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ABSTRACTU
A linear finite element model was created to predict the
response of a prototype ruggedized CT scanner system's
components when exposed to extremes of the logistical
environment. Ruggedization consisted of mounting the three .caxt.)-
components (operator console, patient table, andg--anry of
the commercial scanner individually on wire rope shock
isolator assemblies inside a single-side-expandable ISO
shelter in its stowed configuration. Clinical use requires
expansion of the shelter, movement of the patient table into
the expanded section, and lowering of the gantry down off its
isolation mounts onto the shelter floor. The prototype's
shock isolation system performance was characterized in the
analysis. Dynamic response to three logistical inputs was
calculated: vertical drop, rail impact, and lateral impact.
The presence of gravity was modeled so that static offsets
would be present prior to simulated shock exposures. The
calculated responses incluoed scanner component deflections
and accelerations, shelter floor deflections and stresses, and
stresses in the floor subframe. Issues such as adequacy of
sway space zones, overtravel of the isolators, and damped
vibration amplitudes in transportation vibration were3 analyzed.
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1. Inroduction

This report details the analysis of ruggedization of a proto-
type CT scanner system designed to withstand the logistical
shock and vibration environment.

I The ruggedized scanner under analysis was developed by Picker
International Inc., as a demonstration prototype. It con-
sisted of the three system units or "components" of the Picker
IQ model scanner: the gantry, patient table, and the operator
console, weighing 3800, 800 and 700 pounds, respectively. All
three components were mounted inside a single-side-expandable

* ISO shelter. The gantry and console remained in fixed loca-
tions in the shelter, while the patient table was movable. To
prepare the system for operation, the shelter was expanded and
the patient table was moved into its operating position
against the gantry. In its operating position, part of the
table extended into the expanded portion of the shelter.

Picker's approach to ruggedization was to mount each component
on its own system of helical wire rope isolators. Load
spreader plates were used to interface the isolators to the
ISO shelter floor without exceeding the floor point-load and
distributed-load limits under dynamic loading during transpor-
tation. The console remained approximately 2 inches above the
floor on its isolators even during operation, but the gantry
operated while resting on the floor, and was screw-jacked up
onto its isolator mounts in preparation for transport. When
on the isolators, the base of the gantry was 2 to 3 inches

* above the floor. The patient table was similarly jacked up
onto its isolators for transport, being normally fixed to the
floor in position between the gantry and console, and then for
operation was lowered about 2 inches onto the floor and moved
into place perpendicularly against the gantry once the shelter
was expanded. Figure 1 shows the layout in the stowed and op-
erational configurations. The arrows in the figure indicate
the direction of motion prior to the shocks or impacts that
occurred later in model space. The axis conventions used
throughout the analysis are also indicated. Figure 2 shows
the actual prototype in its operating configuration.

This analysis stands on its own, but we originally planned to
validate the model by comparing its predictions against the

3 response of the actual prototype system in an instrumented
test. Such a test was designed, and transducers were ordered,
but we could not perform the test in advance of this writing
because 'he prototype scanners were not available, being in
nearly constant clinical use. An equally detailed analysis of
another prototype, a ruggedized GE Sytec 3000 scanner system,
was begun but was not completed when it was determined that a3 GE unit would not be available for model validation testing.

1 p. 1
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2. Objectve

The purpose of the analysis was to determine whether the pro-
totype ruggedized scanner system, as embodied in the rugge-
dized Picker IQ system, would survive the logistical environ-
ment. Various deployments, including a tour of operation in
support of operation Desert Storm, already demonstrated that
the Picker unit's ruggedization was adequate for many handling
and transportation scenarios. However, it was necessary to go
beyond this anecdotal evaluation. The objective was to more
scientifically evaluate and define the prototype's shock iso-
lation system performance to provide the basis for evaluating
this and other systems against the ruggedization specifica-
tion.

.Aporoach

There were several possible approaches to evaluating ruggedi-
zation. One was to evaluate the ruggedization by subjecting
the prototype system to steadily increasing shock inputs until
either a failure occurred or the limits of the logistical en-
vironment were reached. But such an approach, though suffi-
cient to show the first failure limit, would leave the situ-
ation indeterminate as to other limits or design margins, and
would risk damaging unique prototype equipment.

Instead of risking the equipment in a full logistical level
test, another approach was considered--it was proposed to cre-
ate a finite element model of the system, then exercise the
model to the limits of the logistical environment, to see what
forces and deflections would develop. This would answer the
question, "Is the isolation system adequate?"

A refinement to that approach was to perform an instrumented
test of the prototype system under low-intensity (non-destruc-
tive) impacts, then compare observed response to predicted re-
sponse to bring the computer model into line. The validated
computer model could then be used to more accurately predict
the outcome of testing at the full logistical levels. This
concept is diagrammed in figures 3 and 4. This method of
validating the model at low dynamic levels to enhance the
model's prediction accuracy at the full dynamic levels had the
best chance of predicting the outcome of the first article
test (FAT) while avoiding the necessity of risking damage to
the one-of-a-kind scanner system to find out.

As was stated earlier, however, the ruggedized scanner proto-
type was not available for testing prior to this writing.
Instead of having the model validated by test data, we have
proceeded with the analysis on its own. This analysis will

p. 2
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help to establish guideline values for parameters such as
damped natural frequency, maximum allowable peak acceleration
of the shelter, scanner component mass limitations, strength
limits of the ISO shelter floor, and minimum sway space around
each component. These values will allow competing ruggedized
scanner prototypes to be evaluated against a system with char-
acterized properties.

If the computer model predicts that the prototype ruggedized
CT system will meet the ruggedization specification, it may be
that no adjustments need to be made either to the scanner or
to the FAT. This cannot be determined until the model is
validated by testing. But if the model predicts failure--
i.e., that structural limits or sway space limits will be ex-
ceeded, the ruggedi-ation will have to be improved, or a re-
duced-level test ccýn be written. In any case, the computer
model makes it possible to more scientifically evaluate the
ruggedization--to estimate how closely the installed ruggedi-
zation of the prototype comes to meeting the specification, or
to evaluate design tradeoffs for improved ruggedization.

4. Model Construction

The ruggedized scanner system was analyzed using a linear fi-
nite element analysis (FEA) program called GIFTS. The analysis
was accomplished in the following steps:
1. mass, structural, and geometric data were gathered on the

scanner components and the ISO shelter structure.
2. a finite element model was made of the ISO shelter struc-

ture with particular detail devoted to the floor panel,
"its structural subframe, and the boundary conditions at
its interfaces with the wall panels.

3. modes and natural frequencies of the unloaded shelter
floor were calculated.

4. "rigid body" finite element models of each scanner compo-
nent were constructed, striving to match mass, center of
gravity, and moments of inertia.

5. spring, mass, and damoing equivalents of the shock isola-
tors were developed, pa/ing attention to the differing
load deflection curves of each isolator in its different
axes.

6. dynamic loading functions simulating vertical drop, rail

impact, and lateral impact from the logistical
environment were developed.

7. shelter floor stresses resulting from the above dynamic
loadings on the assembled model were calculated.

8. each scanner component's natural modes and frequencies
were calculated and depicted.

9. component stress and deflection historiez under the three3 dynamic loadings were calculated and com:pared.

1 p. 3
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10. one-degree-of-freedom free-vibrational response
(frequency response function) was calculated for each
component, to determine response to transportation
vibration inputs.

I a. ISO Sheter Moeling

The ISO shelter model is shown in figure 5. The wall and
ceiling panels of the shelter are not explicitly modeled, but
their effects are taken into account in the specification of
the boundary conditions applied to the perimeter nodes of the
floor structure, which was itself modeled in some detail. The
floor structure consists of a subframe and a sandwich-compos-
ite floor panel. The shelter model simulates the aluminum
subframe using defined beam sections, and simulates the honey-
comb-core/aluminum-skin sandwich floor panel using horizontal
plate elements for the aluminum skin and a network of small
vertical plate elements to model the honeycomb core. To model
the shelter floor panel accurately, additional nodes and ele-
ments were added to the regular floor grid where scanner com-
ponent baseplate attachment points did not match the existing

i node structure.

The boundary conditions applied to the edges of the floor
panel were as follows: the floor panel was allowed to expand
laterally, because the walls would not be able to strongly
constrain this, but the floor panel edges were completely re-
strained from vertical motion. Pivoting was allowed at the
joint between the floor panel and the wall panels. The four
corner nodes of the floor panel were clamped in five of the
six freedoms. The only freedom allowed at the corner nodes
was rotation about a vertical axis.

It was necessary to include damping in the model--all real ob-
jects in flexure experience viscous, structural or Coulombic
(frictional) damping. A structure such as the floor panel
typically exhibits "structural" damping, which requires com-
plex variables (imaginary numbers) to define. The GIFTS pro-
gram could not model true structural damping, so the effect
was approximated by simulating it as viscous damping, distrib-
uted evenly among the nodes in the floor panel mesh. An
approximate value for the damping was obtained by calculations
based on information presented in reference 1, whose
investigator concluded from test data that the floor of a
fully loaded ISO shelter was near-critically damped. Some of
that damping may have been "borrowed" from the unspecified
payload (probably sandbags), but a reasonably high amount of
damping is still plausible, considering the construction
materials used in the floor panel--which was constructed of
two 0.63 inch aluminum sheets, press-bonded by an epoxy-melt
later to a three-inch paper/epoxy composite honeycomb core.

1 p. 4
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The above considerations provided only an approximate value of
damping for the floor panel, but that was all that was neces-
sary because the influence of this value was minimal, for two
reasons. First, the floor's own first natural frequency was
more than ten times higher than those of the isolated compo-
nents, as will be shown later. This means that the floor
panel would go through at least five vibrational cycles with
damping before even the fastest of the isolated components
would complete a half vibrational cycle. This meant that
floor vibrations would be significantly attenuated before they
affected the isolated components. Second, the amplitude of
floor motion was negligible compared to motion of the isolated
masses.

b. Scanner Component Modeling

Each of the three scanner components was modeled by defining
and arranging plate elements such th3t for each component, the
mass and center of gravity matched those of the real one, and
the moments of inertia were approximately the same as those of
the real ones. The overall arrangement of the components is
shown in figure 6. Figure 7 shows increased detail, including
the shock absorber elements, and figures 8 and 9 give the node
numbers which are referred-to later to analyze motion.

All three components were treated as rigid bodies. This
rigid-body approximation was acceptable in this analysis be-
cause, with the relatively much larger deflections allowed by
the shock isolators, it was not necessary to model the compo-
nents as flexible structures. All component flexures would be
negligibly small compared with their own gross motions on the

I isolators.

c. Shock Isolator Modeling

Picker used Aeroflex helical wire rope isolators, four of
model CB1700-15 under the gantry, and four each of model

CB1400-17 under both the console and patient table. These
isolators are relatively insensitive to changes in tempera-
ture, and they exhibit a high amount of damping due to flex-
ural hysteresis (rubbing between the strands of the wire
rope). The hysteretic damping was approximated as viscous
damping in the computer model. The damping values used in the
model were calculated from dimensionless damping ratios (C/Cc)
given in the product catalog.

I
B ~p. 5
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d Vbabiora Response: Single Degree of Freedom Model

A simple one-degree-of-freedom damped free-vibrational re-
sponse was calculated for each component using application
software from Barry Controls, of Barry Wright Corp. On the
basis of input parameters such as component weight, isolator
springrate (the sum of the four isc2ators under each compo-
nent), and isolator damping ratio, the resonant frequencies
were calculated and are shown in table 1 below. Values for
isolator spring rates were obtained from Aeroflex product
catalogs, and damping ratios were calculated from figures pre-
sented in the same source. The results of this simple model
were useful as a check on the more detailed analysis which
follows.

Compcnent weight values given in table 1 differ somewhat from
the weights listed in the Picker IQ model brochure. The val-
ues used here were obtained from the ruggedization design

analysis report written by Aeroflex International, Inc., for
Picker. We do not know why the somewhat lighter values were
used, but perhaps they can be attributed to changes which
Picker made in the hardware used in the prototype, such as re-
placing the console top with a smaller and lighter one.

Table 1. Taulation of •esults of srroe of-fedof dmped free-vibrational resconse calculaion.
Scanner Comn-po t Isolator Spngrate, Damping Calculated Resonant Amplitude in
Com onent Weight (lb.) (QbAnch) Ratio, Resonant Secured Cargo Basic

_C__ _ Freqen_ 0, (4 0) Transortation (vertical)
Operator Console 400 4120 0.19 9.71 .092 inch ms
Patient Tale 660 4120 0.15 7.65 .148 inch rns
Gant 3400 15680 0.09 6.66 .236 inch rms

5. Load Idealization

The three dynamic input conditions being modeled were 12-inch
flat drop impact, 10-mph rail impact (yielding a net velocity
change of 8.5 mph), and 4.8 mph lateral impact, consistent
with the extremes of the logistical environment. Each impact
acceleration was modeled as a time-varying acceleration field
applied to the shelter. Applying an acceleration impulse to
the static, constrained Thelter is the same, so far as the in-
ternal components are concerned, as bringing the moving shel-
ter abruptly to rest.

The effects of gravity were included in the simulation.
Normally, shock-isolated objects have a certain "static de-
flection" on their supports based on their weight, center of
gravity, geometry, and the spring-rate of their isolators. It
was advantageous to model, from the beginning, the static de-
flection due to gravity because it means that the calculated

1 p. 6
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and plotted outputs automatically incorporate the static de-
I flection.

In real life, this static deflection already exists at the
time an inadvertent rail impact or lateral impact occurs. But

I it is a limitation of the simulation model that it begins with
its geometries defined ideally, in other words, with zero de-
flection at time t-O. This does not match reality, so gravi-
tation must be expressly applied before applying the intended
shock loads.

But applying gravity suddenly at t-0, in order to accomplish
this, puts each component into a vertical oscillation at its
damped natural frequency at the beginning of the simulation.
It would obscure the results if the intended shock loads were
applied at the same time t-0, before the gravity-transient re-
sponse damped out. Therefore, gravity was applied as neces-
sary, and the models were run from t-0 to t-0.8 seconds to al-
low the gravity-induced oscillation to damp out, before the
idealized shock loads were applied.

a. Longidnaland Lateral Impact Ideal.zaon

Lateral impact involved a velocity change of 85 in/sec (4.8
mph), and longitudinal impact involved a velocity change of
150 in/sec (8.5 mph). These idealized load sequences are de-
picted in figures 10a and 10c for the lateral shock and rail
shock inputs. Direction of motion prior to impact is indi-
cated by the arrow markings in figure 1. A time step of 5
msec was selected for the analysis. One and a half seconds of
response output was needed, giving a total of 300 saved time
steps per loading case. Of the 1.5 seconds, 0.7 sec was to
observe the impact response, and 0.8 sec was available at the
beginning to allow the gravitation pulse response to occur and
damp out. These 0.8 and 0.7 sec response windows will be ap-
parent later when the time traces are shown.

b.Verbcal Impact Idealizaion

The situation was more complicated with 12-inch drop shock, as
shown in figure 10b, because a dropped object goes from expe-
riencing lg when static to experiencing Og as it accelerates
from release until impact, when it also experiences l-g again.
So the loading simulation began in the same way as above, with
gravity applied at t=0, and the resulting transient response
settling out for only 0.75 sec in this case. But upon being
dropped at t-0.75 sec, the shelter saw Og again, for the time
required to fall from 12 inches. Then gravity resumed at the
same time the impact acceleration was applied, as shown. The

p. 7
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remainder of the time out to 1.50 sec was the oscillation
"response" of the isolated system.

Vertical impact involved a velocity change of 95 in/sec (5.5
mph), assuming no rebound (bounce).I
6 Predicied Mode Shapes and Vibradonal Response

Mode shapes and natural frequencies are shown in figures 11
through 31. These include the first six vibrational modes of
each of the three shock-isolated scanner components, and the
first two modes of the non-loaded floor panel.

Mode shapes depict the ways a flexible or flexibly mounted
body "likes" to vibrate, and they occur at the body's "natural
frequencies." Any dynamic input to a system will tend to set
the bodies into motions that will bc resolved into the nearest
available modes at the nearest avai'able natural frequencies.
For example, a rail impact is likel to excite or favor cer-
tain modes, and a vertical drop is likely to excite certain
other modes. A steady vibrational input will tend to excite
bodies in natural frequencies near the vibrational input fre-
quencies.

When the center of gravity of an isolated body is not co-lo-
cated with its center of geometry o- lying directly above the
center of influence of the isolatir.: system, there is a cer-
tain amount of complex motion that Qccurs. This is because
every induced rotion is not resisted symmetrically by the iso-
lation devices, creating twisting moments that tend to couple
the motion into other natural modes. The console is fairly
symmetric, but the gantry and particularly the patient table3 exhibit this asymmetry in their responses.

S& Consde Modes

Mode 1 occurs at 1.99 Hz (figure 11). It is a simple rocking
motion, occurring in the longitudinal (shelter axis) direction
about the console base, and appears to work the isolators out
of phase in tension and compression. This mode presents a
risk of damage due to interference of the console top with the
patient table, if excited to too great an amplitude. Rail im-
pact is likely to excite this mode quite easily.

Mode 2, at 3.87 Hz, appears to be more of a combination of
gliding and rocking, in the lateral (shelter axis) direction,
working the isolators in phase 4n shear, and out of phase in
tension/compression (figure 12). A lateral impact is likely

U to excite this mode.

5 p. 8
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Mode 3 occurs at 7.23 Hz (figure 13), and is a twisting or
"yaw" motion about the console's vertical center axis, working
the isolators in phase in both shear and tension.

Mode 4, at 9.68 Hz, is a pure up and down bouncing motion,
working the isolators in phase vertically (figure 14) . This
mode is likely to be excited in a vertical drop situation.
The one-degree-of-freedom model cited earlier predicted a very
similar frequency for this mode, 9.71 Hz.

Mode 5 occurs at 11.9 Hz, and appears to be a sweeping motion
in the lateral (shelter axis) direction, with the top and base
moving in opposite directions (figure 15). The isolators are
worked in phase in shear and tension.

Mode 6 .ppears similar to Mode 5, but is a sweeping motion in
the longitudinal (shelter axis) direction, occurring at 12.7
Hz (figure 16).

3 b. PatenTable Mods

Mode I occurs at 2.58 Hz (figure 17), as a rocking motion
about the base on the table's long axis. The patient table's
being mounted at an oblique angle to the shelter axes makes it
unclear which modes will be excited by certain inputs.
However, this one is likely to be excited by a lateral or lon-3 gitudinal impact.

Mode 2, at 6.76 Hz, appears to be a combination endwise glid-
ing and rocking motion, working the isolators in shear, in-
phase with tension (figure 18).

Mode 3, at 7.47 Hz, is a vertical bouncing motion, working the
isolators in phase (figure 19). There is some endwise motion
in this mode, probably caused by the center of gravity not be-
ing located above the center of the isolation system. This
mode is likely to be excited in a vertical drop. The single-
degree-of-freedom model predicted this mode at 7.65 Hz. It is
probable that the GIFTS model predicts a lower frequency be-
cause of the slight compliance of the shelter floor.

Mode 4, at 8.73 Hz (figure 20), is A twisting or *yaw" type
motion about the patient table's vertical center axis, working3 the isolators in phase in both mhear and tension.

Mode 5 occurs at 9.90 Hz as a see-saw rocking motion. Figure
21 shows the isolator and table-pnd actually qoing below the
shelter floor. This is only an Appoarance bec.iuse of the
large scale factor used to dramatiZe the motion.

1 9



Mode 6 occurs at 11.2 Hz as a sweeping or "roll" motion about
the table's long axis. Isolators are worked in phase in both
shear and tension (figure 22).

With the center of gravity of the patient table not located at
the center of geometry or above the isolation system's center,
it is easy to see how these modes might interrelate, where the
energy from one mode may be able to excite motion with another
near-frequency mode. For example, a motion that starts out as
primarily Mode 1 motion might couple some of its energy into
modes 4, 5, or 6 motion.

3c. Gntzy Modes

Mode 1 (figure 23) occurs at 6.28 Hz as a vertical bouncing
motion. This is likely to be excited by a vertical drop situ-
ation. The single-degree-of-freedom model predicted this mode
would occur at 6.66 Hz. Again, the difference in frequency is
due to the compliance of the shelter floor.

Mode 2, at 7.26 Hz, appears as a lateral glide (figure 24).
The motion of the top is shown by the deformation of the twomotion limiter elements placed on top of the gantry to limit
sway. They look like TV antennas in the figures, with the far

ends attached to the ceiling panel. Again, the deflections
are exaggerated for viewing.

Mode 3, at 7.34 Hz, appears as a gliding endwise motion with-
out much rocking (figure 25). The whole gantry appears to os-
cillate by moving back and forth parallel to the x-ray imaging
plane. The motion-limiter elements on 'he top of the gantry
show deformation in the same direction and phase as the bAie,
with no vertical movement, which supports the gliding inter-
pretation. The isolators are worked in shear and tension.

Mode 4, at 9.49 Hz, is a twisting motion about a vertical axis3 through the center of the gantry (figure 26).

Mode 5, at 10.8 Hz, is a sweeping or roll motion about an axis
parallel to the gantry tilt axis (figure 27). The isolators
are worked in phase with one another, but out of phase with
the motion limiter on top of the gantry.

Mode 6 occurs at 10.9 Hz ai a see-saw rocking motion (figure
28) about the gantry rotor axixP.

* It is significant that the frequencies of modes 2 and 3, and
modes 5 and 6 are almost right on top of one another. It is
likely that energy can pass easily between modes so nearly co-
located on the frequency spectrum.

.
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d ISO Shliter Flo Panel Modes

Mode 1 occurs at 91.6 Hz, as a "trampoline" mode (figure 29).

Mode 2 occurs at 100 Hz, in a symmetrical out-of-phase dual
trampoline mode deflection (figure 30).

When loaded down with the scanner elements and the isolation
system, the shelter floor first mode occurs at 90.3 Hz, as
shown in figure 31. Notice the floor reaches its bottom posi-
tion (exaggerated scale) with no apparent movement of the
scanner components. This is due to the isolation. The floor
oscillates at a frequency well into the isolation region of
the scanner components.

This analysis shows that the shelter floor is sufficiently
rigid to allow the scanner component motions to be analyzed
independently--as "uncoupled." In other words, there is not

enough flex in the floor, relative to the motions of the com-
ponents on their isolators, to allow, for example, the motions
of the gantry to be significantly affected by the motions of
the patient table or of the patient table to be affected by3 motions of the console, etc.

7. PredlctWd Respons. to M*chanical Shock

Mechanical stresses discussed in this section are titled "von
Mises Criteria" in the figures. The Huber-Henchy-von Mises
theory (also called the maximum-distortion-energy theory)
gives the best predictions of failure in ductile materials.
The aluminum floor-panel skin m.iaterial and the welded aluminum
subframe are examples of ductile materials. Von Mises crite-
rion values given in the figures are to be read as "percentage
of yield strength for the material." In other words, an iso-
stress line valued at 1.600E+01 corresponds to a stress con-
tour at 16 percent of the yield stress. Displacements aze
given in units of inches.

Acceleration time trace predictions are to be read in accel-
eration units of inches/sec 2 . The charts must be read care-
fully, as the amplitude scales on the time trace plots may be
different for each trace.

a. 12-inch VertzAl Flat Drop

I �igure 32 shows the response of the scanner components to the
vertical drop impact (exaggezated scale), at 1.050 sec into
the simulation, or 50 msec after beginning of ii., ict. Figure
33 shows the same thing but with the component defl% tions
plotted in scale. The time frame at t - 1.050 sec was :--
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lected to correspond roughly to the moment of greatest average
stress or acceleration of the three scanner components under
this loading.

The deflections and stresses induced in the shelter floor at
the selected time are elaborated in figures 34 to 36. The
figures show that the greatest displacements and stresses oc-
cur under the inboard footing of the gantry. The stress de-
tail in figure 36 shows that stresses reached a maximum of 65
percent of yield strength in the floor panel surface, assuming
no load-spreader plate is used. If some cý ,ours in the figure
appear to be redundant, it is because the figure shows
stresses on both the top and bottom surfaces of .;he floor
panel in the same view.

Figure 37 shows the deflection of the subframe (exaggerated
scale) at the same moment in the simulation. Figure 38 gives
the maximum normal and shear stresses found in the beams of

the floor substructure. In one place in the subfraffme, stress
is predicted to reach 61 percent of yield stress.

In figures 39 through 48 are shown the time traces of deflec-
tion and acceleration at selected representative nodej. The
node locations were shown earlier in figures 7 through 9. For

the time traces, the alluded-to "freedoms" are:
freedom 1 - x, or parallel to the shelter longitudinal axis
freedom 2 - y, or vertical
freedom 3 - z, or lateral to the shelter main axis

In the time traces, as was mentioned before, the first part of
the response is due to the application of gravity acceleration
at the beginning of the simulation. That response is meant to
damp out sufficiently by the time the intended load is ap-

* plied.

In reading these charts it is important to pay attention to
both the "scale" and to the "freedom." In figure 39, the
trace for point 306, freedom 1, appears to have a significant
motion prior to the impact, whi:h occurs at t - 1.0 sec. But
using the scale, this motion is observed to have a zero-to-
peak amplitude of only 0.001 inch, and even after the impact
the motion in the "I" direction is small. However, the trace
for point 306, freedom 2, has a different scale, and the
static offset after gravity is applied is seen to be about 0.1
inch, the response after gravity is removed (free fall) is
seen to damp out, and the dynamic response upon impact has a3 peak value of about -1.3 inches.

p
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b. 10-mih Rail Impact

I Figure 49 shows the response of the scanner components to the
rail impact, at 0.84 sec into the simulation (40 msec after
beginning of impact). A rail car impact at 10 mph leads to a
combined-mass velocity of 1.5 mph, meaning the CT scanner sys-
tem undergoes an 8.5 mph net change in velocity during the im-
pact. Figure 50 is the same response as in figure 49, but
without the exaggerated deflection scale. The time frame at
0.84 sec was chosen to correspond to the moment of greatest
average deflection of the three components, which all r.ppear
to be near the extreme left extent of their travel. The three3 components do not reach maximum deflection at the same time,
however. Notice that the motion limiters on top of the gantry
have minimized its ability to heel over the way the console

* has.

Figures 51 and 52 show the longitudinal and vertical displace-
ment contours in the floor panel, with a maximum vertical dis-
placement of -. 02 inches and a maximum longitudinal displace-
ment of -0.14 under the inboard gantry footing. Figures 53 and
54 show floor panel stresses under the deflected components.
The stresses are greatest around the console footings, and
around the outboard gantry footing, where the maximum 22 per-
cent of yield stress was reached. Figure 55 shows the floor
panel subframe deflections, with an exaggerated scale. Figure
56 gives the maximum normal and shear stresses found in the
floor substructure beams at the selected time "snapshot".
These amount to 24 percent of the yield stress.

I Figure 57 shows the rail impact response at a later time in
the simulation, at 0.930 seconds (130 msec after impact).
Figure 58 is the same response without the exaggerated scale.
These figures provide an interesting contrast to figure 49.
In the figure 49 snapshot, all three components were deflected
to the left, and their motions appeared to be "in phase." But
in this frame, at 0.93 seconds, the components have bounced
back at different rates (because they each have different
natural frequencies and modes), so that now they appear some-
what out of phase. The console and the patient table, in par-
ticular, may be in some danger of colliding as they are
closely placed and are starting to move out of phase with one
another. When the console has gone through only three quar-
ters of its first cycle, the patient table has gone through
1.25 cycles, putting them 180 degrees out of phase while their
motion is still at fairly high amplitudes. The same situation
exists between the couch and the gantry. It is this condition
(out-of-phase motion, and near proximity) that should be used
to set sway-space allocations in the design.

Figures 59 and 50 show floor panel stresses under the de-
flected components, 130 msec after impact. The stresses are
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greatest around the console footings, where the maximum of 24
percent of yield stress was reached. Note that this stress
figure exceeds the stress level under the gantry footings in
the earlier time "snapshot." Figure 61 shows the floor panel
subframe deflections, with an exaggerated scale. Figure 62
gives the maximum normal and shear stresses found in the floor
sub-structure beams at the selected time "snapshot". These
amount to a maximum of only 6 percent of the yield stress.

Fortunately, damping in the isolators quickly reduces the am-
plitude of the motions, which means that any time after the
components have completed their first one or two cycles of mo-
tion, amplitudes are down and the risk of collisions or over-
stress is gone. The critical period is in the first full cy-
cle of the slowest component (the console). The fact that the
stresses have gone down is apparent in the stress numbers
given in figures 63 and 64.

An observation from this analysis is that sway space must be
specified in a coordinated manner that takes into account the
possibility that the dynamic response of adjacent components
may become out of phase with one another. Sway space should
be at least as large as the arithmetic sum of the maximum com-
ponent deflections after one cycle of damping of each compo-
nent.

In figures 63 through 77 are shown the time traces of deflec-
tion and acceleration at sele -ted representative nodes. The
node locations were shown earlier in figures 7 through 9.I
c. Lateral Impact

I Figure 78 shows the response of the scanner components 35 msec
after lateral impact at 4.5 mph, deflections are to an exag-
gerated scale. Figure 79 shows the same response without the

* exaggerated scale. Stress contours are shown in figures 80
and 81. The maximum stress in the floor panel was 28 percent
of yield, which exceeded by a few percent the maximum stress
reached in the floor panel after rail impact. Deflections and
stress maximums in the ISO-shelter floor substructure are
shown in figures 82 and 83. Figures 84 through 98 show the
time traces of deflection and acceleration at selected repre-3 sentative nodes.

Of greatest concern with the lateral impact response is the
potential for inducing impact of the ganrty or of the console
against the shelter walls on the stowed-panel side of the
shelter. Calculations showed that lateral motion was as great
as 3.20 inches for the console top and 1.75 inches for the

* gantry.
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8. Discussion/Summary

a The Model

(1) When the gravity field was applied at time zero in the
model simulations, to set up the "static offset" that exists
in real systems before shock inputs are experienced, the time
traces showed (in section 7), that the settle-out time for the
gravity-induced transient was adequate. This can be seen, for
example, in figure 45, the second and third traces. These

traces are deflection versus time in the vertical direction at
the inboard footing of the gantry. Viewing each trace from
left to right, the bounce due to the sudden application of
gravity (acceleration field) is shown to be about -0.5 inch in
the first cycle. This motion damps out and settles, in about
five cycles, at a static deflection of -0.25 inches. Almost
nothing is left of the original gravity-induced transient by
the time gravity is released, at about 0.75 sec, when free
fall begins. At thi3 point a similar transient is initiated,
this time by the release of gravity (at the beginning of free
fall). This second gravity-induced transient, however, does
not have time to damp out before the shelter impacts the
floor. Thus the observed response after impact is the com-
bined result of the ongoing gravity-release transient response
and the impact transient response. This matches reality.

(2) Hardware and Software Limitations: several adaptations
or consequences resulted from characteristics or limitations3 in the analysis software and hardware.

First, the software could not model true structural damping
(which is described by complex variables), so, as was said
earlier, the structural damping in the floor panel was ap-
proximated as viscous damping. As it turned out, the actual
value of damping used in the analysis turned out to be of lit-
tle importance, as floor motion had negligible influence on
the motion of the shock-isolated scanner components.

Second, practical limitations in the modeling software and
hardware made it desirable to model the scanner components as
rigid bodies. To model the components as flexible structures
would have required a much larger computer model and consider-
ably more engineering and manufacturing data than was avail-
able. The analysis showed, anyway, that component flexures
would have been negligible compared to tht much larger gross
motions of the components on the shock isolators. Larger mod-
eling capacity including the effects of component flexures
would have returned essentially the same results in terms of

gross body deflections and peak accelerations, which was our3 primary interest.
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Third, there were tradeoffs among practical issues that had to
do with making the calculations and storing and viewing the
results, as follows:

(a) the first issue was disk storage capacity and computa-
tion time. Many data files were to be generated and stored,
and load case computation cycle time had to be reasonable in
order to cover the many load cases. This set practical limits
on the total number of iteration steps to be used in each cal-
culation.

(b) the second issue was output resolution. The shock re-
sponses had to plot smoothly, but going overboard on resolu-
tion would only translate into burgeoning computation time and
dwindling disk storage.

(c) the third issue was the need to apply simulated gravity
at time zero and allow enough time (three to five cycles of

* motion) for the response to settle at the static offset.

These tradeoffs led to the selection of an analysis time win-
dow of 1.50 seconds, with the first 0.8 seconds (or 0.75 sec
in the vertical-drop case) for settling time after the appli-
cation of gravity, and the remainder of the time (about 0.7
sec) devoted to observing the intended shock response. This
0.7 seconds was enough to observe from 3 to 5 complete cycles
of motion of the isolated components. This was sufficient to
note the amplitude and phase of component motions as they
damped out, and to observe possible interferences between the
components in motion and to determine the required sway space
to prevent collisions against the shelter walls.

(3) Shelter Floor Panel: it was apparent from the analysis
that the ISO shelter floor panel could be treated as rigid as
far as component response was concerned. Due to the rigidity
of the floor panel, the shock isolated scanner components are
essentially dynamically uncoupled from one another. If the
floor panel were more compliant, the scanner components' mo-
tions would begin to be influenced by one another through in-
duced floor-panel motion, and it would be inaccurate to exam-
ine their motions as unrelated.

b. Load Idealizaton

A close analysis of the acceleration traces which apply to ac-
celerations in the freedom-2 (vertical) direction will show an
apparent anomaly. The applied acceleration fields (inputs)
are superimposed on the acceleration output plots, an
undesirable effect inherent in the software. This has to do
with the way the modeling program, GIFTS, obtains the
acceleration traces--it does so by twice differentiating the
displacement traces. If an object experiences acceleration
without displacement, GIiTS will produce an acceleration trace
showing zero acceleration. But an object can be at rest and
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still experience an acceleration due to gravity. The effect

is that to be completely correct, 1-g needs to be added to all
the vertical (freedom 2) acceleration traces, but only during
the moments when gravity is being applied, i.e., not during
free-fall. These vertical acceleration traces appear in
figures 40, 42, 44, 46, 48, 64, 67, 69, 74, 76, 85, 88, 90, 95
and 97. The analysis is not adversely affected by this. The
similar effect corresponding to the applied impact
accelerations fields has been corrected-for in the traces as
they are shown.

3 c. Mode Shapes and Vibratonal Response

The first six (free vibrational) mode shapes and natural fre-
quencies were calculated for all three scanner components.
The first two mode shapes and natural frequencies were calcu-
lated for the shelter floor, and one for the loaded shelter
floor. Observations from the mode shapes and resonance fre-3 quencies:

(1) All the component natural modes occur at frequencies
within the transportation vibration spectrum, and some of them
occur at frequencies below the effective isolation region of
the isolation system. The main concern here is with the ver-
tical modes, which are aligned with the dominant transporta-
tion vibrational input. This would be a grave concern, as
these modes could gain large amplitudes in resonance, except
that the amount of damping in the isolators and the large sway
zones specified for the shock environment are more than suffi-
cient to make the transportation vibration input not a threat.
The resonant vertical vibration amplitudes of the components
under basic transportation vibration was given in the last3 column of table 1.

(2) It is likely that energy will be traded among modes oc-
curring at nearly the same frequencies, since centers of grav-
ity are not co-located with centers of geometry of the scanner
components. This means that a longitudinal rocking motion may
quickly metamorphose into a sideways rocking motion. The im-
plications are that shock input in one axis can lead to large
deflections in an unrelated axis. This effect was seen in the
animation video of scanner component motions presented to3 USAMMA in May 1992.

d. Response to Mechanical Shocks

(1) 124inch Verdical Drop

A summary of the relevant extremes of motion and acceleration
resulting from the vertical drop impact is given in table 2.
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These data are gleaned from the information in figures 32
through 48, and from the mode shape predictions. Certain data
are signified with ellipses, in the "maximum isolator travel"
column. In those cases, the predicted amount of component
travel exceeded the design limits of the associated isolator
or motion limiter. A study of these design limits and a
breakdown of motions in the isolator's own axes are given in
table 3, which will be explained in more detail later.

In table 2, for the vertical drop, the analiysis showa that
shock isolation of all three components was sufficient to pre-
vent acceleration peaks in excess of 15 g's, as shown in the
first major column. This indicates the analyzed isolation
system accomplishes an important goal. In the next major col-
umn are the "primary excited modes." It was noted earlier
that imposed mechanical shocks will tend to excite certain of
the natural vibration modes of shock-isolated components.
Thus the vertical drop shock tends to excite console mode 4,
see figure 14, which is "mode 12" among all the modes com-
puted, and which occurs at 9.68 Hz. The amplitude of this ex-
cited mode on the first cycle (before attenuation due to damp-
ing) is 6.7 g-peak, as shown in the third sub-column.

In the next major column of table 2, values are given in the
three shelter axes for "minimum sway-space required," in
inches. This is the zone of space needed around each compo-
nent to prevent collisions with other components or with the
shelter walls under the given dynamic inputs.

In the vertical drop, of course, the sway space is needed pri-
marily in the vertical direction. It can be seen looking down
the "minimum sway-space required" column of table 2 that the
maximum vertical "sway" of the gantry in the vertical direc-
tion is 2.36 inches (absolute value). This same number can be
found in Table 3, column 2, under the "y" sub column, also for
the gantry.

Table 3 summarizes only the extreme maximum conditions experi-
enced in all the mechanical shock environments. Note that the
figure for the maximum vertical sway of the console as a re-
sult of the vertical drop, 1.25 inches, does not appear in ta-
ble 3. This is because it is exceeded by a 1.90 inch maximum
isolator displacement in the rail impact. Table 3 only summa-
rizes the most extreme of the entries in table 2, i.e., it
gives only the maximum accelerations experienced and the over-
all minimum required sway space for each scanner component.

As said before, those sway space requirements translate to
zones around each component that must be vacant under these
impact environments for no collisions to occur. A depiction
of these minimum required sway zones is given in figure 99.
Where each zone is defined, a second number is given in ellip-
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ses which is the size of the zone in the prototype system,
based on drawings and estimates. It will be noted that in
four places, the sway zones of the prototype system are insuf-
ficient. Note, also, the zones apply in both the plus and
minus directions along each axis--there is a rebound after
each impact, and impacts to the shelter can come from any di-
rection.

The next major column in table 2 gives "maximum isolator
travel" in directions corresponding to the shelter axes.
These numbers can differ from "sway space" when there is tilt-
ing of the components, as can be seen in the rail and lateral
impact cases.

In the vertical drop condition, however, there is a different
problem. The calculated vertical displacements of 1.87 inches
(couch) and 2.36 inches (gantry) exceed the design limits of
the isolators. The isolator design limits are given in the
last major column of table 3, where the rated vertical
(compression) travel limits are 1.6 inch for the couch and; 2...0
for the gantry. Thus, the real isolators will "bottom out" in
the vertical drop. In the simulation, the isolators are
treated as linear for any amount of deflection. Hence, the
peak acceleration values given in table 2 are assuming the
isolators do not "bottom out." Bottoming out would result in
higher acceleration peaks than this linear model predicts. If
they did reach their limits, it is possible the isolators
could be permanently deformed, or that the motion resistance
(effective spring rate) could go up dramatically as the stops
are approached, imparting much higher acceleration peaks to
the isolated components than this analysis predicts.

In the third and fourth columns of table 3, the maximum isola-
tor travel values are translated from the shelter axes (x,y,z)
into the isolator's own axes (roll, compression, shear). This
re-orientation is necessary because component motions, which
are viewed in table 2 with reference to the shelter axes to
determine interferences with the shelter walls and among the
components, must also be viewed in terms of their effects on
the isolators themselves. Since isolator force curves are
only published in the isolator's own axes, the motions should
be examined in that frame. Thus the telling comparison, so
far as isolator cvertravel is concerned, is between the fourth
and fifth columns in table 3, where maximum predicted isolator
travel in the isolator's own axes can be compared with maximum
rated (allowed) dynamic travel of the isolators. On this ba-
sis, it is easy to see that at least some overtravel occurs
with all three components, when the extreme environmental in-
puts are experienced.

A final problem must be considered. In the vertical drop en-
vironment, the predicted vertical compression of the gantry
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isolators is 2.36 inches, which is enough to allow the pin-in-
cup motion limiters to disengage (assuming the pins' insertion
into the limiter cups is 1.7 to 2.25 inches vertically when
the gantry is elevated onto its isolators). If lateral motion
were present when such a vertical disengagement occurred, the
pins could be diverted away from the limiter cups on the re-
turn trip, and remain outside the limiter cups, thus nullify-
ing the motion restraint on top of the gantry. This would re-
sult in metal-to-metal contact and possible damage to the gan-
try structure or the shelter roof panel, and would markedly
increase vulnerability of the gantry to ensuing shocks.

(2) 104.ph Ra'il Impact

Summary information similar to that covered for part (1) above
is given in tables 2 and 3 for the 10-mph rail impact re-
sponse. These data are obtained from the information in fig-
ures 49 through 77, and from the mode shape predictions.
Maximum accelerations are predicted to slightly exceed the 15-g design goal in all three components at the baseplates, and
in the gantry at the top.

j In table 2, for the rail impact, shock isolation was not suf-
ficient to prevent acceleration peaks in excess of 15 g's, as
shown in the maximum acceleration column. A distinction was
made between acceleration levels experienced at the base or at
the top of each component ("high" or "low" in the table), as
this sometimes made a large difference in the values obtained.
For example, the console baseplate experienced 20.7 g's, while
the top saw only about 5 g's in the rail impact. Figures for
the top and bottom of the gantry are about the same because ofthe restraining action of the pin-in-cup limiters.

The primary modes excited by the rail impact are different
from those excited by the vertical drop. Figures 11, 17, and

i 25 correspond to the modes cited in table 2. Note that the
rail impact primarily excites the console in a longitudinal
rocking mode, and the couch starts out as a lurching across
the corner but resolves itself primarily into a lateral rock-
ing motion at a considerable angle from the impact direction.
Both modes are very low frequency, hence, their displacements
have large magnitudes, as evidenced by the sway space require-
ments cited in table 2, "minimum sway-space required" column.
The isolators for the patient couch are worked beyond the de-
sign limits in all three axes. The console isolators are
overworked in compression. The pin-in-cup limiters at the top
of the gantry are greatly over-traveled. In the real system,
as presently designed, under 10 mph rail impact the gantry
would experience acceleration peaks higher than those given in
table 2, and the pin-in-cup motion limiter would probably ex-
perience failure.
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The console rocking motion mentioned above is of some concern,
with the top swaying 12.3 inches. While x-axis travel may be
only 1.2 irches at the isolator (console baseplate), and ac-
celeration peaks may be high, at 20.7 g's, the reverse is true
at the top of the console, where in this case the x-axis mo-
tion is 12.3 inches and the acceleration peak is only 5 g's.
The calculated minimum sway zones from table 3 are depicted in
figure 99. Only 10.7 inches of space is required between the
console and the couch. This number is the result of geometric
calculations, and takes into account the notion of both compo-
nents being simultaneously excited by a single rail impact.
If one considered the sway-space required for each of the com-
ponents separately, it would actually lead to a larger number
than 10.7 inches, but when the phase of motion and the influ-
ence of damping were factored in, a less conservative amount
of sway space could be used.

* (3) Latera Imped

Summary information similar to that covered in parts (1) and
(2) above is given in table 2 for the lateral impact response.
These predictions are obtained from the information in figures
78 through 98, and from the mode shape predictions. Maximum
accelerations did not exceed the 15-g design goal in any of
the components, but it was predicted that the design limit of
the pin-in-cup motion limiters on top of the gantry would be
exceeded. This would result in higher accelerations than the
predictions show and possible failure of the pin-in-cup sys-
tem.

The primary mode excited by the lateral impact was the same
for the couch as in the rail impact. Figures 12, 17, and 24
correspond to the modes cited in table 2. The lateral impact
excites the console in a lateral rocking mode, and the couch
is predicted to adopt a lateral rocking motion at a consider-
able angle from the initial impulse direction. Both are very
low frequency, hence, they have large magnitudes, as evidenced
by the associated sway space cited in table 2.

The calculated minimum sway zones from table 3 are depicted in
figure 99. The greatest concern with the lateral impact is
contact of the gantry or of the console against the shelter
walls on stowed-panel side. The lateral impact imparts a
maximum sway of 3.2 inches for the console and 1.75 inches for
the gantry, both of which will result in impacts against the
stowed shelter panels.
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a. Genera Discussion

It was said earlier that nway space must be specified to take
into account that oscillat ons of adjacent components may be-
come out of phase wit, -ne another after a shock input. A
conservative approach woulo ;equire specifying the sway-space
between adjacent components as the arithmetic sum of the maxi-
mun expected individual component deflections. That may lead
to impractically large sway zones being specified. A better
* approach is to observe the sway behavior in the time traces
and specify the sway zones based on the combined motions of
adjacent components at the first moment that they are nearly
180 degrees out of phase (they start motion in-phase after a
single impact). By the time they are out of phase, damping
may have reduced the amplitudes significantly. This approach

* leads to reduced and potentially more achievable sway zones
without risk of collisions from a single shock input to the
shelter.

There was good agreement between the simple one-degree of
freedom analysis and the finite element analysis in terms of
damped natural frequency. The small discrepancies are attrib-
uted to the compliance of the shelter f3nor, yielding slightly
lower predicted natural frequencies. Accuracy of the model
predictions could be enhanced by comparing or validating them
against the response of the actual prototype system in an in-
strumented test.

It was predicted earlier that the shelter floor will under
certain dynamic inputs be exercised to more than sixty percent
of its yield strength. This is not likely, since in the
actual prototype there was some load-spreading by the plates
to which the isolators were mounted. The load applied to the
spreader plates can be obtained by multiplying the maximum
isolator deflection by the isolator spring rate, given
earlier.I
9. Conclusions

The analysi:. showed that the ruggedized CT scanner prototype
studied in this report has attained a significant degree of
ruggedness through application of shock and vibration
isolation techniques. The system meets the ruggedization
requirements in all but the most extreme conditions of lateral
impact, rail impact, and vertical drop. When these inputs are
at their extreme levels, it is predicted that shock isolators
are slightly overtraveled, some sway spaces are exceeded, and
the pin-in-cup motion limiter is greatly overloaded.

Some changes must be made in the existing design, or verifica-
tion testing must be done, before the system can be considered

p. 22



I
I

fully ruggedized to the mil spec levels. It is not realistic
to reduce the maximum allowable environmental inputs to a
level where the analyzed system will not experience exceeded
isolator limits or sway zones.

Analysis shows that under the extreme shock inputs,
acceleration peaks as high as 17-20 g's are reached at the
baseplates of the isolated components. Therefore, the
objective of limiting peak acceleration to +15 g's in the
gantry during these extreme shock inputs was not met.
However, it is still not known whether this necessarily will
lead to a failure of the scanner components, as they
themselves have not been characterized in the shock
environment.

The analysis also shows that shelter floor panel and subframe
stress limits are not exceeded. However, the load spreader
plates and methods of attachment to the ISO shelter floor must

be validated.

U Some straightforward and relatively minor changes to the
present system could yield significant improvements to the
ruggedization which would then approach accommodating the most
extreme input levels. These measures are outlined in the next
section.

To correctly specify sway zones between components, one must
take into account the possibility that the dynamic response of
adjacent shock-isolated components may become out of phase
with one another in the first one or two oscillations. A
conservative specification of sway zones would involve the
arithmetic sum of maximum amplitudes of adjacent bodies in a
given axis. However, damping is present and, when taken into
account, will reduce the sway zone requirements.

Helical wire rope isolators have many desirable properties for
fielded equipment ruggedizavion, including temperature insen-
sitivity, hiqh damping, strength, and nearly uniform omnidi-
rectional spring rates.

3The two mmajcr approximations in this analysis were the
estimation of moments of inertia of the CT scanner components
and the linear representation of the isolator load-versus-
deflection curves. This analysis can form a basis for
evaluating future proposed CT scanner systems against the
ruggedization specification.

3 An improved design for the gantry top pin-in-cup motion lim-
iter was conceived by the writ-rs aird is reccmmended below,
but its performance when applied to the studied system was not
analyzed.
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10. Rcommmndatons

Adequate isolation system performance under the extreme impact
loadings may be attainable with the present system if sway-
space allocations are changed to accord with those in figure
99, and if the pin-in-cup motion limiter system were replaced
with a system like the one shown conceptually in figure 100.

This analysis should be calibrated using the measured response
of the actual prototype system in an instrumented test at low
dynamic input levels, before it is used for binding predic-
tions of equipment survival at logistical dynamic input
levels.

If future efforts are made using this model or one like it,
phantom lines or plate elements should be incorporated that
describe the true outside contours of the scanner components.
This would facilitate the on-terminal viewing and plotting of3 predicted interferences, to more readily establish safe sway
space zones. Also, in the future, it would be preferable to
employ a non-linear analysis tool using verified values for
component weights, centers-of-gravity, and masA moments of
inertia, and one able to model the non-linear characteristics
oý tne isolators. If such mass and inertia data were not

available from the scanner manufacturer, a more accurate and
direct method than was used in the present analysis should be
used to establish component moments of inertia. This could be
done by solids modeling of the components or by direct3 measurement.

The performance of the isolation system after implementation
of the changes recommended above could be very easily
predicted using the existing computer model, once appropriate
modifications were made to the model to account for the
changes.

1. "Analysis of Accelerations in a Dynamically Loaded TacticalShelter," Arthur R. Johnson, NATICK/TR-83-007, US Army Natick
Research and Development Laboratories, July 1982.

3 2. "Specification, Cesign, and Response of a Transportation
Isolation System for Equipment Mounted in Army (MASH) ISOu Shelters," Robert Wood, 22 May 1990.
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srem Acceleratou Recpmred Sway- Isolator Trv-etI, Laor Trawvl in Dynamic Travel of

Componewt Erpetrienced (Gs) Space, (inch. 0-pk) (ndhts, 0-9k) wlaoeo Own Axim Isolator,

-.-- hs -- 1t (i--n Ž~ ches0, rk)_
xL y. I • z R Comm. Shm Roll CaU pr Shr

CONSOLE 1 12.9 104 1230 1.90 3.20 1.20 1.90 0.3 0,13 (1.90) 1.20 1.3 1.6 1.3
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