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Effective isolation sysemsfor extremely low level, wide bandwidth vibration often
require stringent performance properties throughout a wide range of operating
conditions. A highly reiable and robust desgn necesstates smplicity,
predictability, and repeatability. Anaytica and empirica test resultsare presented
fromongoing research that demondrate the effectiveness of ardatively ample, yet
highly effective passveisolaion sysem, usng ahermeticaly seded fluid damper
and mechanica spring combination to successfully isolate agiven component from
various vibration inputs.

INTRODUCTION

Severd techniques have higtorically been used to isolate the effects of vibration in sengtive
components. These include the use of fluid dampers, dastomeric vibration isolators, tuned mass damper
systems, and the optimization of acomponent’ s existing structural damping characteristics. While each of
these methods have their own advantages, it is often difficult for the designer to provide the proper
performance throughout the entire range of operating requirements and environmenta extremes. For
example, it is often necessary to diminate Satic and dynamic sed friction (hysteresis) within the damping
sysem while 4ill dlowing for no possbility of materid leskage, out-gassing, or contamination of
surrounding components.  In addition to these requirements, the system might need to be completely
passve with no power input, be designed for minima weight, produce no magnetic fields and/or be
congstent and reliable over environmenta extremes.

Typica gpplications of isolators for low level, wide bandwidth vibration include high resolution

cameras, optics, and sensitive structuresfor space-based vehicles. Many typesof fluid filled isolatorshave
been employed in these gpplications, and this type of device is the subject of this research report.
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The properties of africtionless fluid filled isolator are well matched to the demanding output criteria
of the aforementioned gpplications. This is because a frictionless system is of prime importance when
designing specificdly for low level vibration isolation. Otherwise, the isolation sysem will smply act asa
rigid mechanica link when subjected to low power spectra density (PSD) inputs and inevitably pass the
unmitigated input directly to the payload, possbly amplifying the excitation to unacceptable levels. In
addition, itisoftentimesimpossibleto andyticaly quantify this hysteretic effect in the frequency domain due
to its nonlinearity. The maximum alowablefriction vaue should be defined based on theleve of vibration
input such that the desired characteristics can then be designed into the system. The friction is aso
dependent on properties such as mass, stiffness, and effective viscous damping.

Figure 1 depicts a frictionless fluid isolator, where flexurd metd bellows seds are employed, thus
eiminating friction from diding surfaces. The flexurd metd bellows seals of the damper are accompanied
by dose dearance labyrinth seds for dynamic seding of the damping fluid chambers. This arrangement
ensures that the only hysteresis in the device is due to the friction of the diding components on a small
hydrodynamic film of oil. Labyrinth sedls of this type operate essentidly as alinear journd bearing, i.e.
there is no intimate contact of any metal or dastomeric diding components. In azero G environment, the
friction is reduced even further to that of the surface tenson of the fluid itsdf. In either case, thisleve of
friction can often be considered negligible, and thisis verified by test results presented here.

A mgor concern of any type of sedled fluid sysem isleskage. To diminate the possihility of leskage
and therefore guarantee acompletdy hermetic system, the metd bellowsflexurd sed isatached and weld
sedled to the piston rod and the cap of the damper. Since al joints are welded shut, thereis no possibility
of leskage or out-gassing. In order to assure no internal pressure build-up due to dynamic volume
displacement, a crossover port is incorporated between each of the two meta bellows sedls. This
arrangement (U.S. Patent 4,638,895) isillustrated in Figure 1.
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Inorder to maintain an acceptable and cong stent output over awide range of temperatures, different
flud flow techniques are often used. For example, a purdly inertid fluid flow can be characterized by
Bernoulli’ sEquation (1), which carries no dependence on fluid viscosity and therefore would be unaffected
by temperature.
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In Equation (1), aisfluid dengty, g isthe gravitationa congtant, P is pressure, and V isfluid velocity

on the high and low pressure sdes repectively. Simplifying this equation for the fluid damper of Figure 1
and solving for the differentia pressure between fluid chambersyields:

2
op =9 @
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The inertid characterigtics of fluid flow can then be coupled with the viscous effects of the fluid and
very specific damping functions can be maintained. The advantage of this is that a linear system is
gpproximated and analysis and predictability become less cumbersome.

Using this type of damper, it is possible to achieve virtudly any amount of damping required. A very
high levd of damping (even over-criticaly damped) can be achieved since the damping system does not
depend on an inherent siffness property. At the same time, a desirable high frequency roll-off can be
obtained by utilizing frequency dependent orificing combined with the inherent compressibility properties
of the damping fluid. Thelevd of therall-off can dso be increased using afluid damper of thistypesince
atruly linear system may not be able to provide enough roll-off a higher frequencies. Thisisespecidly true
if the linear system is highly damped at resonance.

PROGRAM THEORY AND OBJECTIVES

The isolation system for this research project had to be designed to meet agiven trangmissibility (TR)
envelope over abroad range of random dynamic input presented in the form of a PSD defined between
1 and 500 Hz. Theinput ranged from aflat PSD level of 8 x 10° ¢ /Hz (.2 g rms) to 2 x 107 g?/Hz (.01
g rms) over the 500 Hz frequency band desired. It was necessary for theisolation sysemto remainfarly
lineer in response over the range of amplitudes that the system would be subjected to, i.e. the
Transmisshility vs. Frequency needed to remain fairly consgstent with varying PSD inputs.

For the purpose of analysis, it was desired that the system provide a peak TR of 2 a resonance,
corresponding to ahighly damped system. This equated to adamping levd of 84% of criticd for asmilar
linear system. A roll-off of -31 db/dec wasthen needed whichistypica of alighter damping level of 50%
of critical for agmilar linear system. Therefore, alinear system, as represented by asmple Kevin modd,
cannot providethe performancerequired. Theisolator of Figure 1 wasdesigned to match the performance
of aMaxwel modd of adamper inpardld withahdicd ring. Thiscompostemodd isshownin Fgure
2.
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Figure2 Composite Model

Themode shownin Figure 2 can meet the high damping a low frequencies and low damping at higher
frequencies required by the isolation envelope. Thisenvelopeistypicad of many low input leve isolaion
systems, especidly those involving extremely senstive payloads.

The TR is then formulated in terms of atransfer function as follows:

_ C(Ky+Ky)s+(K4K3)
TR =
(MCs®) +(MK 55%) +(C(K; + K3)9) + (K;K)

3

where C is the damping congtant, K, and K, are the respective spring rates of Figure 2, mistheisolated
mass, and sisthe LaPlace operand.

The result of this equation is represented by the ideal Transmissibility vs. Frequency plot, shown in
Figure 3, which depicts an acceptance limit aswell asalinear system that matches the peak of the design
god limit a resonance. It is evident that the idedlized system offers a large performance benefit over the
linear modd.

The performancegod of thisparticular isolation sysemwasto provide passveisolationin 5 rigid body
degrees of freedom of the isolated mass, while not exceeding the TR acceptance limit. These included 2
trandational and 3 rotational degrees of freedom, requiring aminimum of Sisolators. Another requirement
of theisolatorswasto remain essentidly frictionlessin al degrees of freedom, which includes motions both
on and off the centerline axis of theindividua isolators. If any gppreciable friction was present, the mass
would act asif the isolation system wasrigid, and dl the vibrationa energy would be passed directly into
it.

To provide the desired off-axis compliance, universal flexureswere used at theisolator attach points.
A frictionless universd flexure was used, made by combining three flexura pivots. Two were mounted in
a gngle rotational axis, and the other was mounted in a second rotationd axis. This arrangement is
illugtrated a both ends of the isolator of Figure 1.
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Figure3 Transmissbility vs. Frequency

COMPONENT LEVEL TESTING

In order to verify system performance, prototype isolators were fabricated and subjected to two
phases of andysis and testing. The first phase was a the component level and the second phase was at
the system level. Component level testing was performed on each isolator to determine individua output
parameters. Theseresultswere used to determinethe need for any adjustments beforeimplementationinto
the actual system. From these component tests, an analysis was performed and a projected system
trangmissbility profile was generated. This profile was then verified later during system testing.

Component level testsgenerated an impedancetransfer function relationship of Force/Veocity (F/V).
This was used to determine the rlationship of the damping coefficient of the isolator (over frequency) as
compared to alinear system. The test set-up isshown in Figure 4. It condsts of a 50 Ib maximum force
Unholtz-Dickie shaker connected to a non-contact displacement transducer which in turn is connected to
theisolator. A forcetransducer isused to monitor isolator force. Theinput to the shaker is generated by
a snusoidd wave generator which sweeps through discrete frequencies from 1 to 500 Hz a a congtant
peak velocity. Linearity, which is defined as the change in the effective damping coefficient to the change
ininput velocity, was monitored from 1 to 30 Hz for different values of velocity over frequency.
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Figure4 Component Level Test Set-Up

Based on the systemandysis, theisolator was required to meet aspecific transmissibility with respect
to an equivadent dynamic mass. Theactua component level test resultswere then fed back into the systlem
andyss The predicted system tranamissibility is shown in Figure 5.
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Figure5 Transmissbility vs. Frequency
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The predicted TR curve was generated through the use of the actud test data obtained during
component testing on each of thefiveisolatorsused inthefull-up syssem. Computer programswerewritten
to account for the orientation of each isolator with repect to the center of gravity of the payload.

SYSTEM TESTING

After completion of component testsand apost-test analysisof theresults, adirect transmissibility test
was performed to verify the predicted system transmissibility, as shown in Figure 5. System testing was
again performed with each individua isolator supporting a representative mass. However, rather than a
snusoida driving excitation, theinput was arandom excitation based on PSD levelsof theactud operating
environment. The acceleration was measured at the mass and was compared with the input PSD to
determine the transmissihility.

The tests were firg performed with an externd gpring mounted in a concentric fashion around the
cylinder of the isolator. Testing at various PSD levels produced satisfactory results beginning at
approximately 8 x 10° ¢?/Hz (.2 g rms). However, the isolator performance deteriorated as the input
levels decreased to a point where unacceptable hysteretic behavior of theisolator wasevident. Thisbegan
to occur near a PSD of 3 x 10° ¢g?/Hz (.04 g rms) and is evident in Figure 6. Note the unacceptable
amplification at two resonant peaks. The source of friction in this case was found to be a small bending
moment on the piston of the isolator which was being induced by a moment from the ends of the hdicaly
wound coil spring.
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Figure6 Test Results: Isolator with Integral Coil Spring
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For the next series of tests, the hdically wound coil spring was decoupled from the isolator and
mounted in pardld. With this arrangement, the measured friction dropped to near zero. The
transmissibility test now showed the desired performance a dl levels of PSD input. Figure 7 shows the
resulting transmissibility a an input of 3 x 10° ¢?/Hz (.04 g rms). Comparison of Figures 6 and 7
demondrate the much improved performance after asmple reduction in isolator friction.

20

10 .04 GRMS

.10

Transmissibility

01 T T T T T T T T T T
0 100 200

Frequency, Hz.

Figure7 Test Results: Isolator with Non-Integral Coil Spring

The system tests demondirated that the maximum amount of friction alowable in the isolators before
the performance envel ope was exceeded was approximately 3% of the maximum dynamic output force
of theisolator, including both spring and damping force, when subjected to the lowest specified PSD levd.
In this particular case, the lower limit was 2 x 107 ¢?/Hz (.01 g rms).

Andyticd effortswere then initiated in order to define an upper acceptance limit onisolator hysteresis
for generd use. Since the introduction of friction crestes anon-linear syslem which is not easily adaptable
to frequency domain techniques, a different gpproach was needed. This adternate approach was to
generate atime domain redlization of the lowest level PSD which was used asthe input to amode of the
isolator supporting the effectiveweight. Thiswasdoneto derive thetime domain response of thetest mass.
The resulting output signal was windowed and a Fourier transform generated to obtain the frequency
domain representation. This was then compared to the input to generate the frequency response function
representing the transmissibility of the isolator while supporting the effective weight. Friction of the model
was increased until the performance envel ope was exceeded. An exampleisshownin Figures8 and 9 for
a.01 grmsflat PSD spectrum from 1to 500 Hz. Figure 8 showsthe response of the isolator-mass model
with zero friction. The response lies, as would be expected, dong the idedized transmissibility curve.
Figure 9 shows the response of the isolator-mass modd with just .05 Ibs. of friction introduced into the
sysem. The deterioration in performance, epecidly a high frequencies, is quite evident.
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Thelevd of friction which can be consdered to be dlowableis specific to each gpplication. However,
results presented hereindicateagood initiad va uethat can be used for design purposes. Theisolator design
can then be dtered during system testing if necessary. Ongoing research and data collection is presently
being performed.
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Figure8 Resultsof Analyss: Isolator with Zero Friction
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Figure9 Resultsof Analysis. Isolator with .05 Ibs. Friction
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CONCLUSIONS

Test results have been presented that vaidate the use of ardatively smple, robust, and predictable
fluid filled isolator to mitigate the effects of low leve, wide bandwidth vibration. Thistype of isolator has
proven to be reliable for many extreme operating environments.  Successful gpplications include high
resolution camera isolators, flight control dampers, satellite solar pandl deployment dampers, satellite
gimbal over-travel shock absorbers, and gimba vibration isolators for infrared seekers.

Veification of system performance can be achieved by performing the following procedure:
1. Define the random vibration input in terms of PSD and frequency bandwidth.

2. Develop amodd of theisolator and generate atransfer function to determine preliminary damping
output specifications.

3. Egablish an upper limit for friction based on PSD input levels, bandwidth, and system parameters
that satisfy a specified performance envelope. An acceptable level of friction found here was
approximately 3% of the totd isolator dynamic output force.

4. Performcomponent leve testing to verify damping output and re-run the analysisto predict overal
system performance.

5. Run asystem test to define the tranamissibility vs. frequency at various PSD inputs.

For the tests performed for this research project, the upper acceptance limit for isolator friction was
demondtrated to be approximately 3% of the totd isolator dynamic output force. This has aso been
verified by computer andysisfor low leve vibration isolatorsin the 500 Hz frequency range. Thisanaytica
technique is now available for future gpplications.

Ongoing research is presently being performed by the authors concerning the quantification of

dlowable isolator hysteress. Additiond information on this phenomena from others in the Shock and
Vibration community would be appreciated.
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