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Systems and apparatuses are described for reducing shock 
(21) Appl. No.: 12/531,877 and vibration experienced by a payload. In embodiments, a 

slender element, such as a blade made of spring steel, in its 
post-buckled state, supports or connects to a payload and 

(22) PCT Flled: Mar‘ 20’ 2008 reduces vibration effects on the payload. In embodiments, 
systems and apparatuses using buckled elements isolate or 

(86) PCT No.: PCT/US08/03780 otherwise mitigate the effects of shock and/or vibration on a 
payload from forces in the vertical direction (i.e. the direction 

§ 371 (c)(1), in line With the gravitational force), from forces in the hori 
(2), (4) Date: Sep. 17, 2009 Zontal direction, or both. 
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Figure 3B 
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Figure 4A 
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Figure 4B 
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Figure 5A 
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VIBRATION ISOLATION 

BACKGROUND 

[0001] A. Technical Field 
[0002] The present invention pertains generally to mini 
miZing or isolating the effects of shock and/or vibration on an 
object (Which includes Without limitation, storage systems, 
electronic devices, mechanical devices, electro-optical 
devices, instruments, tools, equipment, and other items), and 
relates more particularly to systems and apparatuses for 
reducing vibration effects on a payload. 
[0003] B. Background of the Invention 
[0004] Many storage systems, electronic devices, instru 
ments and other equipment are sensitive to vibrations and 
cannot operate correctly When exposed to excessive vibration 
levels. Environments that are especially susceptible to exces 
sive vibration include mobile platforms such as aircraft, auto 
motive vehicles and other vessels. 
[0005] To improve the performance, to extend the operating 
life, and/ or to improve the operating e?iciency of such objects 
in environments Where motion noises effects are present, 
vibration isolators are used to reduce the vibrations experi 
enced by the object. Current vibration isolation products 
often rely on visco-elastic materials (such as rubber and rub 
ber-like compounds), coils, or conventional springs to pro 
vide the vibration isolation for such equipment. These prod 
ucts have limitations Which leave room for improved 
vibration isolation systems based on other technologies. 

SUMMARY OF THE INVENTION 

[0006] Systems and apparatuses are described for reducing 
unWanted motion to a payload. It shall be understood that 
unWanted motions from vibrations shall be construed to mean 
vibration, shock, or both. 
[0007] An aspect of the present invention is the use of 
constraints in connection With Euler springs to reduce 
unWanted motion. In embodiments, a system for reducing 
vibrations of a payload includes a payload mount and at least 
one Euler spring. The Euler spring is con?gured to connect at 
one end to the payload mount, and its other end is con?gured 
to be coupled to a supporting structure. The Euler spring is 
constructed to be in a post-buckled state that reduces vibra 
tions of a payload attached to the payload mount by displac 
ing. The system also includes one or more constraints con 
?gured to contact at least a portion of the Euler spring 
betWeen the ?rst and second ends of the Euler spring during a 
displacement stage of the Euler spring. The constraints may 
be con?gured to contact different Euler springs, different 
positions of an Euler spring, and/or contact at different dis 
placement stages. In embodiments, a constraint may be con 
?gured to produce a non-linear spring behavior in the Euler 
spring. 
[0008] In embodiments, vibration isolation systems may 
include a compensation system. The compensation system 
may comprise a sensor that detects a characteristic related to 

motion, (such as position, velocity, or acceleration), a com 
pensator that provides an output that is at least in part based 
upon a detection from the sensor, and an actuator that, respon 
sive to the output provided by the compensator, alters a con 
?guration of a constraint. The con?guration of the constraint 
that may be altered includes its position relative to the Euler 
spring and its shape. In embodiments, the constraint may be 
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con?gured to affect an angle of departure of at least one of the 
?rst and second ends of an Euler spring. 
[0009] Embodiments of systems for reducing vibration 
effects on a payload include controllably altering one or more 
of the angle of departures of the ends of one or more Euler 
springs. For example, in embodiments, a system for reducing 
vibrations of a payload includes a payload mount connected 
to a ?rst mounting connector and an Euler spring With its ?rst 
end connected in a ?xed position relative to the ?rst mounting 
connector forming a ?rst angle of departure of the Euler 
spring, and the Euler spring’s second end connected in a ?xed 
position relative to a second mounting connector forming a 
second angle of departure of the Euler spring. In the embodi 
ments, at least one of the ?rst and second mounting connec 
tors is controllably alterable to change the angle of departure 
associated With the Euler spring end connected to the mount 
ing connector. 
[0010] Such embodiments may include a compensation 
system for altering one or more angles of departure or for 
altering one or more constraints, if present. An embodiment 
of a compensation system has a sensor that detects a charac 
teristic related to motion (such as position, velocity, or accel 
eration), a compensator that provides an output that is at least 
in part based upon a detection by the sensor, and an actuator 
that, responsive to the output provided by the compensator, 
alters at least one of the ?rst and second mounting connectors 
to change the angle of departure associated With the Euler 
spring end connected to the mounting connector. 
[0011] In embodiments, the compensation system may be 
or may include a feedback system. In an embodiment, the 
detection of the sensor is a measurement that indicates a 
position of the payload and the feedback compensator pro 
vides a feedback output to the actuator using a position set 
point and the measurement that indicates a position of the 
payload. 
[0012] In embodiments, the compensation system may be 
or may include a feedforWard system. In an embodiment, the 
characteristic related to motion that the sensor detects is 
acceleration of a support structure that supports an assembly 
comprising the payload mount and Euler spring and the feed 
forWard output provided by the feedforWard compensator is 
at least in part based upon an acceleration measurement 
detected by the sensor. 

[0013] In embodiments, the compensation system may 
include both feedback and feedforWard systems. In embodi 
ments, an adder sums the feedforWard output With the feed 
back output to obtain the output provided to the actuator. 
[0014] In embodiments, one or more constraints may also 
be utiliZed in a system that alters one or more angles of 
departure. Such a system may account for constraint contact 
With an Euler spring When determining an output for the 
actuator. In embodiments, a compensation system may alter a 
con?guration of a constraint. 
[0015] Aspects of the present invention also include 
embodiments utiliZing a payload supported in an inverted 
pendulum con?guration by one or more Euler springs that 
have one or more universal joint connections. 

[0016] In embodiments, a system for reducing vibrations of 
a payload includes a payload connected to an Euler spring 
having a ?rst end and a second end. The ?rst end of the Euler 
spring is connected to a mounting connector of the payload 
and the second end connects to a second mounting connector 
Which is con?gured to connect to a support structure. The 
Euler spring supports the payload in an inverted pendulum 
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con?guration and the Euler spring is constructed to be in a 
post-buckled state that reduces vibrations of the payload by 
displacing. In this system, at least one of the ?rst and second 
mounting connectors is a universal joint. Such a system may 
include one or more additional Euler springs. In embodi 
ments, at least one Euler spring is connected to the payload 
and is in a non-parallel con?guration to the ?rst Euler spring. 
For example, in an embodiment, the second Euler spring may 
be in a horizontal con?guration relative to the ?rst Euler 
spring that places the payload in an inverted pendulum posi 
tion. In embodiments, one or more constraints and/or one or 
more compensation systems may also be employed in the 
system to help reduce vibration effects. 
[0017] Some features and advantages of the invention have 
been generally described in this summary section; hoWever, 
additional features, advantages, and embodiments are pre 
sented herein or Will be apparent to one of ordinary skill in the 
art in vieW of the draWings, speci?cation, and claims hereof. 
Accordingly, it should be understood that the scope of the 
invention shall not be limited by the particular embodiments 
disclosed in this summary section. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] Reference Will be made to embodiments of the 
invention, examples of Which may be illustrated in the accom 
panying ?gures. These ?gures are intended to be illustrative, 
not limiting. Although the invention is generally described in 
the context of these embodiments, it should be understood 
that it is not intended to limit the scope of the invention to 
these particular embodiments. 
[0019] FIG. 1A illustrates a cross sectional schematic vieW 
of a vibration isolation system according to an embodiment of 
the invention. 
[0020] FIG. 1B illustrates a vibration isolation system 
according to an embodiment of the invention. 
[0021] FIG. 1C illustrates a vibration isolation system 
according to an embodiment of the invention. 
[0022] FIG. 1D illustrates a vibration isolation system 
according to an embodiment of the invention. 
[0023] FIG. 2 is a plot of Force (lbf) versus Displacement 
(inches) for a sample metal spring blade for a vibration iso 
lation system according to an embodiment of the invention. 
FIG. 2 also illustrates the shape of the blade for various 
forces. 
[0024] FIG. 3A is a perspective vieW of a vibration isolation 
system according to an embodiment of the invention. 
[0025] FIG. 3B is a line draWing of the embodiment 
depicted in FIG. 3A. 
[0026] FIG. 4A is a perspective vieW of inner frame 120 
With payload 150 according to an embodiment of the inven 
tion. 
[0027] FIG. 4B is the perspective vieW of inner frame 120, 
With the front right support beam removed to shoW the pen 
dulum structure according to an embodiment of the invention. 
[0028] FIG. 4C is a line draWing of the embodiment 
depicted in FIG. 4A. 
[0029] FIG. 4D is a line draWing of the embodiment 
depicted in FIG. 4B. 
[0030] FIG. 5A illustrates an embodiment of a vibration 
isolation system in Which the ends of the blades are ?xed 
according to an embodiment of the invention. 
[0031] FIG. 5B is a line draWing of the embodiment 
depicted in FIG. 5A. 
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[0032] FIG. 6 illustrates tWo blades comprising loWer ends 
having different angles of departure from their mounting 
supports according to an embodiment of the invention. 
[0033] FIG. 7A illustrates a constraint 700 according to an 
embodiment of the invention. 
[0034] FIG. 7B is a graph of displacement versus force for 
a blade 130 Which is ?rst free to de?ect and then be con 
strained in its de?ection by a constraint 700 according to an 
embodiment of the invention. 
[0035] FIG. 8 illustrates a vibration isolation system for a 
single degree of freedom system in Which the angle of depar 
ture 600 of an Euler spring 130 from its mounting connector 
is adjusted by an actuator 670 to vary the force the Euler 
spring exerts to address inertial forces When the system is 
mounted on a moving platform, according to an embodiment 
of the invention. 

DETAILED DESCRIPTION 

[0036] Systems and apparatuses for vibration isolation are 
described. In this Written disclosure, the term vibration (or 
vibrations) shall be construed to collectively and individually 
cover the various forms of unWanted motions from vibration 
and shock. Also, one skilled in the art shall recogniZe that the 
term “isolation” as used, for example, in “vibration isolation 
system” refers to a system that helps minimiZe unWanted 
motion. Because no system perfectly isolates unWanted 
motion effects from a payload, references to vibration isola 
tion or vibration isolation systems shall not be construed to 
require complete isolation, but rather, shall be construed to 
encompass systems that reduce the effects of unWanted 
motion on a payload. 
[0037] For purposes of explanation, speci?c details are set 
forth in order to provide an understanding of the invention. It 
Will be apparent, hoWever, to one skilled in the art that the 
invention can be practiced Without these details. Furthermore, 
one skilled in the art Will recogniZe that embodiments of the 
present invention, described beloW, may be implemented in a 
variety of Ways and constructed from a variety of materials. 
Accordingly, the ?gures described beloW are illustrative of 
speci?c embodiments of the invention and are meant to avoid 
obscuring the invention. 
[0038] Reference in the speci?cation to “one embodiment,” 
“a preferred embodiment” or “an embodiment” means that a 

particular feature, structure, characteristic, or function 
described in connection With the embodiment is included in at 
least one embodiment of the invention and may also be in 
more than one embodiment. Also, the appearances of the 
phrase “in one embodiment” or “in an embodiment” in vari 
ous places in the speci?cation are not necessarily all referring 
to the same embodiment. 

[0039] Components, or modules, shoWn in the ?gures are 
illustrative of exemplary embodiments of the invention and 
are meant to avoid obscuring the invention. It shall be under 
stood that throughout this discussion that components may be 
described as separate functional units, Which may comprise 
sub-units, but those skilled in the art Will recogniZe that the 
various components, or portions thereof, may be divided into 
separate components or may be integrated together. Further 
more, connections betWeen components Within the ?gures 
are not intended to be limited to direct connections. Also, 
additional or feWer connections may be used. In addition, 
signals betWeen electrical components may be modi?ed, re 
formatted, or otherWise changed by intermediary compo 
nents. 














