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A vibration isolation system (12) utilizes various configurations of elastic structures loaded to approach a point of elastic
instability. In one form of the invention, the system uses a combination of a negative-stiffness mechanism (28) and a positive
spring (20) to support a payload and provide zero or near-zero net stiffness in the vertical direction. Horizontal motion is general-
ly isolated by utilizing one or more axially-symmetric columns (14) loaded near their critical buckling loads to provide little or no
stiffness in any horizontal direction. Preventive stops (100) limit displacements to keep the columns (14) from collapsing under
abnormal loads.
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VIBRATION TSOLATION SYSTEM

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates generally to methods and
apparatus for suspending an object having weight relative to a
base, and for isolating or reducing the transmission of vibra-
tions between the object and the base on which the apparatus is
supported, and more particularly, to an omni-directional suspen-
sion or vibration-isolating system than exhibits low stiffness
that can be made zero or near-zero, both vertically in the
direction of the weight load, and horizontally in directions
transverse to the weight load, to effectively reduce the trans-
mission of vibrations between the object and the base.

The invention also relates to other applications of
zero or near-zero-spring-rate suspension systems such zs simulat-
ing a zero-gravity environment or for optical pointing or mea-
surement systems or any system where it is desirable to provide
small motions of a suspended object without resistance from
spring forces or mechanical friction.

Description of the Prior Art

Much work and development have been directed to the
problem of effectively isolating or reducing the effects of

unwanted environmental vibrations on motion-sensitive devices
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such as machines and instruments. Environmental vibrations are
abundant in research and manufacturing facilities since they can
be generated from numerbus vibration-producing sources that are
often extremely difficult to control. When transmitted to
motion-sensitive devices through the foundation or structure of a
building, or through the ground itself, external vibrations can
adversely affect the testing, calibration, and performance of
these devices.

Some of the more difficult-to-control sources of
environmental vibrations can be directly attributed to the
location of the laboratory or production facility in built-up or
populous areas. Road and rail traffic, for example, provide an
ample source of unwanted vibrations that can be transmitted to
buildings that house motion-sensitive equipment. These vibra-
tions usually cannot be eliminated unless the building is located
in a remote area away from railroad lines and vehicular traffic.
In a manufacturing setting, a remote location may not always be
desirable or feasible, especially if a large work force is needed
or if the facility needs a constant incoming supply of raw
materials to maintain operations. Also, micro-seismic ground
motions are always present, even in remote areas.

The building itself can also generate and transmit
unwanted vibration to the sensitive equipment located within it.
For example, seismic activity or wind conditions around the
puilding can cause it to vibrate. Since such motion can be

further amplified on the upper floors of a multi-story building,
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sensitive equipmen£ is usually placed on lower floors or on slabs
or seismic masses isolated from the rest of the building and
resting on or isolated from the soil itself. Additionally,
unwanted vibrations can be generated throughout the building by
its heating, ventilating and air conditioning system. Foot
traffic of workers and other machinery are still further examples
of sources of vibrations that can adversely affect the perfor-
mance of motion-sensitive equipment.

Vibrations can also cause problems outside of the
setting of the conventional workplace. For example, noisy
equipment on submarines can be transmitted to the hull, c. ng
it to vibrate and transmit acoustic or vibrational energy - sugh
the water, making the submarines more susceptible to detection.

Earthquakes cause buildings and other equipment to fail
by exciting vibrations in the buildings or equipment at their
natural frequencies coinciding with frequencies of the ground
motions.

Numerous devices have been developed for reducing the
transmission of unwanted vibrations between an object and its
surroundings. These devices, commonly called vibration isola-
tors, are designed as a support structure that can be placed
between the object to be isolated and the foundation. 1Isolators
exhibit stiffnesses or spring rates such that objects supported
on them have natural frequencies of vibration substantially lower
than the frequencies of the unwanted vibrations. Generally, the

higher the frequencies of the unwanted vibrations relative to the
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natural frequenciés of the object supported on the isolators, the
more effective the isolators in isolating these vibrations.

The measure of the ability of an isolator to either
amplify or suppress an input vibration is called the transmis-
sibility of the isolator. Transmissibility is defined, for a
vibrating foundation, by the ratio of the response amplitude of
the isolated object to the excitation amplitude of the found-
ation, or, for a vibrating object, by the ratio of the amplitude
of the force transmitted to the foundation to the amplitude of
the exciting force on the object. A theoretically "perfect”
isolator would have a transmissibility of zero, i.e., for a
vibrating foundation, the response amplitude would be zero since
none of the vibrations would be transmitted. A transmissibility
of unity would indicate that the response amplitude is exactly
equal to the excitation amplitude corresponding to no suppression
or amplification of the vibrations. A transmissibility above
unity indicates that the excitation is amplified, rather than
suppressed.

Figure 25 shows curves of transmissibility vs. fre-
quency ratio for an ideal single-degree-of-freedom isolation
system consisting of a rigid payload supported on an isolator
consisting of a linear spring and a viscous damper. The various
curves correspond to various amounts of damping. The frequency
ratio is the ratio of excitation freguency to natural frequency.
These curves show that such an isolator amplifies the vibrations

for frequency ratios below about 1.4 and isolates the vibrations
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for higher frequency ratios, with greater isolation for greater
frequency ratios. That is, for a given frequency of vibration,
lower natural frequencies of the system result in better isocla-
tion. Also, the curves show that for a given frequency of
vibration and a given natural frequency of the system, lower
damping results in better isolation. In terms of isolation
system design, for a given payload mass, system frequencies are
reduced by reducing the spring stiffness or spring rate, so that
isolation is improved at all frequencies where isolation occurs
by reducing the isolator stiffness or spring rate, based on this
idealized model. Also, isolation is improved at all freguencies
where isolation occurs by reducing the isolator damping. Al-
though the curves of Fig. 25 correspond to viscous damping,
similar behavior occurs for relatively small amounts of damping
for other damping mechanisms, or mechanisms that dissipate
enerqgy, such as mechanical friction.

Transmissibility curves for real isolators follow the
curves of Fig. 25 quite well until excitation frequencies in-
crease to the point where isolator resonances or surge frequen-
cies occur. That is, at sufficiently hivh frequencies the
isolators resonate or vibrate at their own natural frequencies,
so transmissibility curves of real isolators look like that of
Fig. 26 which is typical of a mechanical spring. Isolator reso-
nances occur because isolators have mass as well as stiffness
and, in general, for a given isolator stiffness a greater isola-

tor mass will result in lower isolator resonances. It is ap-
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parent from Figs. 55 and 26 that, for a given fregquency of
excitation, isolation is improved by reducing the isolator stiff-
ness, and therefore the'system natural frequency, as much as
possible while keeping the isolator resonances above the frequen-
cy of excitation. In general this results in conflicting re-
quirements for isolator designs in the prior art. With linear
springs, for example, as the spring stiffness is reduced the
deflection under the payload weight increases, with an accompany-
ing increase in stored elastic energy. Since springs can only
store a limited amount of energy per unit mass of spring and
remain elastic, increased energy storage requirements for the
spring increases its required mass and reduces its resonant
frequencies. Therefore, prior art isolators generally have a
limited separation between the lowest isolation system natural
frequencies attainable and the highest isolator resonant frequen-
cies attainable.

The success of an isolation system design depends on
the motion- or vibration-sensitivity of the isolated object, in
terms of both magnitudes and frequencies of allowable vibrations,
as well as the magnitudes and frequencies of the input vibra-
tions. The same considerations apply when the isolation system
is designed to isolate a vibrating object from a support struc-
ture or base, as is the case of isolating noisy equipment on a
submarine from the submarine hull.

Unwanted vibrations occur in a wide range of frequen-

cies and amplitudes and there is increasing use of extremely




WO 91/02921 PCT/US90/04608

7
motion-sensitive equipment that needs to be isolated from these
vibrations in frequency ranges and amplitudes where prior -art
isolators are not effective. Photolithography egquipment used in
microelectronics manufacturing typically must be isolated from
minute vibrations at frequencies as low as one Hz and as high as
100 Hz, and the frequency range from one to 10 Hz is typically
most critical. Advanced systems and other advanced microelectro-
nics manufacturing systems producing higher resolutions or
smaller geometries are requiring even more stringent specifica-
tions on vibrations. There is a need for extremely stable
platforms for testing advanced guidance and control instruments
such as accelerometers and gyros where motions must be limited to
around 10-9g at frequencies ranging from near DC to around 100
Hz. Electron microscopes also have extremely stringent vibration
requirements.

High-frequency vibrations produced by machinery, for
example, can be effectively isolated by a variety of prior art
isolation system techniques such as resilient pads made from of a
variety of materials and various types of mechanical springs.
When vibration input frequencies are very low, such as 10 Hz or
lower, the choices of prior art solutions become much more
limited, particularly when the vibration amplitudes are very
small, such as a micro-g of acceleration or a micron of displace-
ment.

Massive concrete slabs on soil, or isolated from soil

or bedrock on special fill or other resilient material are
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commonly used, bué this approach is costly and is not effective
at the lowest vibration frequencies and amplitudes of interest.
Linear mechanical sprinés can be used to achieve low natural
frequencies but they become bulky and massive and exhibit low
isolator resonances. For example, a linear spring such as a
steel helical spring supporting a payload with a one-Hz natural
frequency would displace about 9 inches under the static weight
load. Such a spring would only begin to isolate at frequencies
above 1.4 Hz and would have low isolator resonances. A 0.5-Hz
linear spring would deflect about 36 inches under the static
load.

Nonlinear springs such as coned-disk or Belleville
springs are compact and can support a payload weight with zero or
near-zero spring rate, and can produce very low vertical natural
frequencies. However, they also exhibit sliding mechanical
friction which is detrimental for very small vibration amplitudes
because it can prevent the spring defections that produce the
isolation behavior.

The lowest natural frequencies of practical pneumatic
isolation systems are limited to about 0.5 Hz or higher. Lower
frequencies can be achieved using pendular arrangements or other
mechanical linkages, but these introduce unwanted behavior such
as low isolator resonances in the linkages, or mechanical fric-
tion. For isolation of the most minute ambient vibrations of
interest with extremely motion-sensitive equipment, the lowest

natural frequencies generally achievable by prior art pneumatic

o
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systems are limiteé to about 2 or 3 Hz due to the stiffness
associated with the elastomeric diaphragms or housings typically
used in pneumatic isolafors.' Also, pneumatic isolators have
additional problems and limitations such as sealing problems or
gradual air leakage, and limited temperature ranges within which
they can effectively operate.

Isolation behavior at low frequencies can be improved
by active systems that use motion-sensing elements, feed-back
loops and actuating means such as electromagnetic actuators to
limit vibrations transmitted between a payload and a base. These
systems generally augment a passive isolation system, such as a
system of pneumatic isolators, using well-known principles of
feed-back and control, to enhance the isolation behavior at low
frequencies, for example, less than 20Hz, but they depend on the
passive isolation system behavior at the higher frequencies. The
behavior, even at the low frequencies, is limited by the natural
frequencies of the passive system. Therefore, even with active
vibration isolation systems, there is a need for an improved
passive isolation system capable of providing zero or near-zero
spring rates in order to achieve lower system natural frequencies
and improve isolation-system performance at low as well as high
frequencies.

Accordingly, those concerned with the development and
use of vibration isolation systems and apparatus have long
recognized the need for improved vibration isolation, particular-

ly in the low frequency ranges. Preferably, an improved device
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should be compact and relatively light in weight and should
provide improved vibration isolation at low and high fregquencies
in both vertical and horizontal directions. BAlso, such a system
or apparatus should be able to isolate vibrations of extremely
small amplitude, such as micro-seismic motions, without sig-

nificant loss of performance.

SUMMARY OF THE INVENTION

Briefly, and in general terms, the present invention
provides a versatile vibration isolation system that exhibits low
stiffness that can be made zero or near zero, both vertically and
horizontally, to provide vibration isolation capabilities in all
directions. The system offers a substantial improvement over
state-of-the-art isolation systems in reducing transmission of
vibrations to precision equipment and sensitive machinery,
particularly those vibrations in a low frequency range and with
very small vibration amplitudes. The system is capable of
isolating vibrations well below one Hertz while still effectively
isolating vibrations well over 100 Hertz.

The vibration isolation system of the present
invention utilizes various configurations of elastic structures
loaded to approach a point of elastic instability. The elastic
instability associated with each configuration has an instability

mode shape or buckling mode into which the structure deforms as
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it goes unstable or buckles. Right at the instability point,
where the load causing the instability is right at the so-called
"critical buckling load“, the structure can be given a small
deflection into the buckled shape with essentially zero resisting
force, or zero spring rate. If the instability-producing load is
slightly below the critical buckling load, the structure can be
given a small deflection into the instability mode shape with
very little resisting force thereby exhibiting ve.v low stiff-
ness. The magnitude of the stiffness depends on how closely the
instability point is approached. It is this principle that is
used in the present invention to create the zero or near-zero
stiffness.

If the load causing the instability is greater than the
critical buckling load, then as the st:ructure deforms into the
buckled shape, the excess load will tend to propel the structure
into the buckled shape creating a negative-stiffness or negative-
spring-rate mechanism. A common example is the "snap-through" or
"over-center" mechanism. By combining a negative-stiffness
mechanism with a positive spring, adjusted so that the posit:ve
and negative stiffnesses just cancel, the resulting device is now
at a point of elastic instability and will exhibit zero or near-
zero stiffness for small deflections around a center-point or
center position where the structure goes from its unbuckled to
its buckled shape or from its initial shape to its instability
mode shape. This principal is also used in the present inven-

tion. Further, by controlling the magnitude of the load causing
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the negative stiffness, a means is created by which the net
stiffness of the device can be adjusted or ufine-tuned" either
manually, for adjustingra passive isolation system, or automati-
cally in an active isolation system using motion sensing ele-
ments, a feed-back loop, and an actuating means for adjusting the
instability-producing load and the system stiffness. This inven-
tion also uses, in some embodiments, means for adjusting the
positive spring stiffness in order to adjust the net stiffness of
the system.

The vibration isolation system of the present invention
utilizes a vertical-motion isolation system that supports the
weight of the object and provides low stiffness in the vertical
direction, and a horizontal-motion isolation system that supports
the object and provides low stiffness in any horizontal direc-
tion.

The vertical-motion isolation system utilizes a con-
figuration of one or more isolators that produce an instability
mode shape such that the associated deflections are uniaxial,
that is, they occur in only one direction. For vibration isola-
tion applications where an object is supported in a gravity
field, this axis of the isolator corresponding to the instability
direction is aligned vertically in the direction of the weight
joad. The vertical-motion isolators also utilize a configuration
that enables them to support a weight load and still provide zero
or near-zero stiffness in the vertical direction. The load-

supporting capability of these isolators is also adjustable.
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This invéntion also utilizes a more general isolator or
suspension device that supports a force in an axial direction and
can provide positive or.negative stiffness in the axial direction
or in lateral directions transverse to the axis of the isolator.
The axial stiffness and axial force capability are adjustable.

In a more general application of this invention, a system of such
isolators can be used in an active system to support an object
having mass, where the direction of gravity or other acceleration
field is changing, or the magnitude of the acceleration field is
changing as in the case of isolating noisy equipment in a moving
submarine or an optical pointing system in a moving vehicle. By
appropriately changing the load-supporting capability of the
individual isolators, the isolation system can adjust for the
changirg acceleration field and still provide the zero or near-
zero spring rates.

The horizontal-motion isolation system utilizes a
configuration of one or more horizontal-motion isolators that
produce a structure having many elastic instability or buckling
modes that are symmetric about a vertical axis. In one form of
the invention, the horizontal-motion isolation system utilizes
one or more axially-symmetric column members that behave as
fixed-free columns. Each column member, and the resulting
system, has many instability modes (theoretically, an infinite
number) such that the initial shape of the instability mode or
buckling mode is a lateral displacement of the upper end of the

column relative to the lower end. Each column member is designed
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to support a portion of a payload weight that approaches the
critical buckling load of that member. As a result, each column
member cooperates to provide ‘sufficient axial stiffness in
supporting the payload weight yet provides little or no stiffness
in any horizontal direction.

In a preferred embodiment, three or more vertical-
motion isolators are used to create a three-point or multi-point
support system. These vertical-motion isolators also cooperate
to support the payload and suppress the transmission of any
vertical motion or vibration between the payload and the base.
This novel combination of vertical-motion and horizontal-motion
isolators create a system capable of effectively suppressing the
transmission of motion or vibrations in any direction from the
payload. Since the invention further includes means for adjust-
ing or "fine tuning" both the vertical-motion and horizontal-
motion isolators to reach zero or near-zero vertical and horizon-
tal stiffness, the invention creates an isolation system that is
capable of isolating even extremely low frequency vibrations in
ranges unattainable by prior art isolators.

Each vertical-motion isolator utilizes a novel combina-
tion of a spring means having positive stiffness and a mechanism
that produces a negative stiffness to create a net vertical
stiffness that can be made zero or near zero. The negative
stiffness mechanism (a snap-through or over-center mechanism)
produces a stiffness that counteracts the positive spring stiff-

ness. This particular combination results in an isolator capable

Ty
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of supporting a «ertain payload weight or vertical load, with
zero or near-zero spring stiffness in the vertical direction.
Each vertical-motion isolatorAincludes means for adjusting the
positive or negative stiffness to "fine tune" the isolator to
attain zero or near zero stiffness, and a means for adjusting the
load-carrying capacity of the isolator.

In the vertical-motion isolators the spring means,
wh' 'h can be a linear spring, supports the payload weight. The
elastic energy stored in the spring is proportional to the square
of the static deflection from its undeformed shape and the size
and mass of the spring are generally proportional to the deflec-
tion and stored energy, respectively. The negative stiffness
mech: .sm has little effect on the size and mass of the spring.
By using this combination of positive spring and negative stiff-
ness mechanism to cancel the positive stiffness ar produce the
zero or near-zero net vertical stiffness, a relatively stiff,
compact and light-weight spring can be used to support the
payload weight, compared with prior art linear isolator springs
that are not even capable of producing the same low vertical
natural frequencies. This novel arrangement results in a rela-
tively compact, light-weight vertical-motion isolation system,
whose isolator resonances are much higher than those of prior art
linear isolation systems. Also, because the column members that
make up the horizontal-motion isolation system are quite stiff in
the vertical direction, and deflections under lateral bending due

to the horizontal vibrations are very small, these members store
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relatively little'elastic energy and also have low mass and high
isolator resonances.

The above—deécribed novel combination of vertical-
motion and horizontal-motion isolators can take on a number of
different forms. In one preferred embodiment of the invention,
each vertical-motion isolator is used as a baée support for
supporting the payload and the horizontal-motion isolators. Each
vertical-motion isolator directly supports one end of one of the
horizontal-motion isolators along its centroidal axis in the
vertical direction. The other end of each horizontal-motion
isolator contacts and supports the payload.

In another embodiment of the isolation system, the same
vertical-motion isolators are again used as base supports except
each isolator directly supports an intermediate platform. This
intermediate platform can be used as a foundation for supporting
the horizontal-motion isolators. Again, each horizontal-motion
isolator would be vertically disposed on this intermediate
platform in order to support the payload. Each horizontal-motion
isolator would also be designed to support a load that is at, or
near, its critical buckling load in order to effectively isolate
any horizontal motion. Utilizing this intermediate platform
system eliminates the need to affix the horizontal-motion iseola-
tors directly on the vertical-motion isolators. This reduces the
bending moments transmitted by the horizontal-motion isolators to
the vertical-motion isolators which could adversely affect their

performance. Also, the intermediate platform allows each hori-
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zontal-motion isolator to be positioned at locations away from
each vertical-motion isolator which provides additional design
flexibility. An upper platférm can also be used to support the
payload and distribute the weight of the payload to the hori-
zontal-motion isolators.

Another different embodiment utilizes the horizontal-
motion isolators, :ather than vertical-motion isolators, as base
supports. 1In this form, each vertical-motion isolator is placed
on a platform or ether support structure. The vertical-motion
isolators in turn directly support the cbject to be isolated.
The horizontal-motion isolators are vertically disposed between
this platform and the foundation to support each vertical-motion
isolator, the platform, and the object to be isolated. Again, an
intermediate platform could be used to support the object and
distribute its weight to the vertical-motion isolators.

These are just a few of the many different forms that
the present invention can take utilizing this novel combination
of vertical-motion and horizontal-motion isolators. Of course,
other combinations are possible and would be within the spirit
and scope of the present invention.

Each combination of isolators produces a structure that
is loaded to approach a point of elastic instability. In the
horizontal-motion isolation system instability modes can result
which have their i. tial displacements in any horizontal direc-
tion. This can produce a system with zero or near-zero spring

rate in any horizontal direction. In the vertical-motion isola-
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tion system, the instability mode corresponds to initial dis-
placements in the vertical direction, which can produce the zero
or near-zero spring rate in the vertical direction. '

The present invention is also directed to the indivi-
dual isolators that provide the zero or near-zero stiffness in
the vertical direction. In one embodiment of the invention the
spring means consists of at least two flexures that extend
radially outward from a center hub on the axis of the isolator,
180° apart, and are supported at their outer ends by a means that
is capable of applying an inward compressive radial force to the
flexures. 1In a preferred form, three radial flexures are uti-
lized, each radial flexure being disposed 120° from the other,
and connected at their inner ends to the center hub and at their
outer ends to an inward-radial-force-producing-and-support means.
In their unloaded state, before the payload is supported on the
center hub, the inner ends of the radial flexures are slightly
higher than the outer ends. When the design payload weight is
supported, the flexures deform and the center hub is deflected
downward until the inner ends of the radial flexures are at the
same vertical position as the outer ends of the flexures. This
is the approximate operating position or center point of the
isolator. The negative stiffness mechanism consists of the same
radial flexures and the inward-radial-force-producing means.
When an inward radial force is applied to the outer end of each
radial-flexure an over-center or snap-through mechanism is

produced. That is, as the center hub is deflected up or down

‘y
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from the center point, a negativ: tiffness is produced by the
action of the inward compressive radial forces. This negative
stiffness counteracts the positive stiffness that results from
bending deformation of the radial flexures so that the net
vertical stiffness of the vertical-motion isolator can be made
zZero or near zero. In effect, the radial flexures behave as
beam-columns loaded to approach to their critical buckling load
or instability point, thereby providing very low vertical stiff-
ness, just as the horizontal-motion critically-loaded or nearly-
critically-loaded column member isolators provide very low
horizontal stiffness.

In one form of the invention, an outer loading flexure
assembly is placed in contact with the outer end of the radial
flexure. This loading flexure assembly is attached to a sta-
tionary base and is adapted to move either towards or away from
the radial flexure to vary the load on the radial flexure. The
loading flexure assembly can be either a separate piece attached
to the radial flexure or it can be machined with the radial
flexure as a single piece.

In one embodiment of the invention, the loading flex-
ures are placed horizontally with the radial flexures to create a
low profile mechanism. Another form of the invention utilizes
vertical loading flexures which extend upward and have one end
attached to a floating spacer block. The amount of radial force
produced by these vertical loading flexures can also be varied by

simply moving the loading flexure either toward or away from the
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radial flexure.

The vertical-motion isolation system also includes
means for changing the load-carrying capacity of each vertical-
motion isolator and the position of the payload relative to the
pbase. One means of achieving this is to support part of the
payload weight on a secondary linear spring whose deflection and
loading can be independently adjusted. The secondary spring is
effectively connected between the payload and the base in series
with a means for changing the deflected length of the spring such
as a screw-type actuator or a piezoelectric translator. The
spring means in the isolator is now the combined spring means of
the radial flexures and the secondary spring. When the isolator
is adjusted to its operating point, corresponding to the center
point of the negative-stiffness mechanism, the spring means is
deflected a particular amount and is supporting a particular
wéight load. If, now, the weight load were to increase, for
example, the spring means would deflect an additional amount and
the payload would move toward the base away from the center-point
position. With sufficient increase in weight load, the isolator
would displace beyond the position it could effectively operate.
However, by using the actuator to produce additional deflection
of the secondary spring and increase the load carried by the
secondary spring the payload can be restored to its center=-point
position, thereby permitting the isolator to carry the additional
joad and continue to operate about its center point position. 1In

this manner, the load-carrying capacity and the position of the

N
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payload relative to the base can be changed without changing the
effective stiffness of the isolator. Other means for changing
the load-carrying capacity of the isolator and the positién of
the payload relative to the base include alternative adjustable
means for providing secondary support of the payload such as a
solenoid or voice coil.

The secondary spring can support any fraction of
the weight load. The particular case where it supports all of
the weight load represents another embodiment of this invention
and is particularly attractive for certain applications when the
secondary spring is a pneumatic spring. In this case, the radial
flexure spring means contributes to the vertical stiffness but
supports no load. It is undeformed at the center point position
where the inner and outer ends of the radial flexures are at
approximately the same vertical position. The only function of
the radial flexures in this case is, along with the loading
flexures, to provide the negative stiffness mechanism. The
required radial force for the negative stiffness mechanism to
cancel the positive stiffness of the spring means depends on the
stiffness of the spring means and the length of the radial
flexures. Since, for a given weight load, a pneumatic spring has
a much smaller effective stiffness than a practical linear
mechanical spring, such as the radial flexure spring means, the
required radial force with the pneumatic spring is much smaller,
and the resulting radial flexures and loading flexure assemblies

can be much smaller in cross-section and lighter in weight.
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Also, adjustment .of the radial force to fine-tune the isolator is
much easier with the lower force.

The combination of a vertical-motion isolétor, as
previously described, with means having relatively low lateral
stiffness, such as a column, provides a versatile isolator or
suspension device that can be used in any orientation. This
isolator can support a force in the axial direction and can
provide positive or negative stiffness in the axial direction and
in lateral directions transverse to the isolator axis. Also, the
isolator can be designed to maintain a particular axial position
or axial length for varying axia& force, and the axial stiffness
can be adjusted, using the adjustment means previously described.
The present invention utilizes this isolator with a principle,
described below, to provide another embodiment of a versatile
isolation system that can isolate an object when the system
orientation is changing relative to gravity or other acceleration
field. Examples are the isolation of noisy equipment in a moving
submarine or an optical pointing system in a moving vehicle.
According to this principle, a suspension system comprising an
object suspended in a plane on three such isolators, spaced 120°
apart and oriented so that their axes lie in the plane and
intersect at a common point, will have the same stiffness in any
direction in the plane. An active isolation system configured
from such isolators can be used to isolate an object with respect
to a moving base, and maintain the position of the object with

respect to the base, while still providing very low isolation
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system stiffness in any direction. Three of these isolators
could be used for the horizontal motion isolation system, and
three of ti se isolators could be used for the vertical-mﬁtion
isolation system.

The present invention is also directed to the isolators
that provide the zero or nea -zero stiffness in the horizontal
directions. 1In a preferred form of this invention, the hori-
zontal-motion isolation system utilizes at least three column
members that are vertically disposed to support a payload. The
upper end of each column member is rigidly attached to the
payload or to an intermediate platform, and the lower end is
rigidly attached to a vertical-motion isolation member, to an
intermediate platform or to the base or foundation. Each column
member is located relative to the center of mass of the supported
weight to support a portion of the weight that approaches the
critical buckling load of that member. The combination of these
column members adeguately supports the payload over the founda-
tion while providing little or no horizontal stiffness. As a
result, horizontal vibrations are isolated by these column
members thus preventing their transmission between the payload
and the foundation.

This horizontal-motion isolation system further in-
cludes means for preventing the column members from collapsing or
being overstress¢d if load on a member exceeds the critical
buckling load. With the three or more column members rigidly

attached at their upper and lower ends, and the upper attaching
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member free to move horizontally relative to the lower attaching
member, the buckling mode instability made shape is such that the
initial buckling deformation,is a horizontal displacemenf of the
upper attaching member relative to the lower attaching member.
Thus, any means, such as horizontal stops, that limit this
relative horizontal displacement to a relatively small value will
prevent collapse or overstressing. Once the stops limit the
relative horizontal displacement, an approximate four-£fold
increase in load would be required to cause buckling or collapse
since the instability mode would now be changed. Therefore, a
satisfactory safety factor against collapse or damaging over-
stressing would be provided. This will be explained further
below with the aid of the drawings. Of course, the system would
be designed to operate normally within the horizontal displace-
ment limits without contacts against stops so as not to degrade
the system isolation performance. This would be accomplished by
designing the system to keep the critical buckling loads from
being exceeded. In an active system, displacement sensors would
be used with a feed-back control system and means for adjusting
the buckling strength so as to prevent the displacement limits
from being exceeded. Means for chahging the column member
buckling strength are described below.
one form of means for limiting horizontal displacement

is embodied in a preventive stop that partially surrounds each
column member and partially limits relative horizontal displace-

ment once contact has been made between the column member and the
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stop. Alternatively, positive mechanical stops can be placed
near the payload or intermediate platform to contain and prevent
it from moving horizontally past a predetermined distancekor from
rotating about a vertical axis a predetermined angle.

The horizontal-motion isolation system also includes
means for changing the critical buckling strength of each column
member. One means of achieving this is by lengthening or shor-
tening the member. After the column member is loaded with a
certain weight, its length can be either lengthened or shortened
to change the critical buckling load for that member. 2As a
result, each column member can be effectively adjusted to operate
at, or substantially near, its critical buckling load. This
change in the critical buckling strength for a given load also
changes the horizontal stiffness for each member. As a direct
consequence, the horizontal stiffness in each member may be "fine
tuned" to zero or near zero by changing its leng*

Another means for changing the buckling strength is by
utilizing tubular column members filled with pressurized hydrau-
lic fluid, and changing the hydraulic pressure with a piston-
cylinder means or other pressure-changing means. An alternative
means for adjusting the horizontal stiffness of the column-member
isolators is by adjusting the weight load carried by each column
member. This is accomplished by supporting part of the weight
load on a secondary spring with means for raising or lowering the
base of the secondary spring in order to transfer weight between

the secondary spring and the column members. Screw-type or other
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types of translaters could be used. Since the secondary spring
also has lateral stiffness or stiffness in horizontal directions,
the column members would be loaded above their critical bﬁckling
loads, thereby causing them to provide negative stiffness in the
horizontal directions to counteract the positive stiffness of the
secondary spring. Other adjustable means could also be used to
support part of the payload weight such as solenoids and voice
coils.

Another horizontal-motion isolation system utilizes
three double flexures and the principle described earlier that
three linear isolators oriented in a plane with axes passing
through a common point, and spaced 120° apart, gives an isolation
system with constant stiffness independent of direction in the
plane. Each double flexure has two flexures in the form of thin
flexible rectangular plates, one above the other and oriented
vertically at right angles to one another and connected between
three nearly rigid supporting plates. An upper supporting plate
connects the upper flexure to an isolated payload platform, a
middle supporting plate connects the two flexures, and a lower
supporting plate connects the lower flexure to the base. The
flexures provide low stiffness in horizontal directions perpen-
dicular to their planes, so they provide low stiffness in two
mutually perpendicular directions, analogous to the general
isolators described previously with an axial and a lateral
stiffness. The double flexures also have an instability mode

under vertical weight loading so that their stiffnesses can be
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reduced to arbitrarily low values by approaching their critical
buckling strengths, analogous to the column-member isolators.
Three double flexures, oriented 120° apart as described, provide
an omni-directional horizontal-motion isolation system. The
horizontal stiffness can be adjusted by adjusting the weight load
carried by each flexure, using an adjustable secondary spring
means to carry some of the payload weight, as previously
described.

Belleville or coned-disk springs can be designed to
support a weight and produce zero or negative stiffness in the
vertical direction. However, as used in the prior art, they
exhibit sliding mechanical friction which is detrimental to
isolation of vibrations, particularly the most minute ambient
vibrations due to micro-seismic activity. Another form of the
present invention utilizes a Belleville or coned-disk spring in a
novel way to provide a negative spring stiffness in conjunction
with a positive spring means to support a payload and produce a
net zero or near-zero spring stiffness in the vertical direction
as well as a zero or near-zero spring stiffness in any horizontal
direction, and essentially free from mechanical friction. Two
sets of column members support the Belleville spring between a
payload and a base. An upper set of column members attaches to
the payload and to the Belleville spring near its inner periphery
and a lower set of column members attaches to the Belleville
spring near its outer periphery and to the base. One set of

column members is designed to operate at or near its critical
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buckling strength to produce zero or near-zerc stiiiness 1n any
horizontal direction. Both sets of column members provide the
positive spring means that counteracts the negative stiffness as
the Belleville spring is deflected in the vertical direction,
although most of the positive stiffness comes from the non-
critical set of column membefs. The lengths of both sets of
column members are adjustable. One set of adjustments changes
the horizontal stiffness of the assembly and the other set of
adjustments predominantly changes the vertical stiffness.

The present invention can be used, for example, to
provide a stable platform for testing sensitive equipment or
supporting precision manufacturing equipment. The system is
suited for use with photolithography equipment used in the
microelectronics industry, optical instruments including laser
based equipment, electronic scanning tunneling microscopes, and
many more practical applications such as isolating buildings or
equipment from earthquakes. Since the isolation system is also
capable of isolating vibrations of a payload, it can also be used
to isolate a vibrating payload from the surrounding environment.
One example of a practical application would be to isolate the
vibrating equipment on a submarine to reduce the vibrations of
the hull. Such a device would create a guieter running submarine
which would be more difficult to detect. Additionally, since the
vertical stiffness can be reduced to near zero, the isolator can
simulate zero gravity, thus making the present invention adap-

table for testing instruments in a simulated zero-gravity environ-
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ment.

All in all, the present invention provides a system that
is capable of providing zero or near-zero stiffness in both the
vertical and any horizontal direction and also provides an
isolation system that is capable of suppressing the transmission
of extremely low frequency vibrations between a payload and a base.
The system that can be used passively, or with motion sensing
elements, a feed-back loop and actuating means so it can be used
as an active system. The invention also provides an isolation
system that is essentially free from mechanical friction i.e.,
energy dissipation within the system is 1limited to internal
hysteresis within the structural material. The system therefore
effectively isolates payloads from even the most minute ambient
vibrations. The system that can be constructed entirely from
structural metals or other structural materials to resist adverse
environments such as high temperatures, hard vacuums and corrosive
environments.

Other feaZures and advantages of the present invention
will become apparent from the following detailed description, when
taken in conjunction with the accompanying drawings, which
illustrate, by way of example, the principles of the present
invention.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a perspective view of one embodiment of a

vibration isolation system made in accordance with present

invention;



WO 91/02921 PCT/US90/04608
30

FIG. 2 is a perspective view of one embodiment of a
general purpose isolator made in accordance with the present
invention:

FIG. 3 is a force vs. displacement characteristic for the
isolator shown in Fig.2, illustrating the spring rate or stiffness
characteristics of a positive spring means and a negative-stiffness
mechanism, and the net effective stiffness for the isolator.

FIG. 4 is a plan view of the isolator shown in Figure 2
with a partial fragmentary section illustrating the mounting of the
loading flexure assembly to the base;

FIG. 5 is a side elevational view of the embodiment shown
in Figure 2;

FIG. 6 is a cross-sectional side view of the embodiment
shown in Figure 2:

FIG. 7 is a cross-sectional side view of the embodiment
shown in Figure 6 taken along line 7-7;

FIGS. 8(a) and 8(b) are partial fragmentary representa-
tions showing a loading flexure assembly in its loaded state in
Figure 8(b) and its unloaded state in Figure 8(a):

FIGS. 9(a) and 9(b) are partial fragmentary representa-
tions showing a radial flexure in its loaded state in Figure 9(a)
and its unloaded state in Figure 9(b):

FIG. 10 is a partial cross-sectional view showing the
fine adjustment mechanism used to adjust the radial force on the

radial flexure;

FIG. 11 is a perspective view of another embodiment of
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a vertical-motion.isolator made in accordance with the present
invention;

FIG. 12 is a perspective view of another vibration
isolation system utilizing three vertical-motion isolators made in
accordance with the present invention;

FIG. 13 is a cross-sectional side view showing the
attachment of the platform to one of the vertical-motion isolators
depicted in Figure 12;

FIG. 14 is a plot of load-deflection curves for the
isolator of FIGS. 16 and 17, and its components;

FIG. 15 is an alternative embodiment of the invention
which depicts multiple radial flexures that can be implemented in
accordance with the present invention;

FIG. 16 is a perspective view of a vibratiﬁn isolation
system made in accordance with the present invention which utilizes
a coned disk spring;

FIG. 17 is a cross-sectional side view of the embodiment
shown in Figure 16 taken along line 17-17;

FIG. 18 is a side elevational view of the embodiment of
a vibration isolation system made in accordance with the present
invention;

FIGS. 19(a) to (f) are elevation views of a horizontal-
motion isolation system comprising three column members supporting
a platform, illustrating instability modes of the column members.
FIG. 19a shows the undisplaced system; FIGS. 19b and 19c illstrate

the column member deformation mode under normal operation around
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the instability point; FIG. 194 shows an equivalent fixed-free
column at the instability point; FIG. 19e shows the buckling mode
of a column member with the platform constrained to small horizon-
tal displacements; and FIG. 19f is the equivalent fixed-free column
for the column member of FIG 19e;

FIG. 20 is a partial cross-sectional side view of an
alternative embodiment of a horizontal-motion isolation system,
showing means for adjusting the weight loads applied to the column
members isolators;

FIG. 21 is cross-sectional view showing an alternative
means for adjusting the buckling strength of a tubular column
member using hydraulic pressure;

FIG. 22 is a plan view of a schematic arrangement showing
another embodiment of a horizontal-motion isolation system made in
accordance with the present invention;

FIG. 23 is a side view of another horizontal-motion
isolation system using double flexures, made in accordance with the
present invention.

FIG. 24 is a cross-sectional plan view showing the
orientation of the three double flexures used in the horizontal-
motion isolation system of FIG. 23 taken along line 24-24;

FIG. 25 is a plot of transmissibility vs. frequency ratio
curves for an idealized vibration isolation system.

FIG. 26 is a transmissibility curve showing isolator

reasonance effects, which is typical of a mechanical spring.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

As is shown in the drawings for the purpose of illustra-
tion, the present invention is embodied in an omnidirectional
isolation system that is capable of effectively isolating an
object, especially a motion-sensitive instrument, from the effects
of vibrations and other undesirable motions, or isolating a
vibrating object from a base. The invention is also directed to
the individual vertical-motion and horizontal-motion isolators that
cooperatively associate to form the isolation system.

FIG. 1 shows one embodiment of a vibration isolation
system 10 made in accordance with the present invention. The
system 10 utilizes several novel vertical-motion isolation
apparatus or isolators 12 that are used to resiliently support the
object to be isolated. These vertical-motion isolators (discussed
in greater detail below) provide one means for suppressing the
transmission of vibrations in the vertical direction.

These vertical-motion isolators 12 operate by utilizing
a spring means, that supports the weight load, and a mechanism
capable of producing negative stiffness that counter-acts the
positive stiffness of the spring means. As a result, a low net
stiffness (approaching zero) may be achieved. Means for adjusting
the negative stiffness are also provided to "fine tune" the
isolator to obtain zero, or near zero net spring stiffness. This
combination produces a vertical-motion isolator that can isolate
vibrations at very low-frequencies and improve the isolation at

higher frequencies.
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The system 10 combines the vertical-motion isolators 12
with one example of a novel horizontal-motion vibration isolation
system that consists of at least three column members 14 (only two
of which are shown in FIG. 1) that provide relatively stiff support
in the vertical direction and resilient support in any horizontal
direction. Each column member 14 is rigidly attached at its lower
end to one of the vertical motion isolators 12, and is rigidly
attached at its upper end to the payload or to a platform that
supports the payload. Each column member 14 can undergo a specific
condition of unstable egquilibrium when a certain vertical load is
applied to the member. The critical value of this load is called
the critical buckling load of the member. Once this load is
imparted to the member, any additional load would cause the member
to begin to buckle or deform into its buckled or instability mode
shape. This is discussed further, below, with the aid of FIGS. 19a
to 19f.

The objective of the design is to load each of these
three column members 14 axially with a weight that approaches the
critical buckling load of the member. The member 14 will still be
sufficiently sturdy support the payload weight, however, there will
be little or no stiffness in any horizontal direction for any of
these members. As a result these members will suppress the
transmission of horizontal vibrations between the payload and the
base. Another feature of the present invention is a safety or
wfail safe" mechanism (further discussed below) that allows the

column member isolators to operate at or very near their in-
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stability points and provides a satisfactory safety factor against
collapse or damage to the payload or the isolation system com-
ponents. This combination of vertical-motion and horizontai—motion
isolators creates a system capable of isolating vibrations in
virtually any direction.

The particular arrangement of the vertical-motion and
horizontal-motion isolators shown in FIG. 1 is just one of the
numerous combinations that are possible under the present inven-
tion. For example, the system of FIG. 1 utilizes three vertical-
motion isolators as base members that support a payload that
includes the horizontal-motion isolation members 14, the platform
16 and the object to be isolated. Other combinations are also
possible utilizing the horizontal-motion isolation members 14 as
base members for supporting and isolating its payload. For
example, in one such arrangement, shown in FIG. 18 and discussed
in greater detail below, only one vertical-motion isolator is used
and is supported by the three horizontal-motion isolation members.
The number of vertical-motion isolators that are implemented may
vary and their placement in relation to the horizontal-motion
isolation members can take on many different combinations that are
all within the scope and spirit of the present invention.

In practice, the horizontal-motion isolation system
typically uses at least three horizontal-motion isolation members
to properly support any object. In some applications, many more
horizontal-motion isolation members may be used to provide the

necessary support, and in other applications, only one horizontal-
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motion isolation member may be used.

Referring now to FIGS. 2, 4, 5 and 6, one embodiment of
a vertical-motion isolétor 12 used in the system depicted in FIG.
1 is illustrated. In FIG. 2, the platform 16 has been removed to
better show the components that make up this particular isolator.

The vertical-motion isolator 12 includes a stationary
base 18 upon which a spring means 20 is mounted. This particular
spring means 20 supports the weight load and provides a positive
spring stiffness in the vertical direction. This spring means 20
includes three radial flexures 22 that are attached to each other
at a central hub 24. This hub 24 acts as the central point that
supports the object to be isolated. 1In this particular arrange-
ment, the central hub 24 supports one end 26 of horizontal-motion
isolation member 14. In other embodiments, the hub 24 can be
attached to a support structure, such as a platform, which supports
the isolated object, or alternatively, it can be attached to the
object directly.

These three radial flexures 22 are spatially arranged
from each other in approximate 120° orientation. Each radial
flexure 22 acts as a beam-column having high axial stiffness but
sufficient bending flexibility to permit it to bend or "flex"
significantly when subjected to bending moments caused by vertical
loads. This bending flexibility provides the positive vertical
stiffness of the spring means.

The compressive forces also cause the radial

flexures or beam-columns to behave as negative-stiffness mechanisms
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2~1 provide a negative stiffness at the hub 24 in the vertical

action. At a critical value of the radial compressivg force,
wi.xCh corresponds to the critical buckling load of the flexure or
beam-column, a point of elastic instability is produced. This
point of elastic instability is also the point at which the
negative vertical stiffness caused by the radial compressive force
just cancels the positive vertical stiffness associated with
flexural deformations of the radial flexure. As the critical value
of radial compressive force, or critical buckling 1load, is
approached, the net vertical stiffness of the isolator structure
decreases until, at the critical value or point of elastic
instability, the net vertical stiffness is zero. Also, the
isolator geometry is such that the deflections associated with the
mode of instability, or the buckling mode, are substantially
vertical displacements, or displacements along the axis of the
isolator. Thus, an isolator is produced that can support weight
load in its vertical or axial direction, and whose net vertical
stiffness can be adjusted to a zero or near-zero value by adjusting
the radial compressive forces on the radial flexures.

Each radial flexure 22 is connected to means for
providing compressive radial force on the flexure. In the
embodiment shown in FIGS. 2, 4, 5 and 6, these means are shown as
three loading flexure assemblies 28 one of which is connected to
an outer end 30 of each radial flexure 22. Each loading flexure
assembly 28 has two flexure5729 connected between a thickened

center piece 33 and two thickened ends 32 and 34 which are in turn
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mounted to spacer blocks 36 that are integrally formed on the base
18. As is shown better in FIG. 4, each spacer block 36 has an
outer face 38 that is used .for mounting purposes. The spacer
blocks 36 are shaped and oriented in the arrangement shown in FIG.
4 to form several passages 40 in which the radial flexures 22 are
positioned and allowed to move without any hindrance. The ends 32
and 34 of these loading flexure assemblies 28 are connected to the
spacer blocks 36 by a bolt 42 or other fastening means.

As mentioned above, each loading flexure assembly 28 is
in direct contact with one end 30 of a radial flexure 22. In the
embodiment of FIG. 2, (and shown in greater detail in FIG. 9a),
this end 30 of the radial flexure 22 includes a mounting plate 44
that is either integrally formed with the radial flexure or is a
separate piece that is either welded or otherwise attached to the
flexure 22. Each mounting plate 44 is attached to the center piece
33 of the loading flexure assembly 28. In FIGS. 2 and %a, both the
center piece 33 and mounting plate 44 have two or more bores 46
through which extends a tensioning bolt or rod 48. A nut 50
located at the end of each rod 48 insures that the center piece 33
and mounting plate 44 will remaining rigidly secured together.

This arrangement is just one of the many ways in which
the loading flexure assembly can be secured to the radial flexure.
Other mounting arrangements will become apparent to those skilled
in the art. It is also possible to form the loading flexure
assembly and the radial flexure as a separate machined piece thus

eliminating the need to rely on a mounting or fastening arrangement
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to maintain the two elements together. A bolted or clamped
connection can introduce mechanical friction between the joined
pieces that can adversely -affect performance of the isolation
system. In operation, these loading flexures provide the compress-
ive radial forces on the radial flexures that produce the negative
stiffness that counteracts the positive spring stiffness generated
by flexing of the radial flexures under the vertical weight loads.

In operation, each loading flexure assembly is designed
to apply an inward radial force on the outer end of the radial
flexure. This is simply achieved by moving the ends of the loading
flexure assembly toward the center hub. In the embodiment shown
in FIG. 2, the ends of the loading flexure assembly are movable in
relation to the spacer blocks to vary the amount of radial force
that is to be applied to the radial flexure. The bolts that hold
the ends of the loading flexure assemblies in pldace can be simply
tightened or "backed off" to achieve the required amount of radial
force.

Figure 3 shows a load vs. displacement plot which
illustrates the equalization principle that produces the low net
spring stiffness for the vertical-motion isolator. This plot shows
the load-displacement behavior of a typical linear spring means
along with the characteristics of a typical negative rctiffness
mechanism. In FIG. 3, line P depicts the general load-displacement
behavior of the spring means while line N depicts the negative
stiffness mechanism. Line I shows the characteristics of the

vertical-motion isolator which is merely the combination of the
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characteristics of the spring means and the negative stiffness
mechanism.

Line P shows a typical linear spring with a positive
slope that represents the positive stiffness or spring rate. The
spring is deflected an amount §, from its unloaded and undeformed
shape, and at deflection §,, the spring supports the load W. The
deflection §, corresponds to the center point of the vertical-
motion isolator which is the center point of the over-center or
snap-through mechanism that produces the negative stiffness. This
is also the position about which the isolator operates to provide
vertical-motion isolation. In the isolator of Figure 2 this
corresponds to the position where the inner and outer ends of the
radial flexures are at approximately the same vertical elevation.
This is also illustrated in FIGS. 9A and 9B. FIG. 9B shows a
radial flexure 22 in its unloaded and undeformed position. FIG.
9A shows the flexure deformed under the operating weight load to
its approximate operating position where the center hub 24 has
moved down an amount approximately §,. If no radial load were
applied to the radial flexures, the load defection behavior of the
vertical isolator would correspond to line P of FIG. 3 and the
stiffness of the isolator would correspond to the slope of line P.
As compressive radial load is applied to the radial flexure,
negative stiffness is produced which subtracts from the positive
stiffness of the positive spring means. For each value of radial
load, a negative-stiffness mechanism load-deflection curve could

be plotted, such as the curve N of FIG. 3. These curves would have
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an approximately constant negative slope over a limited range of
deflection about the center point. For zero or near-zero vertical
stiffness, the design value or operating value for the radial load
corresponds to the value at which this negative slope cancels or
approximately cancels the positive slope from the positive spring
means, as illustrated by the curves of FIG. 3. The isolator is
typically designed for a range of deflections over which it can
operate efficiently, such as depicted by the range of deflections
between 6, and ¢, in FIG. 3. As the isolator deflections increase
outside of this range, the negative-stiffness mechanism behavior
becomes increasingly nonlinear due to second-order effects from
geometry changes associated with the deflections.

It should be appreciated that the isolator is not limited
to the operating value of radial load that produces zero or near-
zero vertical stiffness. It could be operated at any value of
stiffness ranging from the slope of line P of FIG. 3 for zero
radial load, to zero or near-zero for the critical value of radial
load, to negative values of stiffness for readial loads exceeding
the critical value. 1In fact, if the radial load on the flexure
were reversed to load the flexure radially in tension rather than
compressioq the net vertical stiffness of the isolator would be
increased above the slope of line P of FIG. 3.

The particular plot shown in FIG. 3 1is only for
purposes of illustration and is by no means meant to be used as a
basis for determining the load-deflection behavior of an actual

isolator. It should be apparent that some calculations and
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experimentation may be necessary in order to determine the proper
design parameters and load~-deflection values needed to construct
a vertical-motion isolator for a particular application. Also,
when second-order effects are accounted for, it will become
apparent that radial load also affects the flexural deformations
of the radial flexures and the vertical position of the central
hub, thereby affecting the center point or operating position of
the isolator.

It should also be appreciated that the closer the
isolator is operated to zero net stiffness, the more precise the
radial force that is needed to place the negative stiffness
mechanism at its proper operating point. Thus, the particular
loading flexure assembly utilized in the embodiment depicted in
FIG. 2 may not be sufficiently accurate for certain applications
to generate the precise radial force needed to "fine tune" the
isolator. As a result, other means providing more precise
adjustment of the radial force may be required.

The loading flexure assembly shown in FIG. 2 has the
capability for coarse adjustment of the radial force that can be
applied to the radial flexure. This is achieved by simply moving
the ends of the loading flexure assembly either towards or away
from the spacer block on which it is mounted. FIGS. 8a and 8b show
a simple arrangement that provides a more rigid attachment between
the loading flexure assembly and the spacer block to reduce
relative motion and undesirable effects of mechanical friction.

It utilizes a number of shims 52 that are clamped between each end
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of the loading flexure assembly and the face 38 of the spacer block
36 for load adjustment. These shims 52 cén be either added or
removed prior to assembly in order to vary the amount of force to
be applied to the radial flexure after assembly. In FIG. 8A, the
loading flexure is shown in its unloaded position. 1In FIG. 8B, the
same loading flexure is shown as it applies a substantial force on
the radial flexure due to the deformation of the loading flexure
in its clamped position. The minimum incremental adjustment in
radial force depends on the minimum individual shim thickness and
the stiffness of the loading flexure assembly.

FIG. 10 shows one means for producing a fine adjustment
in radial force on the radial flexure. These means are shown as
a fine adjustment mechanism 56 which contacts the center piece 33
of the loading flexure assembly to impart an additional small
radial force to "fine tune" the negative stiffness mechanism. This
adjustment mechanism 56 includes a supporting mount 58 which
supports a threadeu screw 60 having a soft spring 62 attached to
it. This spring 62 contacts the center piece 33 of the flexure
assembly to impart an additional force which supplements the force
exerted by the loading flexure assembly. This soft spring 62 has
one end 64 placed within a recess 66 that is specially formed on
an outer side 68 of the center piece 33 of the loading flexure
assembly. This recess 66 prevents the spring 62 from moving once
the spring is in place and loaded. The opposite end 63 of the
spring 62 is placed in a holder 67 that also prevents the spring

from moving once loaded. The threaded screw 60 has a knob 70
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located at one end of to allow the user to move the screw 60 as
needed to increase or decrease the additional force on the loading
flexure. |

A soft spring and screw mechanism is utilized since it
can effect a much smaller adjustment in force on the radial flexure
than the loading flexure assembly of FIG. 2. The minimum incremen-
tal adjustment in radial force depends on the pitch of the screw
60, the stiffness of the soft spring 62 and the minimum practical
rotation of the screw that can be imparted by the user. Any other
means can be used to impart a small additional and precisely
adjustable force on the loading flexure assembly for fine tuning
purposes. For example, a solenoid or piezoelectric device can be
attached between each loading flexure assembly and a support member
to produce the additional force, and precision adjustments can be
made through precision adjustments in the input electrical current
to the device.

The vertical-motion isolation system also includes means
for changing the load-carrying capacity of each vertical motion
isolator and the position of the payload relative to the base. The
isolator of FIGS. 2, 4, 5, 9A, 9B and 10 uses one embodiment for
changing load-carrying capacity and payload position, which is a
mechanism similar to the one used for providing fine adjustment to
the radial force on the radial flexure. Referring to FIGS 9A, 9B
and 10, this mechanism 72 includes a secondary linear spring 74 and
an adjustment screw 76 that are placed directly beneath the central

hub 24 to partially support the weight load exerted on the hub.
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The spring 74 comes in contact with the bottom 78 of the hub 24 to
provide an additional upward force on the hub. The spring means
for the isolator is now the combined spring of the radial flexures
22 and the secondary spring 74. During operation, the isolator
supports a particular weight that causes the spring means to
deflect from its initial unloaded position, illustrated in FIGS.
9B and 10, to its loaded center-point or operating position,
illustrated in FIG. 9A. A change in weight load would cause the
springs to deflect, moving the central hub 24 vertically away from
the center-point position. Sufficiently small changes in weight
load could usually be tolerated since, in general, there would be
some net positive spring stiffness and there are finite vertical
deflection 1limits within which the isolator can operate effec-
tively. If the change in weight load were too large, the deflec-
tion of the central hub away from the center point could adversely
affect the operation and performance of the isolator so the
adjustment means 72 would be required to adjust for change in
weight and central hub vertical position. The adjustment is
achieved by raising or lowering the bottom end of the secondary
spring 74 via the adjustment screw 76 which is positioned in a
threaded bore 80 in the base 18 of the isolator. For example,
raising the bottom of the secondary spring 74 allows this spring
to carry additional weight while maintaining the central hub at the
center point, without affecting the weight load carried by the
radial flexures 22. Also, this adjustment does not affect the net

vertical stiffness of the isolator since the spring 74 is linear.
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The adjﬁstment means for raising or lowering the bottom
end of the spring 74 need not be a screw-type mechanism. Any
translator such as a piézoeléctric translator can be used. Also,
the adjustment mechanism 72 need not be a spring and a translator,
put can be any mechanism, electrical or mechanical, that will
impart an adjustable upward force on the central hub, such as a
voice coil, a solenoid or other similar force-producing mechanism.
If the change in force applied by this mechanism causes a change
in the effective vertical stiffness of this mechanism, then an
accompanying adjustment in negative stiffness will be required, by
adjusting the radial compressive forces applied to the radial
flexures, in order to keep the isolator net vertical stiffness at
its desired operating value.

The secondary spring 74 used in the mechanism 72 of FIGS
9a, 9B and 10 can support any fraction of the total vertical load.
The case in which this spring 74 supports all of the vertical load
represents another embodiment of the present invention, and this
embodiment has particularly attractive features for certain
applications when the secondary spring is a pneumatic spring
with means for maintaining the vertical position of the payload.
In this case, the radial flexures 22 contribute to the total
positive stiffness but they do not support any of the weight load.
Consequently, the radial flexures would be unloaded at the center
point or operating position of the isolator. This would correspond
to the position shown in FIG 92, except the flexure 22 would be

straight since it would not be deformed by bending mements from the
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weight load. Thé advantage of this embodiment is a low-force
light-weight negative stiffness mechanism. The radial force
required for the negafive stiffness mechanism to cancel the
positive stiffness depends on the positive vertical stiffness of
the spring means and the length of the radial flexure. The
effective vertical stiffness of a pneumatic spring capable of
supporting a particular weight will be much smaller than that of
a practical linear mechanical spring means suitable for this type
of isolator, such as the radial flexure spring means of Figures 943,
9B and 10. Therefore, the required radial force will be much
smaller if a pneumatic spring is used to support the weight, and
the resulting loading flexures and radial flexures required to
im:iart the force and transmit the force within acceptable stress
limits will be much smaller in cross-section and I .ghter in weight.
Also, the radial force adjustment to fine-tune the isolator will
be easier to achieve with a lower radial force.

The operation of the horizontal-motion isolation system
is based upon a theory that by loading each column member isolator
to approach its critic-1l buckling load, it will still be stable
enough to support the payload weight but will have little, if any,
horizontal stiffness.

This approach might appear impractical, at first thought,
and in fact, might be impractical if it were not for a mechanisnm,
which is also part of the present isolation system, that provides
a reasonable safety factor against collapse or excessive deflection

that could damage the payload or the isolation system components
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in the event thaf the critical buckling load were exceeded. This
can be explained with the aid of FIGS. 19A thru 19F. FIGS. 19A
shows an elevational view of a horizontal-motion isolation system,
such as that of FIG. 18. A rigid platform 18 is rigidly connected
to and supported on three column members 14 which are rigidly
connected to the foundation 144. FIG. 19B shows the approximate
deformed shape of the column members resulting from translation of
the platform a horizontal distance §;. This translation could be
caused by a horizontal force on the platform, and it could also be
caused by the vertical loads on the column members exceeding their
critical buckling loads and causing the column members to buckle
or collapse. In other words, the deformation shown also represents
the approximate mode of buckling or collapse. In this case, the
system would be unstable so that FIG. 19B would represent the
deformed shape at one instant in time, and the deformation would
continue to increase until complete collapse or failure. If the
vertical loads on the columns were below the critical buckling
loads, and a horizontal force on the platform caused it to
translate as shown in FIG. 19B, then upon removal of the horizon-
tal force the system would restore to its initial shape as in FIG
19A. If the vertical loads were right at the critical buckling
loads, the system would stay in the position shown in FIG 19A
independent of the value of 6H for relatively small values of &y
and without the application of a horizontal force on the platform.
(These conclusions are based on classical theory of elastic

stability with the usual assumptions of small deflections, linear
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elastic behavior, étc.). Thus, when the loads on the columns are
egual to their critical buckling loads, the platform car be
displaced horizontal.y without application of a horizontal load,
except, of course, to overcome inertia, so that the column-member
horizontal stiffness 1is essentially zero. FIG. 19C shows an
individual column member of length L deformed as in FIG. 19B and
supporting the critical 1load Fop- The upper end of the column
member can displace horizontally but its slope is constrained to
the vertical by its rigid connection to the platform 18. From
symmetry there is an inflection point or point of zerc curvature
and zero bending moment at the mid-height 19 of the column member.
Also, since, when the column member is loaded to its critical
buckling load it can displace horizontally without any horizoental
load, the column member at its mid-height 19 supports only the
vertical 1load Feor without bending moment or lateral load. Thus,
the critical buckling load of the column member of FIGS 19B or 19C
is equivalent to that of a fixed-free column of length L/2 as shown
in FIG. 19D.

Consider, now, that the platform 18 is limited to
a small displacement, relative to the column member dimensions, in
any horizontal direction by mechanical stops, for example. Under
this constraint, in order for one of the column members to buckle
and collapse it would have to deform into the approximate shape
shown in FIG. 19E, since now the slope of the upper end is
constrained to the vertical, and its horizontal displacement is

limited to a very small value. Now the buckled shape of the column
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member has two inflection points 21 and 23 at the approximate
locations shown in FIG 19E. Since, at these inflection points
there is no bending moment and no lateral load, the critical value
of the column ﬁember under this condition is approximately
equivalent to that of a fixed-free column of length L/4, as shown
in FIG. 19F. Since, for a fixed-free column, the critical buckling
load is inversely proportional to the square of the column length,
the critical buckling load for the column member of FIG. 19E is
approximately 4 times that of the column member of FIGS 19B or 19C.
Thus, any means that limits the horizontal displacements of the
upper end of a column member isolator, relative to its lower end,
to very small values will provide a substantial safety factor
against collapse or damaging over stressing of the member com-
ponents.

Under normal operation of the present isolation system
the horizontal displacements will be small relative to the column
nember dimensions. Therefore, mechanical stops can be used as a
safety factor for unusual upsets that could cause the critical
buckling loads to be exceeded, without affecting the normal
operation. The stops would allow horizontal displacements larger
than those usually experienced during operation, and would still
provide a safety factor against collapse or damaging overstressing.
Of course, when the platform or other member is in contact with the
stops, performance of the jsolator is severely impaired, so a
design objective is to prevent "pottom-out" against the stops. For

totally passive use of the invention, this requires sufficient
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margin between thé column member critical buckling load and the
maximum loads imposed on the column member so that the critical
buckling load is not exéeeded} except under unusual circumstances.
For use of this invention in an active system, displacement sensors
would be used with a feed-back control system and means (described
below) to provide automatic adjustment of column member critical-
buckling loads or adjustment of loads applied to the columns.
Corrective forces opposing the motions could also be used in active
systems in order to limit displacements. With an active systen,
the column members could operate at their critical buckling loads
or even above their critical buckling loads.

FIGS. 6 and 7 show a length adjustment mechanism 82 that
can effectively change the length and critical buckling load for
each column member. This length adjustment mechanism 82 consists
of an externally threaded adjustable screw 84 which is threadingly
engaged with the end 86 of the column member 14. This adjustable
screw 84 has an internal bore 88 which is internally threaded to
permit it to be moved along the threaded end 86 of the column
member. The adjustment screw 84 has an outer surface 90 which is
also threaded and is receivable in a threaded bore 92 formed in the
platform 16. The adjustment screw 84, as mentioned above, is
movable along the end 86 of the column member to permit the
effective length of the member to be lengthened or shortened
depending on the placement of this adjustment screw 84. For
example, if the adjustment screw is threaded down on the column

member, the effective length of the member is decreased. Converse-
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ly, as the adjus?ment screw 84 is moved out along the end of the
member, the effective length of the member increases. By manipula-
ting this adjustment member 84, one can change the effective length
so as to provide a means for changing the critical buckling load
for a particular column member. Two locking nuts 94 and 101 are
provided on this adjustment to create a more rigid attachment
between the column member 14 and the platform 16. The locking nut
94 contacts the underside 96 of the platform 16 and the locking nut
101 contacts the underside of the adjustable screw 84.

One of the simplest means for fine-tuning the horizontal-
motion isolation system is the addition and removal of weights or
wballast" to and from the payload or payload platform in order to
adjust the column member loads to approach their critical buckling
loads as closely as desired. A system of stops that limit
horizontal deflections can facilitate this fine tuning. sufficient
weight can be added until the system has "huckled" and displaced
horizontally against the stops. Then, small increments of weight
can be removed until the loads on the column members are slightly
pelow the critical buckling loads, at which point the system will
lift off stops. The natural frequency of oscillations of the
payload in a horizontal direction, within the allowable displace-
ment limits, can be used to monitor the tuning. The closer the
system is to buckling and displacing into the stops, the lower the
horizontal stiffness and, hence, the lower the natural frequency.

Referring again to FIGS. 19a thru 19c, if the load on an

individual column member were above the critical buckling load, the




WO 91/02921 PCT/US90/04608

53

excess load would .impart a negative stiffness to the column member
in the horizontal direction of the displacement. If the payload
platform 18 were partially supported on a secondary spring
imparting positive stiffness for any small horizontal displacement,
the negative stiffness could be adjusted to substantially cancel
the positive stiffness so as to produce zero or near-zero spring
rate in any horizontal direction. This is the basis for another
embodiment of a horizontal-motion isolation system, and another
means for adjusting the system horizontal stiffness, as shown in
FIG. 20. A section of a platform 18 supporting a payload (not
shown) is supported on column members 14 and a secondary spring 74,
which is part of a horizontal stiffness adjustment mechanism 72,
similar to that shown in FIG. 10. Here, an adjustment screw 76 is
positioned in a threaded bore 80 located in a spacer block 85
attached to foundation 144. Only two column members 14 are shown
in FIG. 20. The spring 74 exhibits a positive spring stiffness for
displacement of the platform 18 in any horizontal direction. The
column members 14 are loaded above their critical buckling loads
by the supported weight so as to produce a negative stiffness for
displacement of the platform 18 in any horizontal direction. By
adjusting the relative weight loads carried by the column members
14 and the secondary spring 74, the negative stiffness from the
column members 14 can be made to cancel the positive stiffness from
the spring 74 so as to produce zero or near-zero net horizontal
stiffness. This adjustment can be made via the adjustment screw

76 which raises or lowers the base of spring 74, thereby causing
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the spring to carry more or jess of the weight load imparted by the
platform and thereby adjusting the weight loads carried by the
column members 14. The.partipular arrangement shown in FIG. 20 is
just one of numerous combinations that are possible using this
principal of the present invention. For example, to provide
substantially zero net stiffness for translation of the platform
in any horizontal direction, as well as for rotation of the
platform about a vertical axis through the system center-of-
gravity, three pairs of secondary springs with adjustment means 72
and column members 14 could be used to support a platform, such as
the platform 135 in FIG. 12. The pairs of secondary springs and
column members would be appropriately located, relative to the
platform center-of-gravity, in order to satisfy the necessary force
and moment conditions. Also, other means could be used to provide
adjustable secondary support of the platform or to raise and lower
the bottom of spring 74, as discussed previously.

FIG. 21 shows an adjustment mechanism 110 for
changing the buckling strength of a tubular column member 114, in
order to adjust the horizontal stiffness of the column member. The
tubular column member 114 is filled with a pressurized hydraulic
fluid. The buckling strength of the column member is adjusted by
adjusting the hydraulic fluid pressure via the adjustment mechanism
110. This mechanism includes a housing 122, having a piston rod
126 that compresses the hydraulic fluid in the reservoir 125. The
housing 122 connects to a hydraulic line 120 which, in turn,

connects to a hydraulic fitting 116 that connects to the column
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member 114, and supports the column member on the foundation 144.
The piston rod 126 has a threaded section 127 that threadingly
engages a th. -aded bore in the housing 122, and a knob 128 which
can be manipulated by the user to adjust the pressure in the column
member 114.

One form of a means to limit horizontal deflections is
a stop mechanism 100 which is shown in FIGS. 6 and 7. This stop
mechanism 100 is attached to the locking nut 101 and is embodied
in a tubular member 102 which partially surrounds the column member
14. This tubular member 102 has an inner diameter which is greater
than the diameter of the column member 14 thus providing a limited
distance between the two elements. The bottom end 105 of the inner
surface 104 of this tubular member 102 is designed to abut against
and limit further deformation of the column member as it deforms
horizontally during buckling as in FIG. 19B. This stops mechanism
100 is relatively easy to implement, but it does not provide as
high a safety factor against collapse as a system of positive
mechanical stops.

FIG. 11 shows another embodiment of a vertical-motion
isolator 130 made in accordance with the present invention that
utilizes similar components as in the vertical-motion isolator
described above and shown in FIGS. 1, 2, 4 through 6, 9, and 10,
except that the loading flexures in this isolator 130 are vertical,
not horizontal. Similar components in this alternative axial
isolator are referenced by like numerals except that a prime ("'")

has been added to each numeral or character.
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The isolator 130 shown in FIG. 11 also includes three
radial flexures 22' that are attached at a central hub 24°'.
Loading flexure assemblies 28' are attached at the ends of the
radial flexures 22' for providing radial force. 1In this particular
embodiment, the loading flexure assemblies 28! are vertical and
have one end 34' which is attéched to a base 18' and the other end
321 attached to a floating spacer block 131. A horizontal-motion
isolation member 14' is mounted on the central hub 24' and extends
through an opening 132 located on the floating spacer block 131.

This particular embodiment of the vertical-motion
isolator performs in the same fashion as the one shown in FIGS. 1,
2, 4 through 6, 9 and 10. Adjustment mechanisms such as a radial
force adjustment mechanism 56' is in contact with the loading
flexure assembly 28' to help fine tune the isolator. A similar
mechanism 72' which partially supports the center hub is also
included for adjusting the load-carrying capacity and center hub
vertical position of the isolator.

The vertical-motion isolators shown in FIGS. 2 and 1l are
not limited to three radial flexures connected at a central hub and
spaced 120°. Only two radial flexures spaced 180° or more than
three radial flexures could also be used, such as four radial
flexures spaced 90° or six radial flexures spaced 60°. Referring
now to FIG. 15, another embodiment which shows a stack of radial
flexures 134 can be used to provide a more compact isolator. These
radial flexures are similar to the ones shown in FIGS. 1 and 2

except that the increased number of them can now support greater



WO 91/02921 PCT/US90/04608
57

-vertical 1load. .The loading flexure assemblies used in the
isolators of FIGS. 2 and 1l can be similarly stacked.

FIGS. 12 and 13 show an alternative vibration isolation
system that utilizes the same vertical-motion and horizontal-motion
isolators used in the system depicted in FIG. 1. This particular
system utilizes three verticél-motion isolators 12 that are used
as base supports for directly supporting a platform 16 or similar
structure rather than the horizontal-motion isoclation members 14.
FIG. 13 shows the attachment between this platform and the central
hub 24 of one of the isolators. Basically, the platform is mounted
on the central hub of each isolator and is simply attached by a
bolt 42 or other similar fastening means that extends through a
bore 46 in the platform into a threaded bore found on the central
hub. The horizontal-motion isolation members 14 are in turn
mounted onto this intermediace platform 16 rather than on the
central hubs themselves.

This particular arrangement enhances the performance of
the vertical-motion isolators since bending moments from the
horizontal-motion isolators are now transmitted to the platform 16
rather than the central hubs 24 of the vertical-motion isolators.
These bending moments are reacted primarily as differences in the
vertical loads transmitted to the central hubs of the different
vertical-motion isolators so as to balance the net bending moments
on the platform 16. In FIG. 12, each horizontal-motion isolation
member 14 is mounted into this intermediate platform 16 and is in

contact with an upper platform 135 upon which the object to be
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isolated is mounted. FIG. 13 shows that the horizontal-motion
isolation member can be placed within a mounting hole 136 located
on the platform and can be welded or brazed onto the platform.
Similarly, the opposite enﬁ of the horizontal-motion isolation
member can be similarly attached to the upper platform 135. The
use of the intermediate platform will create a system that is more
stable and will enhance the performance of the vertical-motion
isolators.

FIG. 18 shows another embodiment of a vibration
isolation system 138 which shows the diversity and the number of
combinations of components that make up the present invention. In
FIG. 18, the horizontal-motion isolation system is utilized as the
base support for supporting both the vertical-motion isolator 140
and the object to be isolated (not shown). This system 138
utilizes a single vertical-motion isolator 140 that is similar to
the isolator described and shown in FIG 2 except that the central
hub is attached to a support structure 142 on which the object is
mounted. This vertical-motion isolator 140 is supported by three
horizontal-motion isolation members 14 that are vertically disposed
between the base of the isolator 18 and the foundation 144. This
system 138 operates similarly as the previously discussed systems
only now a single vertical-motion isolator provides the means for
isolating the vertical component of the vibration.

Still another embodiment of a vibration isolation system
146 is shown in FIGS. 16 and 17. In this particular embodiment,

the radial flexures and loading flexure assemblies of the previous
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systems have been replaced with a conventional coned-disk spring
148, or a Belleville spring and two sets of column members. The
Belleville spring is a nonlinear spring which is capable of
supporting a weight load and exhibiting negative spring stiffness
at certain operating points. As was mentioned above, under certain
design conditions this Belleville spring behaves as a common snap-
through or over-center mechanism that has similar characteristics
as the combination of loading flexures and radial flexures used in
the other embodiments. This alternative vibration isolation system
146 also utilizes a plurality of column members which support the
payload and provide the zero, or near-zero, stiffness in any
horizontal direction. A second set of column members supports the
Belleville spring and the payload, and also provides the primary
positive vertical-motion stiffness to counteract the negative
stiffness generated by the Belleville spring.

Referring to FIGS. 16 and 17, two sets of column
members support the Belleville spring 148 between an upper platform
156 and a lower base 150. The upper set of column members 154 is
connected to the platform 156 at their upper ends through a length-
adjusting mechanism 82, shown in FIC . 6 and 7 and previously
described. The stop mechanism 100 and locking nut 101 are also
connected. The lower ends of the column members 154 are attached
to the Belleville spring 148 by being inserted into mounting holes
and welded or brazed. This upper set of column members 154
transmits the weight load from the upper platform 156 to the

Belleville spring close to the inner periphery 158 of the Bel-
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leville spring, s@milar to the manner in which Belleville sSprings
are loaded in the prior art. The lower set of column members 152
is similarly attached to the Belleville spring at their upper ends
and near the outer periphery 160 of the Belleville spring 148. The
lower ends of the column members 152 are connected to the lower
base plate 150 through the same type of length-adjusting member 82
used with the upper column members and with locking nut 101, but
without the stop mechanism 100. This lower set of column members
152 transmits the weight load as an upward load close to the outer
periphery 160 of the Belleville spring, also similar to the manner
in which Belleville springs are loaded in the prior art.

As used here, the Belleville spring is designed to
support the weight and provide negative stiffness over a range of
vertical deflections about a center point or operating point. This
center point corresponds to the loaded and flattened position of
the Belleville spring 148, as shown in FIG. 17. As the payload
(not shown) and upper support platform 156 displace vertically, the
Belleville spring deforms by changing it slope or cone angle, as
it does during conventional operation, and the column members 154
and 152 also deform by bending due to the corresponding change in
their end slopes. This bending of the column members provides the
positive spring stiffness that counteracts the negative stiffness
so as to cause the structure to approach a point of elastic
instability and produce the low net stiffness in the vertical
direction. The low stiffness in any horizontal direction is

produced by adjusting one set of column members, in this case the




WO 91/02921 PCT/US90/04608
61
-upper set 154, to be loaded to approach their craitical buckling
loads. In the embodiment of FIG. 17, the lower column members 152
have the same cross-section and materials as the upper column
members 154, but the lower column members are significantly shorter
and, hence, much stiffer in bending. As a result, these lower
column members 152 provide most of the positive spring stiffness
that counteracts the negative stiffness from the Belleville spring.
These lower column members provide another important

function in this embodiment of the invention. That function is to
provide sufficient lateral bending stiffness to keep the isolator
resonant frequencies sufficiently high so they do not degrade the
isolation system performance over the frequency range of interest.
A particular isolator resonant mode of concern corresponds to the
mass of the Belleville spring vibrating horizontally on the springs
associated with lateral deflections of the column members. If both
ti:2 upper and lower column members were loaded at or near their
critical buckling loads, the lateral spring constant associated
with this isolator resonance would be so low that the isolator
resonant frequency would be unacceptably low. By proper design,
the lower column members can provide the proper vertical stiffness
to counteract the negative stiffness from the Belleville spring and
also keep this horizontal isoclator resonant frequency at an
acceptably high value.

FIG. 14, which is analogous Lo FIG. 3 for the isolatcrs
of FIGS. 2 and 11, shows the vertical load-deflection curve for the

isolator of FIGS. 16 and 17 and its components. Curve N cor-
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responds to the nonlinear Belleville spring, line r corresponas to
the positive spring associated with bending of the vertical rods,
and curve I is the resulting curve for the isolator. The origin
corresponds to the unloaded position of the Belleville springs.
The deflection 6 is the deflection of the Belleville spring from
its initial unloaded conical shape (not shown) to its loaded
flattened shape shown in FIG. 17. The column members in the
embodiment illustrated are initially straight when unloaded and
are attached to the Belleville spring 148 and to the upper platform
156 and the base 150 while the Belleville spring is flattened in
an assembly fixture (not shown) to the position and shape shown in
FIG. 17. This is why the line P goes through zero load at the
deflection é. in FIG. 3, rather than through the origin. When the
Belleville spring is released after removal from the assembly
fixture, it attempts to return to its initial unloaded conical
shape (the origin in FIG. 3) but it is restrained by bending of the
column members and can only return to the isolator unloaded
position 60. The Belleville spring curve N exhibits nearly constant
negative slope over a range of deflections from 61 to 62 about the
center point §,. This is the operating range of the isolator.
When the positive spring line P, due to bending of the column
members, is added to the Belleville spring curve N, the resulting
isolator load-deflection curve has zero or nearly zero slope over
the operating range of deflections from 6, to 614 about the
deflection &, and supports the weight load W.

In this embodiment of the invention, the Belleville
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" spring by itself is loaded by the weight load beyond its point of
elastic instability to provide the negative stiffness, and behaves
as a "snap-through" or over-center mechanism. By combiﬁing the
Belleville spring with the positive spring means produced by
bending of the vertical rods, the resulting structure can be made
stable if the magnitude of the positive stiffness exceeds the
magnitude of the negative stiffness. The structure can be made to
approach the point of elastic instability by adjusting the
magnitude of positive stiffness to approach the magnitude of
negative stiffness. The stable position of the unloaded structure
is the flattened shape shown in FIG. 17, and the instability mode
shape is the deformed shape of the Belleville spring into its
conical shape. The displacements of the isolated object associated
with the instability are vertical, or in the direction of the axis
of the Belleville spring.

The two sets of column member length adjustment mechan-
isms 82 are used for fine-tuning the vertical-motion and horizontal
motion isolation systems. The upper mechanisms, which adjust the
lengths of the upper column members 154, primarily fine-tune the
horizontal motion isolation system by adjusting the upper column
member critical buckling loads. The lower mechanisms, which adjust
the lengths of the lower column members 152, primarily fine-tune
the vertical motion isolation system by adjusting the primary
positive vertical spring stiffness which comes from bending of the
lower column members. An isolation system weight capacity or

payload vertical position adjustment mechanism is not shown in this
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embodiment, but can be accomplished by other means such as adding
or removing ballast weight from the payload or payload platform or
py means such as mechanism 72 in FIG. 10. '

The isolation system of FIGS. 16 and 17 can also be used
as a vertical-motion isolator, in place of the isolator of FIG. 2,
in the various isolation system configurations previously de-
scribed, such as the examples shown in FIGS. 1, 12, and 18. 1In
this case, both the upper and lower column members can be relative-
ly stiff, with length adjustments on only one set, since the
horizontal motion isolation system will be provided by a separate
set of column members loaded at or near their critical buckling
loads.

The combination of a vertical-motion isolator, such as
isolator 12 of FIG. 2, with means having relatively low lateral
stiffness such as the column member 14 of FIG. 2, results in
another embodiment of a versatile isolator 190 or suspension device
that can be used in various orientations, horizontal as well as
vertical, to produce another embodiment of an isolation system
useful for applications in which the system orientation is changing
relative to the gravity field or other acceleration field, or the
magnitude of the acceleration field is changing. Examples are the
isolation of noisy equipment on a moving submarine, or isolation
of an optical pointing system in a moving vehicle. This isolation
system would make use of a principle illustrated in FIG. 22 and
discussed below. The isolator,or suspension device, such as

isolator 190 of FIG. 2, would have the capability of imparting a
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positive or a negative stiffness in its axial direction (the
vertical direction in FIG. 2) and would also have the capability
of supporting a force in tbe axial direction and maintéining a
particular axial length of the isolator for variations in this
axial force. The axial stiffness and the axial force capability
would be adjustable by the various adjustment means previously
described. This isolator would also impart a lateral stiffness for
isolator deformations causing displacements of one end of the
isolator relative to the other end, in directions transverse to the
isolator axis (horizontal directions in FIG. 2). This lateral
stiffness could be positive or negative, and could alsoc be adjusted
by the various means previously described.

FIG. 22 illustrates a principle used in another form
of this invention for herizontal-motion isolation. The figure
shows the plan view of a payload platform 16 connected to a
foundation 144 by three isolators 162. Each isolator as an axis
and an axial stiffness K, associated with small displacements of
the isolator in the axial direction, and a lateral stiffness Kp,
associated with small displacements of the isolator in any lateral
direction transverse to the axis of the isolator. The three
isolators 162 are disposed so that their axes 166 are spaced 120°
apart and intersect at a common point 160. Each isolator 162 in
FIG. 22 is depicted by an axial spring K, and a lateral spring K;,
connected between an attaching point 164 on the platform 16 and the
foundation 144. The principle illustrated in FIG. 22 is as

follows: If the platform 16 is given a small displacement in any
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horizontal direction, such as the direction indicated by the line
168, the isolation system stiffness K, defined by the magnitude of
the resisting force divided by the magnitude of the displacement,

has the same value independent of the direction of the displace-

ment, and this value is related to K, and K by the equation,

K=1.5K + 1.5 K (1)

This principle is utilized in one embodiment of the
present invention by configuring an isolation or suspension system
as shown in FIG. 22 with the isolators previously described, in
this case with adjustable negative stiffness in the axial direction
and fixed positive stiffness in the lateral direction. Substitut-
ing this negative stiffness, denoted by -K,, for K, in Equation (1)
gives the result

K=-1.5K + 1.5 K (2)

This equation indicates that the uniform omni-directional
stiffness for the resulting horizontal isolation system can be made
arbitrarily small by adjusting the magnitude of the negative axial
stiffness K, to approach the magnitude of the positive lateral
stiffness K. The point at which they become equal is a point of
elastic instability for the resulting structure. Also, although
the physical structure is not truly axi-symmetric, the resulting
stiffness behavior is axi-symmetric and the resulting instability

behavior is also axi-symmetric, that is, theoretically there are
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an infinite number of instability mode shapes that can occur in an
infinite number of horizontal directions.

Since, further, the isolators can be adjusted to maintain
their axial length for varying axial load, the horizontal-motion
isolation system configuration described above can be used for
applications in which the orientation of the system is changing
relative to the gravity field, or other acceleration field, or the
magnitude of the acceleration field is changing, as in the case of
isolating noisy equipment in a moving submarine. Referring to FIG.
22, by appropriately adjusting the load support capability of the
individual isolators 162 in the system, the jayload platform 16 can
be maintained in an equilibrium position relative to the foundation
144 in the presence of steady or quasi-steady horizontal accelera-
tions of the foundation, while keeping the horizontal stiffness of
the isolation system arbitrarily low. This approach would usually
be used in an active isolation system. For the system shown in
FIG. 22, the intersection point 160 of the isolator axes would cor-
respond to the center-of-mass of the suspended object in order to
avoid translational-rotational coupling, that is, rotational
aczelerations of the object produced by translational accelerations
of the foundation.

If the horizontal-motion isolation system of FIG. 22 were
used with a vertical-motion isolation system having a uniform
omnidirectional horizontal stiffness Ky, the negative axial
stiffness of the horizontal-motion isolators 162 could be adjusted

to cancel this stiffness KH as well as the lateral stiffness K of
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the horizontal-motion isolators. Adding the stiffness Ky to

Equation (2) gives

K=~-1.5 KN + 1.5 KL + KH (3)

In order for the net horizontal stiffness of the system to be
reduced to zero, the required value of Ky would be

Ky = Kp, + 2/3 Ky (4)

This results from setting K egual to zero in Equation (3) and
solving for Ky.

The vertical-motion isolation system could be comprised
of isolators of the same type as those used for the horizontal-
motion system, except their load capacity would be adjusted to
support the vertical weight load of the suspended object. The
positive spring means of the vertical-motion isolation system would
now include the laferal stiffness (in the vertical direction) of
the horizontal-motion isolators, so the net axial negative
stiffness of the vertical-motion isolators would have to be
adjusted to cancel this lateral (vertical) stiffness, of the
horizontal-motion isolators. The vertical-motion isolation system
used with the horizontal-motion isolation system of FIG. 22 could

be essentially the same as the system 10 of FIG. 1, except the
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column members 14 shown in FIGS. 1 and 2 could be designed to
operate below their critical buckling loads and would not require
the length adjustment mechanism 82 since the stiffness of the
horizontal-motion isolation éystem would be adjusted by adjusting
the negative axial stiffness of the horizontal-motion isolators 162
of the horizontal-motion isolation system of FIG. 22.

The isolation system comprising the horizontal-motion
isolation system of FIG. 22 and the vertical motion isolation
system of FIG. 1, as previously described, is only one embodiment
of a system comprising versatile isolators of the type previously
described, an example of which is isolator 190 of FIG. 2. Many
more variations would be obvious to one skilled in the art.

FIGS. 23 and 24 show another embodiment of the invention
that provides a compact horizontal-motion isolation system that is
based on the principle illustrated in FIG. 22 and described above.
FIG. 23 shows an elevational view of the isolation system 186. A
payload platform 16 is supported over a base 18 by three double-
flexure assemblies 170. FIG. 24 shows a cross-sectional plan view
of the double flexure assemblies 170 and the base 18. Each double-
flexure assembly 170 comprises an upper flexure 172, a lower
filexure 174, an upper plate 176, a middle plate 178, and a lower
plate 180. The upper flexure 172 is connected between plates 176
and 178, and the lower flexure 174 is connected between plates 178
and 180. The upper flexure 172 is crossed with the lower flexure
174, that is, the flexures are rotated 90° about a vertical axis.

The flexures 172 and 174 are thin flexible plates that have low
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stiffness that permits the upper connecting plates to translate
relative to the léwer connecting plates in directions perpendicular
to the planes of the flgkures. The upper plates 176 of the flexure
assemblies 170 are welded to-the payload platform 16 and the lower
plates 180 are welded to the base 18. The constraints imposed on
the flexures 172 and 174 in the isolation system 186, combined with
their low bending stiffnesses result in two low horizontal
stiffnesses for each flexure assembly 170 that are 90° apart,
analogous to the axial stiffness K, and the lateral stiffness Kj
of the isolators 162 in FIG. 22. By orienting the three flexure
assemblies 170 with their low stiffness directions 120° apart, as
indicated in FIGS 23 and 24, the resulting low isolation systenm
stiffness is the same for any horizontal direction, according to
the principle illustrated in FIG. 22. Also, each flexure has a
critical buckling strength and a buckling or instability mode
similar to that of the column members shown in FIGS. 19b and 19c.
Therefore, the stiffness of the horizontal-motion isolation system
186 can be made to approach zero by loading the flexure assemblies
170 with the payload weight to approach their critical buckling
strengths. The means shown in FIG. 20 and previously described
for adjusting the column loads can also be used to adjust the
flexure assembly loads.

Each flexure assembly 170 could be machined from a single
piece. Also, other means besides welding could be used to attach
the flexure assemblies to the payload platform 16 and base 18, such

as bolting, although welding would be beneficial because it would
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eliminate the damping produced by mechanical friction in a bolted
assembly. Damping would then be limited to hysteretic or material
damping, i.e., energy dissipation within the system would be
limited to hysteresis within the structural material.

As indicated previously, the vibration isolation
system provided by this invention can be used passively, or with
motion-sensing elements, a feed-back loop and actuating means so
it can be used as an active isolation system. All of the adjust-
ment means previously described can be operated electrically. For
example, all screw-type actuators can be powered by electrical
stepper motors or, in some cases, replaced by electrical trans-
lators such as piezoelectric translators or solenoids. The motion-
sensing elements can be accele:iometers mounted on the payload or
payload platform and on the base or foundation, or displacement
transducers mounted between the payload or payload platform and the
base or foundation to measure relative motions. Another means of
sensing relative motions between the payload and the base is
through the use of strain gages mounted on the spring means, such
as the radial flexures. These could be configured to measure
bending strain, which could be calibrated against axial displace-
ment of the central hub. Various control functions could be used
in the feed-back loop in order to limit the response of the payload
and keep the relative displacements within acceptable limits. A
feed-back loop could also be used to optimize the spring rate
adjustment, such as the fine-~tuning load on a loading flexure, in

order to minimize the payload acceleration response.
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The various components that make up the embodiments of
the present invention can 'be made from a number of suitable
materials. For example, structural metals such as steel and
aluminum alloys, non-metallics, and other structural materials that
have appropriate elastic and strength properties could be suitable
for use. Due to the sensitivity of the isolation apparatus itself,
in some embodiments, the same material should be used for the base
structures and other components, such as loading flexures and
radial flexures, since the device can be very temperature sensi-
tive. For example, if different materials are used for different
components, variations in the thermal expansion coefficients can
cause the components to expand differently when subjected to a
temperature change. As a result, unwanted strain on some of the
extremely sensitive components can detrimentally affect the system.
Materials with low coefficients of thermal expansion, such as
Invar, can be used to minimize temperature effects.

While several particular forms of the invention have been
illustrated and described, it will be apparent that various
modifications can be made without departing from the spirit and
scope of the invention. Accordingly, it is not intended that the

invention be limited, except as by the attached claims.
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CLAIMS

1. A vibration-isolating suspension system for
supporting an object having mass in an acceleration
field and maintaining the object in an equilibrium
position relative to a base comprising:

an elastic structure connected between the
object and the base; and

means for loading at least a portion of said
structure to approach a point of elastic instability.

2. The system as defined in Claim 1 wherein any
displacement of the object relative to the base
produces energy dissipation within the system which is
limited to internal hysteresis within the material of
said elastic structure.

3. The system as defined in Claim 1 further
including means for adjusting the load-supporting
capability of the system while maintaining the
equilibrium position of the system, wherein the load is

caused by supporting the object in the acceleration

field.

4. The system as defined in Claim 3 wherein
said means for adjusting the load-supporting capability
comprise:

a secondary supporting means adapted to support
at least a portion of the object in the acceleration
field; and

means for adjusting the amount of load carried
by said secondary support means.

5. The system as defined in Claim 4 wherein
said secondary supporting means comprise a spring
having one end operatively connected to the object, and
said means for adjusting the amount of load carried by
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said secondary supporting means comprise means for
adjusting the position of the other end of the spring
relative to the base.

6. The system as defined in Claim 1 wherein the
system exhibits a sﬁiffness when subjected to an
external force, and further including means for
adjusting the stiffness.

7. The system as defined in Claim 6 wherein
said means for adjusting the stiffness comprise means
for adjusting the buckling strength of said elastic

structure.

8. The system as defined in Claim 7 wherein
caid elastic structure comprises at least one column
and said means for adjusting the buckling strength

comprise means for changing the length of said column.

9. The system as defined in Claim 7 wherein
said elastic structure comprises at least one
pressurized tubular column and said means for adjusting
the buckling strength comprise means for adjusting the

pressure.

10. The system defined in Claim 6 wherein said
means for adjusting the stiffness comprise means for
adjusting the instability-producing load.

11. The system as defined in Claim 10 wherein
said loading means comprise a deformed secondary
elastic structure operatively connected with said first
mentioned elastic structure, and wherein said means for
adjusting the instability-producing load comprise means
for adjusting the deformation of said secondary elastic

structure.
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12. The system as defined in Claim 11 wherein
said secondary elastic structure comprises at least one
flexure.

13. The system as defined in Claim 11 further
including means for imparting an additional load to
said first elastic structure, wherein said additional

load-imparting means is adjustable.

14. The system as defined in Claim 10 wherein
said means for adjusting the instability-producing load
is electrically controlled.

15. The system as defined in Claim 10 wherein
the instability-producing load is caused by supporting
the object in the acceleration field and said means for
adjusting the instability-producing load comprises:

a secondary supporting means adapted to
partially support the object in the acceleration field;
and

means for adjusting the amount of load carried
by said secondary supporting means.

16. The system as defined in claim 15 wherein
said secondary supporting means comprise a spring
having one end operatively connected to the object and
said means for adjusting the amount of load carried by
said secondary supporting means comprise means for
adjusting the positicn of the other end of said spring
relative to the base.

17. The system as defined in claim 1 wherein
the instability-producing load is caused by supporting
the object in the acceleration field.

18. The system as defined in Claim 1 for

vertical-motion vibrations wherein motion of the object
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relative to the base for small deflections of said
elastic structure from an initial stable shape into an
instability mode shape, defined as a characteristic
shape that said structure deforms into as it goes

unstable, are vertical.

19. The system as defined in claim 1 for
horizontal-motion vibrations wherein motions of the
object relative to the base for small deflections of
said elastic structure from an initial stable shape
into an instability mode shape, defined as a
characteristic shape that said structure deforms into
as it goes unstable, are horizontal.

20. The system as defined in Claim 1 wherein
said elastic structure comprises at least one column.

21. The system as defined in claim 1 wherein
said elastic structure comprises at least one bean-

column.

22. The system as defined in Claim 1 wherein

said elastic structure comprises at least one flexure.

23. The system as defined in Claim 1 wherein
said elastic structure comprises at least one caned-

disk spring.

24. The system as defined in Claim 1 further
including means for 1limiting displacements of the
object about the equilibrium position relative to the
base.

25. A vibration-isolating suspension system for
supporting an object in a equilibrium position relative

to a base comprising:
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at least one suspension device, having one end
connected to the object and the other end connected to
the base and haﬁing an equilibrium length associated
with the equilibrium position, comprising:

spring means adapted to provide positive
stiffens in an axial direction and having force-
supporting capability in the axial direction; and

means for producing negative stiffness and
force-supporting capability operatively connected with
said spring means, wherein said spring means and said
negative-stiffness-producing means combine to produce
low net axial stiffness of the suspension device which
is the algebraic sum of the positive and negative
stiffnesses, and wherein the net axial force-supporting
capability of the device is the algebraic sum of the
force-supporting capabilities of said spring means and

said negative-stiffness producing means.

26. The system as defined in Claim 25 further
including means for adjusting the net axial stiffness
of said suspension device.

27. The system as defined in Claim 26 wherein
said adjusting means comprise means for adjusting the

positive stiffness of said spring means.

28. The system as defined in Claim 26 wherein
said adjusting means comprise means for adjusting the
negative stiffness of said negative-stiffness-producing
means.

29. The system as defined in Claim 25 further
including means for adjusting the net axial force-
supporting capability of said suspension device while
maintaining the equilibrium length.
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30. The system as defined in Claim 29 wherein
said force-adjusting means comprise means for adjusting

the force-supporting capability of said spring means.

31. The system as defined in Claim 29 wherein
said force-adjusting means comprise means for adjusting
the force-supporting capability of said negative-

stiffness-producing means.

32. The system as defined in Claim 25 further
including means having relatively low lateral stiffness
operatively connected axially in series with said
suspension device, wherein the combination of said
suspension device and said means having relatively low
lateral stiffness produce a composite suspension device
having one end attached to the object and the other end
attached to the base.

33. The system as defined in claim 32 wherein
three of said composite suspension devices are disposed
so that the axes of said composite suspension devices
lie in a plane and intersect at a common point and are
spaced 120° apart.

34. The system as defined in Claim 33 further
including at least one additional composite suspension
device connected between the object and the base and
disposed so that the axis of the additional composite

device is perpendicular to the plane.

35. The system as defined in Claim 25 further
including means for adjusting the equilibrium length of
said suspension device.

36. In a vibration-isolating system having net

positive stiffness and including means for reducing the
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transmission of vibrations between an object and a
base, the improvement comprising the addition of:
means for Dproducing negative stiffness
operatively connected with the transmission-reducing
means for reducing the net stiffness of the system.

37. A method for reducing transmission of
vibrations between an object and a base comprising the
steps of:

supporting the object relative to the base on
spring means which exhibit positive stiffness; and

applying negative stiffness between the object
and the base for counteracting the positive stiffness.

38. A method for reducing transmission of
vibrations between an object and a base comprising the
steps of:-

connecting the object to the base with an
elastic structure; and

applying load to the elastic structure to cause
at least a portion of the structure to approach a point
of elastic instability.

39. The method of Claim 38 wherein any
displacement of the object relative to the base
produces energy dissipation which is limited to
internal hysteresis within the material of the elastic
structure.

40. A metr~d for reducing transmission of omni-
directional vibrations between an object and a base
comprising the steps of:

connecting the object to the base with an
elastic structure; and

applying load to the structure to cause at least
a portion of the structure to approach a point of
elastic instability.
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41. The method of Claim 40 wherein any
displacement of the object relative to the base
produces energy' dissipation which is limited to
internal hysteresis within the material of the elastic

structure.

42. A vibration-isolating suspension system for
supporting an object having mass in an acceleration
field while maintaining the object in an equilibrium
position relative to a base comprising:

at least three elastic suspension members each
having low stiffness in two mutually perpendicular
directions which constitute principal axes of each
member, said members disposed so that the axes lie in
a plane and one of the principal axes of each member
intersect at a common point, and are space 120° apart;
and

means for loading said elastic members to cause
each of said members to approach a point of elastic
instability.

43. The system as defined in Claim 42 wherein
the instability-producing load is caused by supporting
the object in the acceleration field.

44. The system as defined in Claim 43 further
including means for adjusting the instability-producing
load.

45. The system as defined in Claim 42 wherein

the elastic members are flexures.




WO 91/02921
PCT/US90/04608

FIG | .

\

0]
147 Sy P ——
] S —
//‘h@‘ ’P | — i1

SUBSTITUTE SHEET



WO 91/02921 PCT/US90/04608

2/10

FIG. 3

LOAD | P

w I
Lo

N

|
L '
J Jw?é\ y  DEFLECTION

3 //iw ~—16

36
18
) =l N (—
V//(// L7 A
22

FIG. 6

SUBSTITUTE SHEET




WO 91/02921 PCT/US90/04608

3/10

FIG. 84 - FIG. 8B 36
36 % 52
38 52
42 44
22
22
28
28
FIG. 94 M 14 FIG. 9B "'__Jm
28
48 44 22 | 24
'\ ) ) L'/ 78
72 33 74
Vs///.‘///iéﬂ/ﬂ

149
48 33
s2\) () 7 2z jﬁﬁ"
60N 67 | Kz : L
56 -w\\f / 1 %BD’/’P‘L S

L
N o AN\~ 64
70 \ 63 / ST

18 48 46 50
SUBSTITUTE SHEET




WO 91/02921 PCT/US90/04608

136

135

FIG. 12

SUBSTITUTE SHEET




WO 91/02921 PCT/US90/04608

5710
FIG. 14
/
N
LOAD |
!
"7 |1
Iy
i
| A
ey 4 | DEFLECTION
gl JlN!fz

FIG. 15

SUBSTITUTE SHEET




WO 91/02921 PCT/US90/04608

156

146

156
o» SSSSSSSSNE
101 101
100 100
154 158 154 160
A AVAVAN4 M1 V7 /7 /7 77 71l
0n |22 152
82 10/ o
\\\\\\\\\\\\\J\\\\ ,
150

FIG. 17

SUBSTITUTE SHEET



WO 91/02921 PCT/US90/04608

7710
gl |O O 138
1 = [ ll ;/8
bJd % . &
14 - 14 14 //44
FlG. I9A 18 FIG. I19B
—] SHf—

[ ]

| ]
14 -4 14
(I44
T T T 7

777777777777 7777777 777"

Fer 4FC‘F
I8

2l

9 d

— GFecr

{ ve g §/2 }
2 /2 \

R __‘L[ v % [T

FlG. 19C FIG. 19D  FIG. I9E  FIG. 19F

SUBSTITUTE SHEET




WO 91/02921 PCT/US90/04608

8710

LA ST AT
BN 7¢

s o 72
2, — 76 J"
14— g5\ =t g0
144
- N | _
TTINT 7P T T T A

Fl1G. 20

<
1
A
y
110 f ’
\ 4
v
A
A
|
4
/1
4

/ 12
2\7 ( 6 (_/20

122 125 "W'/\\\ ghs

SUBSTITUTE SHEET




WO 91/02921 PCT/US90/04608

Fl6. 23

76 /(6 176 72 l76 16
L ]\ \

: ﬁ<,
24| 170 /\/AED\/ Z

I74 180 174 IZD l

FIG. 24

170

72 172




WO 91/02921

TRANSMISSABILITY (O5HZz)

PCT/US90/04608

10710
FIG. 25
100
10
/ 3
/ IJI. 122
| N
NS
.00! /oz%x\\\
000! - \
.0l N / 10 100
FREQUENCY (Hz)
100
10 //\
I
B A
: NI
@ .0/
.00! %\J\Mul\
N

=

10

F 100

RATIOFW

FIG. 26

SUBSTITUTE SHEET

1000



-

INTERNATIONAL SEARCH REPORT
International Application No PCT/US90/O4608

I. CLASSIFICATION OF SUBJECT MATTER (if several classification symbols apply, indicate alf) 3

F16M 13/00
248/619

According to International Patent Classification (IPC) or to both National Classification and IPC

IPC(5):
U.S. CL.:

Il. FIELDS SEARCHED

Minimum Documentation Searched ¢

Classification System |

Classification Symbols

U.S.

248/562,59%.603,604,619,620,632

Documentation Searched other than Minimum Documentation
to the Extent that such Documents are Included in the Fields Searched 5

ill. DOCUMENTS CONSIDERED TO BE RELEVANT !4

Eategory . [ Citation of Document, 16 with indication, where appropriate, of the relevant passages 17 | Relevant to Claim No. 18
X Us, A, 3,727,865 (MELROSE ET AL) 17 April 1973. §1~3,6,10-13,
T AT-2,24-26,
28, %41
4,5,1,8,29,
30332’?5

Y US, A, 2,932,482 (DICKIE) 12 April 1960. 4,5,7,8,29,
%0,32,%

Y , A, 3,606,704 (DENTON) 21 September 1971. 4,5,7,8,2,
%0,22,%

A » A, 1,545,540 (WILLS) 14 July 1925.

A Us, A, 2,31%,89% (RUSHING) 16 March 1943.

A Us, A, 2,572,919 (FRENCH ET AL.) 30 October 1951.

‘A Us, A, 3,028,138 (WELLS) 03 April 1962.

A US, A, 3,223,400 (DEISTER, JR.) 14 December 1965.

A Us, A, 3,464,657 (BULLARD) 02 September 1969.

A US, A, 3,592,422 (PAINE ET AL.) 13 July 1971.

A Us, A, 4,511,115 (LUDWIGSEN) 16 April 1985.

A GB, A, 394,969 (QUANCE) 04 July 1933.

up

upn

“o"

upn

* Special categories of cited documents: 15
“A" document defining the general state of the art which is not

considered to be of particular relevance

earlier document but published on or after the international
filing date

document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

document referring to an oral disclosure, use, exhibition or
other means

document published prior to the international filing date but
later than the priority date claimed

un

uyn

uyn

ugn

later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step

document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
metrt::s, such combination being obvious to a person skilled
in the art.

document member of the same patent family

IV. CERTIFICATION

Date of the Actual Completion of the International Search 2

20 NOVEMEER 1990

Date of Mailing of this International Search Report 2

15 JAN 1991

International Searching Authority 1

ISA/US

1

Signature of AuthoNzed Officer 20 .

b (oS

DANTET, HULSEBERG

Form PCT/ISA/210 (second sheet) (May 1986)



International Applicaticn No. PGI‘/U890/O4608

FURTHER INFORMATION CONTINUED FROM THE SECOND SHEET

V.D OBSERVATIONS WHERE CERTAIN CLAIMS WERE FOUND UNSEARCHABLE! -

This international search report has not been established in respect of certain claims under Article 17(2) (a) for the following reasons:

1.[:[ Claim numbers . because they relate to subject matter ! not required to be searched by this Authority, namely:

Z.D Claim numbers , because they relate to parts of the international application that do not comply with the prescribed require-
ments to such an extent that no meaningful international search can be carried out U, specifically:

3. D Claim numbers , because they are dependent claims not drafted in accordance with the second and third sentences of
PCT Rule 6.4(a).

Vl.m OBSERVATIONS WHERE UNITY OF INVENTION IS LACKING?

This International Searching Authority found muitiple inventions in this international application as follows:

I. The species of figures 1-10 comprising horizontally-oriented
secondary flexures; claims 1-8,10-13,17-22,24~26,28-30,32 and
35-41

(SEE ATTACHMENT A)

1.D As all required additional search fees were timely paid by the applicant, this international search report covers ali searchable claims
of the international application.

2.D As only some of the required additional search fees were timely paid by the applicant, this international search report covers only
those claims of the international application for which fees were paid, specifically claims:

3. No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted to
the invention first mentioned in the claims; it is covered by claim numbers:

1-8,10-13,17-22,24-26,28-30,32 and 35-41

4.D As all searchable claims could be searched without effort justifying an additional fee, the {nternational Searching Authority did not
invite payment of any additional fee.

Remark on Protest
D The additional search fees were accompanied by applicant’s protest.
D No protest accompanied the payment of additional search fees.

Form PCT/ISA210 (supplemental sheet (2) (Rev. 4-90)

"o



VI.

II.)

III.)

Iv.

VIQ

~VII.

VIII.

IX.

PCT/US90/04608
ATTACHMENT A

OBSERVATIONS WHERE UNITY OF INVENTION IS LACKING (CONT.)

This International Searching authority found multiple in this
international application as follows:

The species of figure 11 comprising vertically-oriented
secondary flexures;

claims 1-8,10-13,17-22,24-26,28-30,32, and 35-41.

The species of figures 12 and 13 comprising three co-
planar suspension devices mounted 120. apart;
claims 1-8,10-12,17-21,24-26,28-30,32,33 and 35-41.

The species of figures 14,16 and 17 comprising a coned-
disk spring;
claims 1-3,6-8,10,17-20,23-27,31, and 35-41.
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motion isolation system mounted on a horizontal-motion
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The species of figure 20 comprising a spring to adjust the
instability-loads on the column numbers;
claims 1-3,6,7,10,15-21,25-27,29, and 36-41.

The species of figure 21 comprising hydraulic pressure to
adjust the bucking strength of the column number;
claims 1-3,6,7,9-13,17-23,25-28,30,32, and 36-45.

The species of figures 22-24 comprising double flexures;
claims 1-3,6,7,10,17,19,10,25,26,32~-34, and 36-45.

The species not shown comprising an electronically
controlled instability-producing load;
claims 1-8,10-14,17-22,24-26,28-30,32, and 35-41.
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