal axes
of the product having constant phase an-
gles and amplitude relationships in the axes

in the 3DoF mode.
Adding springs to the
fixture may tend to
more closely simulate
6DoF and address
coherency to some

extent. However, data ™=

comparing effective-
ness of coherent and
non-coherent stim-
ulation does notseem
to be available.

Skewed-fixture
advantages

1. Reduced cost of
ESS. Most testing
organizations already
have uniaxial shaker
systems that can be
adapted, so only a
skewed fixture is
needed to start the
vibration ESS pro-
gram;

2. Vibration input
ratios on three or-
thogonal axes can be
selected indepen-
dently. As the mag-
nitude ratios of the
three translational
accelerations are
related to the skewed
angles of the fixture,
any desired magni-
tude ratios of three
orthogonal vibration
levels can be easily
obtained. Special
springs attached to
the fixture can be
used for simulating
three rotational ac-
celerations.

The magnitudes
between these com-
ponents are afunction
of the position of the
unit under test’s
center of gravity, in
relation to the loca-
tions of the springs,
as well as the spring
constants. Magni-
tudes of these rota-
tional accelerations
can also be selected
independently, but
not as easily. As the
rotational accelera-
tions are generally
much lower in mag-
nitude than transla-
tional accelerations,
we conclude that
precise control of
these rotational ac-
celeration magni-
tudes is of secondary
importance;

3. Vibration levels
are very uniform in
comparison to current
commercially avail-
able ESS systems.
Since a conventional
shaker system has
only one source of
excitation, vibration
levels on the same
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ESS (continued)

table are uniform and can be controlled and
shaped;

4. Energy input vibration spectra can be
shaped to almost any desired require-
ment. Vibration control systems for con-
ventional shakers are capable of generating
virtually any spectrum. This helps eliminate
the problem of very low energy at low
frequencies and damaging high-frequency
energies of the currently available pneu-
matic piston-excited ESS systems.

Testing of a prototype has shown that the
skewed-fixture approach realizes many of
the advantages identified above. The au-
thors believe skewed fixtures can provide a
low-cost, reasonably effective tool for ESS
at least until a better ESS screening system
is made available.

Skewed-fixture disadvantages
1. Initial cost. There is an initial, non-
recurring cost for the skewed fixture.
Fixturing is much simpler with 6DoF systems;
2. Limits quantity per run during vibra-
tion cycling. Added size and weight of the
skewed fixture is of little consequence in
development ESS (HALT) in vibration. But
it does tend to limit the quantity of items
for each run in production ESS (HASS™*—
highly accelerated stress screening).
However, there is little to no effect upon
quantities in production ESS during thermal
cycling. This is because high-speed,
ducted, directed airflow virtually eliminates
the surrounding effects of high heat-capacity
fixturing, tables, or chamber walls.

Conclusions

The authors conclude that while the two
pieces of commercial equipment tested have
some very good features, they need
additional design improvement before either
can be offered as a consistent, reliably
effective tool for ESS. Remember, test
results for A and B types of equipment did
not produce reasonably predefined ratios
between X/Z and Y/Z axes. They did
produce very low energy at low frequencies
and very high energy at high frequencies.

The bottom line is that the best process
for ESS is the proven one—the one that

FIG. 7-A—Diagram of ESS skewed
fixture; fixture is 5.5in. x 10 in.;
X =Y =0.752Z.

reliably precipitates a significant majority of
defects consistently, economically, and
without reducing the product’s operating
life more than a small amount.

The authors propose their skewed-fixture
design merely as a reliable but temporary
alternate, until a better approach is de-
veloped. They recognize that their design
has not been scientifically evaluated and
proven to be the best approach to an ESS
production process. However, they also
question whether currently available 6DoF
systems offer the best solution either.

If the cautions and concerns discussed
in this article assist readers in the selection
of suitable ESS processes and equipment
for their particular needs, the authors’ ob-
jectives have been met.

Professional courtesy extended

In June 1994, one of the principals of
OEM B contacted one of the authors, ad-
vising that some table improvements have
been made and evaluated on their 6DoF
system. Asaprofessional courtesy, we have
excerpted quotes from the FAX as follows:

“We have taken data on our shakers with
anew vibrator mounting concept and some
of it is supplied below...As you can see, the
balance is much better than it used to be. |
have found that a variation by a factor of two
is well within the bounds of acceptability for
HALT and HASS applications.

gs

TABLE 5—VIBRATION LEVELS VS. FREQ

ENCY RANGES

SYSTEM A, MAX G INPUT, FIXTURE AT CENTER OF TABLE
FREQUENCY| FIXTURE | FIXTURE | FIXTURE | CARD
RANGE | BASE X-AXIS | BASE Y-AXIS 1 BASE Z-AXIS| VERTIC
52000 Hz | 12.16 ¢RMS | 10.00 gRMS | 19.05 gRMS | 66.07 gRMS
574000 Hz_| 12.50 sRMS_| 1035 gRMS | 19,50 gRMS | 69.68 gRMS

S

YSTEM B, 30 gRMS INPUT, FIXTURE AT CENTER OF TABLE

IXTURE

| 5-2000 Hz

ﬁzmoggz

BASE X-AXIS | BASE Y-AXIS_}__B;A“S_E Z-AXIS

29.51 gRMS | 28.18 gRMS | 21.38 gRMS
MS | 35.48 gRMS | 30.55 gRMS |I

Risssens VSR te oo

FIXTURE

CARD
VERTICAL

FIG. 7-B—Photo of actual ESS
skewed fixture.

“We have been making a steady series of
changes to our systems to enhance
performance in thermal cycling rates and
uniformity, vibration uniformity and levels .
both high and low, sound levels as well as
cosmetic and other refinements.”

References

1. Hobbs, G. K., syllabus material from
Design And Process Improvement Via
Screening Technology©, seminar given by
Hobbs Engineering Co., Westminster, CO,
circa May 1993.

2. Mandel, (Neil), C.E., Jr., formerly
Director of Marketing, Screening Systems,
Inc., Laguna Hills, CA.

3. Mercado, Robert, Vice President,
Sales/Product Support and Services,
Screening Systems, Inc., Laguna Hills, CA.

4. Henderson, George, “6DoF machine
characteristics and methods of measuring
effectiveness,” TEST Engineering & Man-
agement, June/July 1992.

5. Caruso, Hank, Letters to the Editor,
TEST Engineering & Management, De-
cember/January 1992-93. Response to
articles referenced above as (4) and (5),
pages 22 and 24.

6. Smithson, Stephen, A., “Shock re-
sponse spectrum analysis for ESS and
STRIFE/HALT measurement,” TEST En-
gineering & Management, December/
January 1991-92.

7. Hobbs, G. K., and McLean, Harry, “Is
Uniformity and Repeatability Essential to
Vibration and Temperature Screening?”
Sound and Vibration, April 1994, pages 22
and 23.

8. Caruso, Hank, “Taking a look at Gs
and Degrees,” TEST Engineering & Man-
agement, April/May 1994.

9. Mercado, Robert, Author Responds
to Omni-Axial issue, Evaluation Engineering,
February 1994.

10. Marshall, Jeffrey, VP Sales/Mar-
keting, M/RAD Corporation, Woburn, MA.

11. Hieber, George, M., “The seduc-
tiveness of simultaneous 3-axis testing,”
TEST Engineering & Management, June/
July 1992. ||

To contact
authors Howe and Liu about
e acoustic measurement data
CIRCLE #151
¢ the skewed fixture design
CIRCLE #155

T ES'T Engincering & Management, August/September 1994



