-1 TUNABLE VI BRATI ON ABSCRPTI ON DEVI CE Field of the Invention 5 The
invention relates to vibration absorption or danping devices, and in
particular to vibration absorption or danping devices that provide active or
sem - active vibration absorption or danping of vibrations in vibrating
structures. 10 Background and Prior Art-qluned vi bration absorption devices
are usually tuned nmass danpers conprising predeterm ned sets of passive
masses and passive danped springs to reduce the susceptibility to vibration
of a structure. In these pre-tuned passive vibration 15 absorption devices,
t he operati onal frequeq at. | e 1esonance --Qﬁaéy) of the devices
remai ns unchanged once S 5 AHONMAD IR 12 sresated. In the prior
art, tunable vibration absorption devices are typically tunable mass

danpers (or adjustable tuned nmass danpers) conprising sets of passive masses
20 and adj bElcbf thedlanpetiorspri ngs such that tuning of the operational
freququy of the devices is achieved nmanually by adjusting the stiffness of
the sprYngs through sone nechani cal neans. Advanced tunabl e vibration
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tuning signal.. Wth. such tunin ans, Qo easi.|y .and precisely adjust
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the targeted resonance frequency of the correspondi ng under-danped vi brating
30 structures so that an additional danping can be properly introduced to

the v1br aBaskground@ngrror A

Tuned vibration absorption devices are usually tuned mass dampers comprising
predetermined sets of passive masses and passive damped springs to reduce
the susceptibility to vibration of a structure. In these pre-tuned passive vibration
15  absorption devices, the operational frequency (that is, the resonance frequency)

of the devices remains unchanged once the devices are designed and fabricated.

In the prior art, tunable vibration absorption devices are typically tunable mass
dampers (or adjustable tuned mass dampers) comprising sets of passive masses
20 and adjustable damped springs such that tuning of the operational frequency of
the devices is achieved manually by adjusting the stiffness of the springs through

some mechanical means.

Advanced tunable vibration absorption devices are generally fabricated using
25 smart materials (also called active, intelligent or adaptive materials) as the
principal tuning means to provide the distinct features of tunable stiffness via an
external tuning signal. With such tuning means, one may easily and precisely
adjust the operational or resonance frequency of such devices to optimally match
the targeted resonance frequency of the corresponding under-damped vibrating
30 structures so that an additional damping can be properly introduced to the

vibrating structures.



Exanpl es of smart materials mainly include piezoelectric and
magnetostrictive nmaterials. The observed tunable stiffness (and hence the
operational frequency) of the snmart material -based tunable vibration
absorption devices originate from5 an external field-induced characteristic
property change of the smart material <eRenments (that is, their stiffness)
as well as the cooperative property change of the devices as a whol e.

Hence, the tunability and controllability of the stiffness (and hence the
operational frequency) of the devices play an inportant factor in absorbing
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(or optimized for the vibrating structures, installing such devices onto the vibrating
15  structures may result in the direct transmission of vibrational energy from the
structures to the devices without experiencing any energy absorption or damping
effect. In the worst cases, the vibration level of the vibrating structures may
further be enhanced. Consequently, the advantages of deploying tunable
vibration absorption devices, in particular smart material-based tunable vibration
20 absorption devices, onto vibrating structures are two-fold: first, their nature of
tunable stiffness enables their operational frequency to easily and optimally
match the targeted resonance frequency of under-damped vibrating structures
without adding any external mass; second, their nature of having a reasonably
high damping ratio enables a wider range structural applications without adding

25 any external or extra absorption or damping means, such as damped springs.

Nonetheless, while smart material-based tunable vibration absorption devices
are more effective and useful as compared with traditional tuned and tunable (or
adjustable tuned) vibration absorption devices (i.e., tuned and tunable (or
30 adjustable tuned) mass dampers), these state-of-the-art devices typically suffer

from several shortcomings. For example, they are only provided with a



30 adjustabl e tuned) nass danpers), these state-of-the-art devices typically
suffer fromseveral shortcom ngs. For exanple, they are only provided with
a -3 vibrational energy absorption function through external tuning of the
characteristic properties of the smart material elenents. Hence, they are
only limted to a sem-active (or an opén | oop) node of operation, where a
predeterm ned or a nmanual |l y-tuned input signal is appl ied to the smart
material 5 elenments of theqclbsol(ces wi t hout the a stance of any a torratlc
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15  Prior art tunable vibration absorption devices can generally only provide uni-
directional tuning of the operational frequency (which is related to the stiffness).
In particular, they work well in a high frequency regime as the frequency tuning
elevates from a specific frequency value defined by an off-state natural frequency
of the devices. Besides the characteristic property (such as stiffness) of the

20 smart material elements in the devices, the operational frequency of these
devices depends heavily on the whole structure of the devices. Thus, state-of-
the-art designs have to incorporate a number of structural components so as to
provide a less sensitive mounting means for connection with the vibrating
structures.

25
A prior art tunable vibration absorption device is described in US Patent Number
6,668,190 for an “Adjustable Tuned Mass Damper”. This invention teaches a
tuned mass damper which is tunable by manually adjusting a spring stiffness of
the damper through a screw connected to the spring. Rotating the screw

30 changes the spring stiffness and thereby the natural resonance frequency of the

mass and spring combination. Although this design is quite simple, manual and



A prior art tunable vibration absorption device is described in US Patent
Nunmber 6, 668, 190 for an "Adjustable Tuned Mass Danper". This invention
teaches a tuned nass danper which is tunable by manually adjusting a spring
stiffness of the danper through a screw connected to the spring. Rotating
the screw 30 changes the spring stiffnes4-and thereby the natural resonance
frequency of the mass and spring conbination. Although this design is quite
si npl e, manual, and -4 mechani cal tuni ngs e e d er difficult to
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as conpared with prior art devices. It is another object of the invention
to provi de SHushie: Nineasios»f yihsation isglater is undesirably complex to manufacture

on an industrial scale and its reliance on adjusting the motion of a fluid mass to
counter external oscillatory forces makes it difficult to monitor the electrical or

15  automated tuning in practice.

Summary of the Invention

It is therefore an object of the invention to provide an improved tunable vibration
20 absorption or damping device that is capable of automated or semi-automated
tuning, and has a simpler design that is effective and easier to manufacture as

compared with prior art devices.

It is another object of the invention to provide a smart vibration absorption or
25 damping device with an embedded sensing capability for in-situ monitoring and

automated control purposes.

Accordingly, the invention provides a tunable vibration absorption device
comprising: a stack including a force actuator mechanism for generating an axial
30 actuation force and a force sensor mechanism which is responsive to an external

force acting on the stack to generate a force signal; and a controller unit



25 danpi ng device with an enbedded sensing capability for in-situ nonitoring
and automated control purposes. Accordingly, the invention provides a
tunabl e vibration absorption device conprising: a stack including a force
actuator nmechani smfor generating an axial 30 actuation force and a force
sensor nechani smwhich is responsive to%n external force acting on the
stack to generate a force S|gnal and a controller unit -5 electrically
connected to the force Steﬁsi ch anismfor re |v|n t he force si nal
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conponents _illustrated in FIG 2;
Brief Description of the Drawings

Examples of preferred embodiments of tunable vibration absorption devices in
15 accordance with the invention will now be described with reference to the

accompanying drawings, in which:

FIG. 1 is an isometric view of a tunable vibration absorption device comprising a
rigid frame and a force actuator and sensor unit according to the invention;

20
FIG. 2 is an exploded isometric view showing the components of a force actuator

and sensor unit according to a first preferred embodiment of the invention;

FIG. 3 is an isometric view of the force actuator and sensor unit assembled from

25 the components illustrated in FIG. 2;

FIG. 4 is an isometric view of a tunable vibration absorption device including the

force actuator and sensor unit of FIG. 3 enclosed in a rigid frame;

30 FIG. 5 is an exploded isometric view showing the components of a force actuator

and sensor unit according to a second preferred embodiment of the invention;



FIG 4 is an isonetric view of a tunable vibration absorption device
including the force actuator and sensor unit of FIG 3 enclosed in arigid
frame; 30 FIG 5 is an exploded isonetric view showi ng the conponents of a
force actuator and sensor unit according to a second preferred enbodi nent
of the invention; -6 FIG 6 is an isonet®rc view of the force actuator and
sensor unit assenbled fromthe conponents illustrated in FIG 5; 5 FIG 7 is
an isonetric view of a tunable vibration absorption device including the
force actuator and sensor unit of FIG 6 enclosed in a rigid franme; FIG 8
i's a graphiggl 6 iid hHISSALIRVIEN VMRS fércbAckiatoPaRl RASEMERIN absSMBIRS #6m
frequency ratios and force ratios of exenplary tunable vibration absorption
10 devi cestheactemporentdiillustiated imeFi6y.&%erred enbodi ments of the invention;

FIG 9 is an exploded isonetric view showi ng the conponents of a force
actuator and sensor unit according to a third preferred enbodi nent of the
inventi®mn; FIS. FlisanisomatrRNviewdTal furfable eisraior! ﬁﬁsérgfiéﬁf devicedheludmicthaensor
unit assenbled from the conponents illustrated in FIG 9; and FIG™ 11 is an
i sometri c {aregvastuaton anthpersafiumitafifde. Senelqsedin adkgid deameicl udi ng the force
actuator and sensor unit of FIG 10 enclosed in a rigid frame. 20 Detail ed
Description of the Preferred Enbodi nents of the Invention Various

enbodi ment |@f 8t nablgeaptibdlatiusnaidrs ShpWwity eviatioAsiipCbetdth tiankhérse
present invention are hereinafter described with reference to the draw ngs.
25 However freguengyhvaties cand dorest ratiosi oédexesnrlanh tendllei wibration jabgetntigned i n
the draw i n i i i . i Lon absorption
dovi cel G0 Baiget s adctriflod A prorprrel Bhbai BB ot "0 2271 B
frame, and a force actuator 30 and sensor unit 12 conprising a force

act uat or chanism and a faqrce sensor )
mEIG. 9 is an exploded isometric view showing the components of a force actuator

and sensor unit according to a third preferred embodiment of the invention;

15  FIG. 10 is an isometric view of the force actuator and sensor unit assembled from

the components illustrated in FIG. 9; and

FIG. 11 is an isometric view of a tunable vibration absorption device including the
force actuator and sensor unit of FIG. 10 enclosed in a rigid frame.

20
Detailed Description of the Preferred Embodiments of the Invention

Various embodiments of tunable vibration absorption devices according to the
present invention are hereinafter described with reference to the drawings.
25 However, the invention is not limited to such embodiments illustrated in the

drawings.

FIG. 1 is an isometric view of a tunable vibration absorption device 10 comprising
a rigid support, which may be in the form of a rigid frame, and a force actuator
30 and sensor unit 12 comprising a force actuator mechanism and a force sensor

mechanism according to the invention. The force actuator and sensor unit 12



mechani sm according to the invention. The force actuator and sensor unit 12
-7 may preferably be connected to the rigid frane by one or nore resilient
links coupled to axial ends of the unit 12, such as two flexible transverse
beans 14, 16. The force actuator and sensor unit 12 mainly provides three
functions: first, it serves as a nass ahd danpi ng neans; second, it serves
as an actuation neans 5 for providing an axial actuation force to the
transverse beans 14, 1
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30, 32. Ththeaxibradtuatiorufurte.34 serves to receive a force signal generated
by the force sensor nechanism and adjust an axial actuation force
generated by the force actuator nechanismin response to 25 the received
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actuator and sensor unit 12. The rigid plates 18, 20, 22, 24 may also be provided
15 with mounting means, such as vertical mounting holes 26 and horizontal
mounting holes 28 for connecting and installing the tunable vibration absorption
device 10 to an under-damped structure (not shown) to be damped. The
materials of the transverse beams 14, 16 and rigid plates 18, 20, 22, 24 are
preferably but not exclusively metallic materials, such as stainless steels,
20 titanium alloys, aluminum alloys, or the like. A controller unit 34 is attached to a
rigid plate 24 of the rigid frame and is electrically connected to the force actuator
and sensor unit 12 through signal cables 30, 32. The controller unit 34 serves to
receive a force signal generated by the force sensor mechanism, and adjust an
axial actuation force generated by the force actuator mechanism in response to

25 the received force signal generated by the force sensor mechanism.

FIG. 2 is an exploded isometric view showing the components of a force actuator
and sensor unit 12a according to a first preferred embodiment of the invention.
The force actuator and sensor unit 12a comprises a stack of components,

30 including a force actuator mechanism for generating an axial actuation force and



and sensor unit 12a according to a first preferred enbodi nent of the
invention. The force actuator and sensor unit 12a conprises a stack of
conmponents, 30 including a force actuator mechanismfor generating an axial
actuation force and -8 a force sensor nmechani smwhich is responsive to an
external force acting on the stack to*d&nerate a force signal
Specifically the conponents of the force actuator and sensor unit 12a
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through a 25 magnetic field generated by the coil 52. The copper foils 44,
sensor s 46pigadelectric materials, which are preferably but not exclusively piezoelectric
15  ceramics, such as lead zirconate titanate (PZT), barium titanate (BaTiO3), lead
magnesium niobate-lead titanate (PMN-PT), lead zirconate niobate-lead titanate
(PZN-PT), or the like. The sensors 46 preferably consist of an internal
polarization direction oriented along the axial direction of the force actuator and
sensor unit 12a comprised in the stack. The insulation layers 48 are made of

20 polymeric materials, which are preferably but not exclusively polyimide.

The actuator 50, the coil 52 surrounding the actuator 50 and the coil’'s leads 54
form the force actuator mechanism of the force actuator and sensor unit 12a that
is magnetically driven by a DC signal from the controller unit 34 through a
25 magnetic field generated by the coil 52. The copper foils 44, sensors 46 and
insulation layers 48 form the force sensor mechanism of the force actuator and
sensor unit 12a that is used to monitor the change in the axial actuation force
acting on the beams 14, 16. The first sensor 46 is located next to an axial end of
the force actuator mechanism and the second sensor 46 is located next to an

30 opposite axial end of the force actuator mechanism.



insulation |layers 48 formthe force sensor nmechani smof the force actuator
and sensor unit 12a that is used to nonitor the change in the axial
actuation force acting on the beans 14, 16. The first sensor 46 is |ocated
next to an axial end of the force actuator nmechani smand the second sensor
46 is located next to an 30 opposite adal end of the force actuator
mechani sm -9 The controller unit 34 nonitors the axial actuation force
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absorption device 10 including the force actuator and sensor unit 12a of FIG. 3

15 enclosed in a rigid frame.

The force actuator and sensor unit 12a is “smart” in that it is capable of providing
an adaptive means for vibration energy absorption by monitoring in-situ the
vibration of the structure to be damped. The force sensor mechanism detects
20 the vibration feedback and conveys this information to the controller unit 34.
From the feedback, the controller unit 34 may tune the force actuator mechanism

accordingly. Therefore, active vibration absorption or damping is possible.

Further, the force sensor mechanism also acts as a convenient means for
25 manually tuning the device to absorb the vibrational energy from the structure
through monitoring the output of the force sensor mechanism for semi-active
vibration absorption or damping. The design has a simpler structure to provide

vibration absorption while sensing the vibration.

30 The operation of this “smart” tunable vibration absorption device 10 is based

upon the sensitivity of the transversal bending stiffness and resonance frequency



Further, the force sensor nechanismalso acts as a convenient nmeans for 25
manual |y tuning the device to absorb the vibrational energy fromthe
structure through nonitoring the output of the force sensor nechani smfor
sem -active vibration absorption or danping. The design has a sinpler
structure to provide vibration absorpt?&n whil e sensing the vibration. 30
The operation of this "smart" tunable vibration absorption device 10 is
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actuator and sensor unit 12b are’a
reached, the output of the force sensor mechanism is at maximum, indicating
15 that the “smart” tunable vibration absorption device 10 is at resonance and has

absorbed or damped the vibrational energy of the vibrating structure.

FIG. 5 is an exploded isometric view showing the components of a force actuator
and sensor unit 12b according to a second preferred embodiment of the
20 invention. The components of the force actuator and sensor unit 12b are a bolt
36, a washer 38, two rigid end plates 40, 42, copper foils 44 sandwiching a pair
of sensors 46, two pieces of insulation layers 48, magnetic materials such as
permanent magnets 58, 60, an actuator in the form of a rod or bar 50, a coil 52
with two leads 54 enclosing the actuator 50, and a nut 56. The actuator 50 is
25 made of magnetostrictive materials, which are preferably but not exclusively
magnetostrictive alloys, such as Terfenol-D, Gafenol, Samfenol-D, or the like.
The actuator 50 preferably consists of an internal magnetization direction
oriented along the axial direction of the force actuator and sensor unit 12b. The
sensors 46 are made of piezoelectric materials, which are preferably but not
30 exclusively piezoelectric ceramics, such as PZT, BaTiOs;, PMN-PT, PZN-PT, or

the like. The sensors 46 preferably consist of an internal polarization direction



36, a washer 38, two rigid end plates 40, 42, copper foils 44 sandw ching a
pair of sensors 46, two pieces of insulation |ayers 48, magnetic material s
such as pernmanent magnets 58, 60, an actuator in the formof a rod or bar
50, a coil 52 with tw | eads 54 enclosing the actuator 50, and a nut 56.
The actuator 50 is 25 made of magnetost#lctive materials, which are
preferably but not exclusively magnetostrictive alloys, such as Terfenol -D,

Gafenol, Sanfenol-D, gr the like, T ctuatgr 50 preferably.consisis of an
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The actuator ermanent magnets 58, 60, and the coil 52 and its | eads
54 formthe force actuator nechanismof the force actuator and sensor unit
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The permanent magnets 58, 60 provide a DC magnetic bias field to the actuator

15 50 for producing an initial static axial actuation force so that the force actuator

mechanism of the force actuator and sensor unit 12b can further be magnetically

driven about this initial static axial actuation force by a DC signal from the

controller unit 34. The copper foils 44, sensors 46 and insulation layers 48 form

the force sensor mechanism of the force actuator and sensor unit 12b that is

20 used to monitor the change of the axial actuation force acting on the beams 14,

16. The controller unit 34 monitors the axial actuation force signal produced by

the force sensor mechanism and tunes the force actuator mechanism through

adjustment signals. The two rigid end plates 40, 42 are used to protect the

sensors 46 from damage and provide connection interfaces between the

25 transverse beams 14, 16 and the force actuator mechanism and force sensor

mechanism. The bolt 36, washer 38, and nut 56 together provide a preload force

to the actuator 50. FIG. 6 is an isometric view of the force actuator and sensor

unit 12b assembled from the components illustrated in FIG. 5, and FIG. 7 is an

isometric view of a tunable vibration absorption device 10 including the force

30 actuator and sensor unit 12b of FIG. 6 enclosed in a rigid frame.



driven about this initial static axial actuation force by a DC signal from
the controller unit 34. The copper foils 44, sensors 46 and insul ation

| ayers 48 form the force sensor nechani smof the force actuator and sensor
unit 12b that is 20 used to nonitor the change of the axial actuation force
acting on the beams 14, 16. The controf?er unit 34 nonitors the axial
actuation force signal produced by the force sensor nechani sm and tunes the
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direction to the DC magnetic bias field created by the permanent magnets 58, 60,
15 the resulting strength of the two magnetic fields decreases. Therefore, the
actuator part contracts and produces a relatively tensile axial actuation force to

the transverse beams 14, 16.

FIG. 8 is a graphical illustration showing a relationship between transverse
20 frequency ratios and force ratios of exemplary tunable vibration absorption
devices 10 made according to the preferred embodiments of the invention. The
transverse frequency ratio comprises an operational or a natural resonance
frequency of a tunable vibration absorption device 10 with an axial actuation
force over an operational or a natural resonance frequency of the tunable
25 vibration absorption device 10 without an axial actuation force. The force ratio
comprises an axial actuation force over a critical axial actuation force for the
tunable vibration absorption device 10 having two identical transverse beams 14,
16. The tunable vibration absorption device 10 comprising the force actuator and
sensor unit 12a according to the first preferred embodiment works in zone | of the
30 graph because the force actuator and sensor unit 12a can only produce a

compressive axial actuation force. The tunable vibration absorption device 10



first enmbodinment. If the controllable magnetic field is applied in an
opposite direction to the DC magnetic bias field created by the permnent
magnets 58, 60, 15 the resulting strength of the two magnetic fields
decreases. Therefore, the actuator part contracts and produces a relatively
tensile axial actuation force to the ttansverse beans 14, 16. FIG 8 is a
graphical illustration showing a relationship between transverse 20

frequency ratigs and force ratios of ex | ary tynabl e vibration absorption
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tunabl e 25 Xi t{r at,{i on _absorption device 10 wi thout an axial actuation force.
The force 3TN 106 i ses an axial actuation force over a critical axial
actuatgon force for the tunable vibration absorption device 10 having two

identical transverse beans 14, 16. The tunable vibration absorption device
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preferred enbodi nent of the ipvention. _The conponents of }he_for e actuat or
and sensorPiggnalectie mpaterials, gyhichgare, preferably but not exclusively piezoelectric

ceramics, such as PZT, BaTiO3;, PMN-PT, PZN-PT, or the like. The actuator 62
preferably consists of at least one piezoelectric ceramic multilayer stack
15 connected electrically in parallel and mechanically in series with its internal
polarization direction oriented along the axial direction of the force actuator and
sensor unit 12c. The actuator 62 also preferably consists of a plurality of
monolithic piezoelectric rings, tubes, disks or plates connected electrically in
parallel and mechanical in series with its internal polarization direction oriented
20 along the axial direction of the force actuator and sensor unit 12c. The sensors
46 preferably consist of an internal polarization direction oriented along the axial
direction of the force actuator and sensor unit 12c. The insulation layers 48 are

made of polymeric materials, which are preferably but not exclusively polyimide.

25 The actuator 62 and the leads 64 form the force actuator mechanism of the force
actuator and sensor unit 12c that is electrically driven by a DC signal from the
controller unit 34. The copper foils 44, sensors 46 and insulation layers 48 form
the force sensor mechanism of the force actuator and sensor unit 12c that is
used to monitor the change of the axial actuation force acting on the beams 14,

30 16. The controller unit 34 monitors the axial actuation force signal produced by

the force sensor mechanism and tunes the force actuator mechanism



washer 38, two rigid end plates 40, 42, copper foils 44 sandw ching a pair
of 10 sensors 46, two pieces of insulation |ayers 48, an actuator in the
formof a rod or bar 62 with | eads 64, and a nut 56. The actuator 62 and
sensors 46 are made of piezoelectric materials, which are preferably but
not exclusively piezoelectric ceram csl4such as PZT, BaTi 08, PM\-PT,
PZN-PT, or the like. The actuator 62 preferably consists of at |east one
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actuator nechani sm -14 accordi ngly through adjustnment signals. The two rigid
end pl at ef4he astugfos %e@‘e gtﬁc% tpr Fg@imr‘g}m%xﬁwaﬁnﬁ@guﬁﬁoe to
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washer 38,contrdllable Btectrigdidierisprappliekk a the same direction as the internal
15 polarization direction of the actuator 62, the actuator part will contract and
produce a tensile axial actuation force acting on the transverse beams 14, 16.
FIG. 10 is an isometric view of the force actuator and sensor unit 12c assembled
from the components illustrated in FIG. 9, and FIG. 11 is an isometric view of a
tunable vibration absorption device 10 including the force actuator and sensor

20 unit 12c of FIG. 10 enclosed in a rigid frame.

It would be appreciated that an advantage of the tunable vibration absorption
devices 10 according to the preferred embodiments of the invention is that the
vibration absorption devices are easy to automatically tune since the tuned
25 frequency depends on the direction and magnitude of the axial actuation force
exerted by the force actuator mechanisms of the devices, but not on the structure
of the devices. These tunable vibration absorption devices 10 can also be tuned
both uni-directionally and bi-directionally. When an axial actuation force acting
on the device is a compressive force, the operational frequency (that is, the
30 resonance frequency) of the device 10 can be tuned to be decreased. This is

particularly important for vibration control at low frequencies. When the axial



5 preload force to the actuator 62. The tunabl e vibration absorption device
10 wusing the force actuator and sensor unit 12c according to this third
enbodi nent works in both zones | and Il as shown in FIG 8. The reason is
that piezoelectric materials such as piezoelectric ceram cs can change
their shapes in response to an electridal signal and can respond to an
applied |l oad by producing an electrical 10 signal. Thus, if a controllable

electrlcfleldth{g’ilsaplledthrou% %heleads 6431) t he ntroller unit
34 is in oppystion Vreedsi an tensiendorckt & ﬁaPPEEﬁtQP?E %’r?"tfﬁyr Z@@i ol tgf? t he
act uat or 6%30?156 %Eﬁeﬁé%‘@ttlﬁ’é dBRE8AD &N Kb hL neRIANEr2RE d&?ﬁé@ﬁgﬁdlﬂgly.

conpressi ve axi a actuation force acting on the transverse bea 147716

the controllable electric field is applied in the sane direction as the

i nt | | t d t ft tuat t he act t
Wi cont 66 Ukof BrARiced: B S8ngors, R mERiE 48 sRanghcd 20! AGRAIBne

t ransvey sergansin Hbterkine thik @petStidrial 3reduBRER ok ithie \Heheof Th@%s@oéfcﬁleéét uat or

and sensor unit 12c assenbled fromthe conponents illustrated in FIG
and FI G 1eémbedded isemsers i@ repleweoéxtarnatlylnaﬁa&e@|a@cater©meéejsmrpﬁ/obrfordew ce

n ari g ot Y Georl EhShn Py SRt X BblednoRie b et abi o

vibration gksesdéd ensery inaesbdén asker dhiddateodriteinPitrf detdthieaisndiorangs of
the invention is that the vibration absorption devices are easy to

aut omat i caPpsrational fseqianayheThe gogt Bsalspesivrifiednttielomeds kurtherealer sifcton and
magni tyde of t [ r

T LAEe Bl S Ohi 8 2 BB B hE e O UGB BT IS, oo
tunabl e vi h¢tabiorandlsemispt LA 13eudastvelidnirinabaltirhe canngdachievéd.

uni -directionally and bi-directionally. Wen an axial actuation force acting
on the device is a conpressive force, the operational frequency (that is,
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Wien t he asmbbdiniénts of the |nvent|on require fewer components, and these components

15 can be assembled relatively easily. This leads to easier manufacturing and lower

cost.

The invention described herein is susceptible to variations, modifications and/or
additions other than those specifically described and it is to be understood that the
20 invention includes all such variations, modifications and/or additions which fall

within the spirit and scope of the above description.



actuation force is a tensile force, the operational frequency (that is, the
resonance frequency) of the device 10 can be tuned to increase

correspondi ngly. The use of enbedded force sensors to nonitor the change of
axial actuation 5 force can determ ne the operational frequency of the
device. The use of these enbedded sensoit-to replace externally installed
accel eroneters and/or force sensors has the advantage that accuracy is

i nproved since the mass of enbedded sensors has been taken into account in
t he detereld®dMSin of the operational frequency. The cost is al so
significantly |l ower. Furthernore, since 10 the controller unit 34 is
directly connected to the | eads/signal cables of the force actuator and

sensor unit. 12,A agrible vierdtion atgsorptisredevite cempaiginge achi eved. Overal |, the
tunabl e vi bration absorption devices 10 according to the preferred
embodi ments of & ISEAGKHNGHHdiRG 3 dgiser actuairr mashapisentfer gengratings ancaxigbnent s
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sensor mechani sm wherein the controller unit’is also electrically

connected to the force actuator nechani sm for
2. The tunable vibration absorption device according to claim 1, further

comprising rigid supports for supporting the stack, wherein the rigid supports
15 include mounting means for mounting the tunable vibration absorption device to

a structure to be damped.

3. The tunable vibration absorption device according to claim 1 or claim 2,
further comprising resilient links coupled to axial ends of the stack for connecting
20 the stack to a structure to be damped, wherein the resilient links are relatively
sensitive in the transverse direction to the axial actuation force generated by the
force actuator mechanism but relatively insensitive in directions parallel to the

axial actuation force.

25 4. The tunable vibration absorption device according to claim 3, wherein the

resilient links comprise flexible transverse beams.

5. The tunable vibration absorption device according to any one of the
preceding claims, wherein the force actuator mechanism comprises a

30 magnetostrictive material.



10 adjusting the axial actuation force generated by the force actuator
mechani smin response to the received force signal generated by the force
sensor mechanism 2. The tunabl e vibration absorption device according to
claiml1, further conprising rigid supports for supporting the stack,
wherein the rigid supports 15 include-fbunti ng means for nmounting the
tunabl e vibration absorption device to a structure to be danped. 3. The

tunabl e vi bration absorption device according to claim21 or _claim 2,
further céhpri sihggtunable vieratian alrsoretierpdevice acgerding é@n&ba'm‘ 51 whergimhe f or
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insensitive 1n directions parallel to the axial actuation force. 25 4. The
tunabl e vi brati on absorption device according to claim3, wherein the

resi i gnt i nksrORRERRS bkl P LBsb oA A HEABing1o Lin! St SLY Er at on

absor ption device according to any precedi ng c al s, erein the
force act wettereinmghéamagmetastrctivee snaterid0 cvagprestess ani enterreal natagnetizatiorl7 6.
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dysprosiumiron alloy, galliumiron alloy and samarium dysprosiumiron
alloy. 5 7. The tunabl e vibration absorption device according to claim5 or
claim6, 8herdihe tunableagiheatisst absarptien davbei@qcocdingrtbsam ane iom:laimals
magnel;lbzatloz lfd rection.that is rlente |rect t he
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magnetostrictive material for generating a magnetic field to magnetically

drive the material.
9. The tunable vibration absorption device according to any one of the

preceding claims, wherein the force actuator mechanism comprises a
15 piezoelectric material having its internal polarization direction orientated along an

axial direction of the stack.

10. The tunable vibration absorption device according to claim 9, wherein the
piezoelectric material is selected from the group consisting of: lead zirconate
20 titanate, barium titanate, lead magnesium niobate-lead titanate and lead

zirconate niobate-lead titanate.

11.  The tunable vibration absorption device according to any one of the
preceding claims, wherein the force sensor mechanism comprises a

25 piezoelectric-based force sensor.

12.  The tunable vibration absorption device according to claim 11, wherein the
piezoelectric-based force sensor is made from a material is selected from the
group consisting of: lead zirconate titanate, barium titanate, lead magnesium

30 niobate-lead titanate and lead zirconate niobate-lead titanate.



9. The tunabl e vibration absorption device according to any one of the
preceding clainms, wherein the force actuator mechani smconprises a 15

pi ezoel ectric material having its internal polarization direction orientated
along an axial direction of the stack. 10. The tunable vibration absorption
devi ce according to claim9, wherein t-hE-piezoelectric naterial is selected
fromthe group consisting of: lead zirconate 20 titanate, bariumtitanate,

| ead nmagnesi um ni obate-lead titanate and | ead zirconate niobate-|ead
titanate. 181. THe tunakla wbiatignabsaiption deyce ascaeding (o glaéwri agcland?y one

f th ' | ai j h - Aani L] 25
oi czoa eot T hang PigeelolBREBAted JEaitic PaRfiRgS, AR IRBHRT, RORRERRAT °

devi ce acdimedtiog that is beientatdd alemgran axibhdireqtionzsfehestadke- based force sensor
is made froma material is selected fromthe group consisting of: |ead
zirconate titanate, bariumtitanate, |ead magnesium 30 niobate-|ead

titanake I i : i Qb = L ; anln u
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that is orientat eg al%g& gn axial direction 8f the stﬁck.. 5 éé Thfe t unabl e
vi br at i on S49S8F f"CPoA ndefoleR GiEdPRE POSTIORGI oo QRPOSHE Sides Al dPRfOMF i ns,
wher ei n t hatdK6EMezRBARM.Mechani sm conprises a first force sensor and a

second force sensor positioned on opposite sides of the force actuator
mechani sm 10 15. The tunabl e vibration absorption device according to any
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mechanism and the force actuator mechanism.

16.  The tunable vibration absorption device according to claim 15, wherein the

15 insulation layer comprises a polymeric material.

17. The tunable vibration absorption device according to any one of the

preceding claims, further comprising a magnetic material positioned between the

force actuator mechanism and force sensor mechanism for producing a magnetic
20 Dbias field.

18.  The tunable vibration absorption device according to claim 17, wherein the
magnetic material is selected from the group consisting of: monolithic sintered
neodymium, polymer-bonded neodymium and samarium cobalt.

25
19. The tunable vibration absorption device according to any one of the
preceding claims, including a compression assembly for compressing the stack

and providing a preload force to the force sensor mechanism.

30 20. The tunable vibration absorption device according to claim 19, wherein the

force actuator mechanism and force sensor mechanism have holes therethrough,



15 insul ation | ayer conprises a polymeric material. 17. The tunable

vi bration absorption device according to any one of the preceding clains,
further conprising a nagnetic nmaterial positioned between the force
actuat or nmechani sm and force sensor nmechani smfor producing a magnetic 20
bias field. 18. The tunable vibration abhserpti on device according to claim
17, wherein the magnetic material is selected fromthe group consisting of:
nonolithic sintered neodym um polyner-bonded neodym um and samari um

cobal t. 25and thaisompressioe assembly comalises gt hahthasextendsctvougmghe bolesy one

of the pr i cl ai I nel udi oppressi on _a nbl.y for,c rL.essi ng
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20. The tugahire thé RorakigefusbsMidehbARNTIgNd fsrca @enbel Mechanishiiothéboltwher ei n
the force actuator nmechani smand force sensor mechani sm have hol es

t her et hrough, -19 and the conpression assenbly conprises a bolt that extends
t hrough the holes of the force actuator nechani smand force sensor

mechani smand a nut to secure the force actuator mechanismand force sensor
mechani smto the bolt.





