-1- TUNABLE VI BRATI ON ABSORPTION DEVICE Field of the Invention 5 The

I nvention 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 ,Tuned vibration absorption devices
are usually tuned nmass danpers conprisfgd 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,
the operational frequency (that is, the resonance frequency) of the devices
remai ns unchanged onceTUNABIE MIBRATIONABSORETHDN DEVIGEated. In the
prior art, tunable vibration absorption devices are typically tunable nass
danpers (or adjustable tuned mass danpers) conprising sets of passive masses
20 and adjﬁghp&hgegggﬁﬁg springs such that tuning of the operationa
frequency i I s achieved nmanually by adjusting the stiffness of
the sprg ngs through some nechanical neans. Advanced tunabl e vibration
absorption devices are generally fabricated using 25 smart nmaterials (al so
cal | ed actThe, invankon i igates olo adbrptioneabserptival o) damping devicesi m@id tioni ng
means to provide the. distinct features of. tunable stiffness via an external
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the oper alaQalvivatibRHRABARN GrafUIRARY A ViLtHithdIRUisRtinGteRhies! | y match
the targeted resonance frequency of tHRe correspondi ng uider-danped vi brating
30 structures so that an additional danping can be properly introduced to

t he \/1i0br i structyres. -2- Exanples of smart materials mainly include
pi ezoel'ect n ! ctive

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.



materials. The observed tunable stiffness (and hence the operational
frequency) of the smart material -based tunabl e vibration absorption devices
originate from5 an external field-induced characteristic property change of
the smart material elements (that is, their stiffness) as well as the
cooperative property change of the devigces as a whole. Hence, the
tunability and controllability of the stiffness (and hence the operational
frequency) of the devices play an inportant factor in absorbing or danping
vi brational energy. 10 If the vibration absorption devices are not tunable

or if the tunabjlity and controllability of the stiffness of the tunable
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range qgf ructural applications wthout adding 25 any external or extra

apbsorption or danping neans, such as danped springs. Nonetheless, while
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a 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



-3- vibrational energy absorption function through external tuning of t
characteristic properties of the smart material el enents. Hence, they a
only limted to a sem -active (or an open-loop) node of operation, whe
predeterm ned or a manually-tuned input signal is applied to the snart

5 elenents of the devices wth@w the assistance of any automatic
control system |[|f an active (or a closed-|loop) node of operation is
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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
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.

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
changes the spring stiffness and thereby the natural resonance frequency of the
mass and spring combination. Although this design is quite simple, manual and
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t he danper 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 conbination. Al though this design is quite sinple,
manual and -4- nechani cal tunings nmake the danper difficult to integrate
with electrical or automated control syistens. If the design is to be

nodi fied for electrical or automated tuning, the patent suggests inclusion
of a separate acceleronmeter. As explained above, this will, anongst other
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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



30 actuation force and a force sensor nmechani smwhich is responsive to an
external force acting on the stack to generate a force signal; and a
controller unit -5- electrically connected to the force sensor nechani sm for
receiving the force signal generated by the force sensor nechanism wherein
the controller unit is also electricall9- connected to the force actuator
mechani sm for adjusting the axial actuation force generated by the force
actuat or nechanismin response to the 5 received force signal generated by
the force eleakicallyrwomaectas ta theiforecepseoseiv mracdanisny faereceivingethedéweei be
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the invention as defi'ned by the clains. Brief Description o0f the Draw ngs
Exanpl es o#ctpatidre force gamﬁratecbhyéheffomena@iuetanmealnamamaimsmsponaa tadheces in
15 accqrdance. w Q\/ﬁ t he |n|\/ent|otnd\|¥r h nfo w be described.with reference to the
acconpanyi r‘?é:eme F&f‘gs'g{‘ﬂ JeeLAtedrydheo/ce SENSOLMBENANSN ew of a tunabl e

vi bration absorption device conprising a rigid frame and a force actuator
and sensor unit according to the invention; 20 FIG 2 is an expl oded
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showi ng the conponents of a force actuator and sensor unit according to a

second preferred enbodi nent of the invention; -6-
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 6 is an isonetric view of the force actuator and sensor unit assenbl ed
from the conponents illustrated in FIG 5; 5 FIG 7 is an isonetric view of
a tunabl e vibration absorption device including the force actuator and
sensor unit of FIG 6 enclosed in arigid frame; FIG 8 is a graphical
illustration showing a relationship betWeen transverse frequency ratios and
force ratios of exenplary tunable vibration absorption 10 devices nade
according to the preferred enbodi nents of the invention; FIG 9 is an

expl oded i sonetric view showi ng the conponents of a force actuator and

Fr G 101 <G B Bl e pr R S aERaRT Y Po ey Lt AR e e
from the pergemsdtants liluesatedtindIGosHI G 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 frane. 20 Detailed Description of
nbodi ment.s of lnve

t he Prgf [ ar i nmbodi t f. t bl
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her ei naf t eforeteastubffGnd $dhsbplIA OAFEG! § chbs8d avartifd fraffe; However, the
invention is not limted to such enbodinments illustrated in the draw ngs.

FIG 1 is an isonetric view of a tunable vibration absorption device 10
conpri si ng igid support,. ich my be in the.formof a rigjd frane, and
2 Tor o actiGh Br ' SoBtHRaL ulotalin SHonihg dptg T hetbean! ranafetss
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actuator and sensor unit 12 -7- may preferably be connected to the' rigid
frame 1y odevices made acesiding to the pleferred epibedimentaxifdhe éinvémtion; t he 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 nmass and

danpi ng mepgs ;9 &esPBLplobEd FRINEFicAfe v BhaRintPiheBbrABGENts 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



5 for providing an axial actuation force to the transverse beans 14, 16; and
third, it serves as a sensing neans for nonitoring the anmbunt of the axial
actuation force exerted on the transverse beans 14, 16. The transverse
beans 14, 16 support the force actuator and sensor unit 12 and serve as
springs that are relatively sensitive-ifn-the transverse direction to the
axi al actuation force generated by the 10 force actuator and sensor unit 12
but relatively insensitive in directions parallel to the axial actuation
force. Themaygbreferahlyebecnwnectedoto thegirigicgfram bysneor mare resiligntlinkacl ose

the f d 12. Th |, at 18,. 20 , R4
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The force actuator .and sensor unit 12a conprises a stack of conponents, 30

i ncl udi ng RerHAlAKYFYRN 19FC8rechani sm for generat | ng an axial actuation force
and -8- a force sensor nechanismwhich is responsive to an external force
acting on the stack to generate a force signal. Specifically, the

conponent sThé ridiek ffame ecomsistsitobrrigid dblatess8, D0 22124 thatmenckese the force

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



5 a bolt 36, a washer 38, two rigid end plates 40, 42, copper foils 44
sandwi ching a pair of sensors 46, two pieces of insulation |layers 48, an
actuator in the formof a rod or bar 50, a coil 52 with two | eads 54
encl osing the actuator 50, and a nut 56. The actuator 50 is nmade of
magnetostrictive materials, which are pBeferably but not exclusively
magnet ostrictive alloys, such as terbiumdysprosiumiron alloy 10

(Terfenol-D), galliumiron allo ,(mG_afenoI),_ samari um dysprosi umiron_ all oy
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force actuator nd sensor uni a conprised in the stack. The sensors 46
are made of piezoelectric materials, which are preferably but not
excl usi vely piezoelectric 15 ceram cs, such as |lead zirconate titanate
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through a 25 magnetic field generated by the coil 52. The copper foils 44,
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second sensor 46 is |located next to an 30 opposite axial end of the force
act uat or naathaenser und- 17accayoptised lirrthenstacies fbeisansors HE are anadetafat i on
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15 ceramics, such as lead zirconate titanate (PZT), barium titanate (BaTiO3), lead
magnesium nicbate-lead titanate (PMN-PT), iead 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.



t hrough adjustment signals. The two rigid end plates 40, 42 are used to
protect the sensors 46 from danage and to provide connection interfaces
between the 5 transverse beans 14, 16 and the force actuator mechani sm and
force sensor mnechanism A conpression assenbly, which may be in the form of
the bolt 36, washer 38, and nut 56 togé&-her conpress the stack of
conponents and provide a preload force to the actuator 50. The conponents
conprised in the force actuator mechani smand force sensor nmechani sm
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bendi ng stiffness an resonance frequency -10- of the two transverse beans

14, 16 in ilasipatedeint 6/Gh @, rarakiFG. actlisian moretriceview of a tunable vibration
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



supplied by the force actuator mechanism of the force actuator and sensor
unit 12a. These paraneters are adjusted through changi ng the magnitude of
an input tuning signal to the force actuator mechani smof the force
actuator and sensor 5 unit 12a such that the force actuator nechani sm
expands and exerts the correspondi ng €tpressive axial actuation force at
one end of each transverse beam 14, 16, thereby reducing the transversal
bendi ng stiffness of the transverse beans 14, 16 and hence the operational
or resonancfethertmquiraogverse tieamss vy 18 in respivise toi thebitaxial adbsationt fosee devi ce

10. Th i ati i al i f 0 d |
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i
is an expl oded i'sonetric view show ng the conponents of orce actuator
and sensor beamnt 14l 26, dwerebdireduding thestranswbrealdfendiregstiffresdiofdine trahstdree 20
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magneti c materials such as per manent nmagnets , , an actuator in the

form of0 a and thusbdhe SBansvarsall beRding tstiffiness | ead srésbnanceé offeqaendye aret uat or

50, and a nut 56, The actuator 50 is 25 nade of netostrictive paterials,
whi ch are BH@F@%@H& paRitersd é&égﬁsfiso\f/%ﬁ VENRAG Mg $Bt U £5aIQ SFbieveuan as

Terfenol - D?Iogéé-%l?ﬂ 'm ?%%'e{éﬁon‘? F it Eenbﬂeﬁethatm?erﬁ?ﬁt%’%ﬁbfeip r&f(ﬁ'{a%ﬁéb ly
consi sts of an internal nagnetization direction oriented”along the axial

di rection frequévecy of the eartespondirgnanderdampedivibrafibg sTroeturs ¢nstostsowit) iar e
made of piezoelectric rrat:aétj %Igz whi ch are preferahly but not 30 exclusively
pi ezoel ect Fgachedr He output Rihthgsfopser sepgar mechapiepTs ‘abZReximung, 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, BaTiO3;, PMN-PT, PZN-PT, or

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



the like. The sensors 46 preferably consist of an internal polarization
direction -11- oriented along the axial direction of the force actuator and
sensor unit 12b. The insulation |layers 48 are nade of polyneric nmaterials,
whi ch are preferably but not exclusively polyimde. The permanent nmagnets
58, 60 are preferably but not exclusively nonolithic sintered or

pol ynmer - bonded neodym umiron boron 5 (NdFeB) and sanmari um cobalt (SnCo)
magnets. Sintered magnets have higher nagnetic properties and better

t her mal starientéd yjonghihecaxiall ginentiobarfdhd fomgnatteatop modi sknsbir ghitr1 2kl eThe i cal

resistivit, | .e., they_ are |l ess susceptible to eddy-curren osses) .and
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magnet s 58xdisivelpdmidmlithic | sibferadd or t polyamihdmdledt orendiindurhoioe doromt or
mechani sm of the force actuator and sensor unit 12b. The per manent magnets

58, 60 Spr oNCFEE) 3% FRRREH:coalt (SMEie) magrate. Sitieredomaggetsonavs: hisheuci ng
an 1niti alm?bﬁ%ﬂ(ia& Pgdrf:l@ie@%tfa&ét@? tléé’rrn?ﬁi S?Qbiﬁt%tkvhilgﬁ)%lgﬁﬁf-graﬁgg@ﬁ%gnets

nmechani sm o actuator and sensor u

magnet i cal prpviderhigker eleotricat resistivitiyt(l.al, tiséyatrecleasistiisceptivlatd @ddiyaueenby a DC
signal fromthe controller unit 34. The copper foils 44, sensors 46 and
i nsul at i onOPE8RAraNd1pWes; gensitye Iff Hhtesed dnagietsara AMelRved. it ik preferablwuée uat or

and sensor ' [ 1 f i
actuation ?Hép@tg %%F 1‘i tlogqh% n,? %}ﬁsdaélg) %@E{'Q#ﬁi&ggﬁ?%gﬁggﬁ %‘?\#ﬁn@éhﬁ%ni tors
the axjital @¢thert majorfsaffaéeesi gnal produced by the force sensor nechani sm and
tunes the force actuator mechani smthrough adjustnent signals. The two

rigid end plates 40, 42 are used to protect the sensors 46 from damage and

provi de cORfect Ao &8 ShE 366RREhYRALASSE B, ARNKE ) PRI il feadkOsdnd the

force actuator _ rce sé&nsor  'mec¢hani sm Sher
38, and nuforip6Gtheofpetd aictuxtor mithanidhe lop @be ffercee actuatdrngndsernssiounO2b-l G 6

's an | sorrﬁtTé ipgmvgaﬁ%t%aaggtsff%,%% E}Fczt\.flijd%t g ng rll'gag';sﬁer']tiscolgias field to the actuator
156 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.



unit 12b assenbl ed fromthe conponents illustrated in FIG 5, and FIG 7 is
an isonetric view of a tunable vibration absorption device 10 including the
force 30 actuator and sensor unit 12b of FIG 6 enclosed in a rigid frane.
-12- The main difference between the force actuator and sensor unit 12a of
the first enbodinent and the force acttator and sensor unit 12b of the
second enbodinent is that, in the second force actuator and sensor unit
12b, there are permanent nagnets 58, 60 | ocated between the force actuator
mechani sm &nel Naihidiffé@nce batween the dbmei m‘tuatmrmmdsm'esoamriimi 23 af thCfirigneti c
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60, 15 the resulting,_ st rengt h of the two nmagnetic fields decreases,
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ratio
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



conprises an axial actuation force over a critical axial actuation force for
the tunable vibration absorption device 10 having two identical transverse
beans 14, 16. The tunable vibration absorption device 10 conprising the
force actuator and sensor unit 12a according to the first preferred

enbodi mrent works in zone | of the 30 gr#ph because the force actuator and
sensor unit 12a can only produce a conpressive axial actuation force. The
tunabl e vi brati on absorption device 10 -13- using the force actuator and

sensor uniasidg bhedowedacigatoo andesersnonnhitpt2d eccadingetdti secdndwrdferred bot h
zones | and |1 of the graph to realize hi-directional tuping. because the
unit 12b c%mlassimﬁrsewg h'RctEfPFBr@LqS\/ aaad'péﬁaeﬂaamtaweaﬁée%amdr@ﬁhqnﬂlces. 5
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t he i nventactpatio¥foecesanponents of the force actuator and sensor unit 12c are
a bolt 36, a washer 38, two rigid end plates 40, 42, copper foils 44

sandwi éhi ng a pair of 10 sensors 46, two pieces of insulation |ayers 48, an
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actuator 62 and sens are na pI €zoel ric nmateria

pr ef er abl yatdisensdr enitHQsiacebsdimg ¢z acthirdtpreferreteembodimentusithesinPertiorBaTi O3,
PWN- PT, PZN-PT, or the like. The actuator 62 preferably consists of at
| east one phezgempenante of dhgnfarcenaatyatay éndssensor18nig oldfeated BrEc3g.igal Iy

in parallel c [ Ly i r W8S Wi ' lQt L arizat.
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sensor{(uni éerfsts 4Bhavapiedat of irfslationdapesf4s, abh ncheinesd iptthe dbrna ophubalort y of
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el ect ri cal 3r 6 withdeads Bf, andiarmst 18ni the arivatnbZandisensors<6 atecmage of
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i nternal pedramieaitdueh a8 PETt BaTiQ4, i RNVINSET aPBNIPT her the ite. The actuator 62
preferably consists of at least one piezoelectric ceramic multilayer stack
15 connected electrically in parallei 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



direction of the force actuator and sensor unit 12c. The insulation |ayers
48 are nade of polyneric materials, which are preferably but not

excl usively polyimde. 25 The actuator 62 and the | eads 64 formthe force
actuator nmechani smof the force actuator and sensor unit 12c that is
electrically driven by a DC signal from4he controller unit 34. The copper
foils 44, sensors 46 and insulation |layers 48 form the force sensor
mechani sm of the force actuator and sensor unit 12c that is wused to nonitor
t he changeaadordinglydkralgheadjustment signate &béeitwg rigid ehe ptetasd 0142 aB®uséd The
controller, unit 34 nonitors axi al actuatjon force signal produced by
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produce a conpressive_ axial actuation force acting on the transverse beans

14, 16. | ftheneontealigr upitiMbisdneprpasitediracdion tp sheppermal polaniaation dectiphect i on
as the int f % g%ﬁjag(ﬁ] 82, T 'f8ﬂ&egé§tﬁgidr%e8ﬁaﬁiPﬁmag{ﬁLg?pgﬁd Ad nggm@%tgator

part will prooduce enst | e axia n forc ctTng on

the transvesmprdyen@badidl adt@atiorr fércel4tting & thes aaRbVéree \BeaimPh 4! he. ffanee
actuator and sensor unit 12c assenbled fromthe conponents illustrated in
FIG 9, aneomraiiabler electsin fieldnds rappligdein dheasame 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 12¢ 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 freguency) of the device 10 can be tuned to be decreased. This is

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



tunabl e vibration absorption device 10 including the force actuator and
sensor 20 unit 12c of FIG 10 enclosed in arigid franme. It would be
appreci ated that an advantage of the tunable vibration absorption devices
10 according to the preferred enbodi ments of the invention is that the

vi bration absorption devices are easy ifpautomatically tune since the tuned
25 frequency depends on the direction and magni tude of the axial actuation
force exerted by the force actuator nechani sns of the devices, but not on

t he structaoteatioof foloe devacemsil@héreet unebbpenatibnalt ifeguabsyr (thabris,déveé ces 10
can al so be tuned _both uni ﬂ% rﬁct.i oq@l I ¥| and bi-di.rectional | g %%enl an

axi al act UREPRRNGSirequenay) of thedevise 10ednde fuped tedigrase coaeprordindiyne
operational frequency (that is, the 30 resonance frequency) of the device 10
can be tuned to be decreased. This is particularly inportant for vibration
control atThewstrefgembedded fdfoen séhsoraxtoamonitor thee ichahgeroff axigleagtaation ensi | e
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erall, the tunable vibration absorption devices 10 according to the

pref erred adualonandsenser unihd2; adaptiveduningqduireal treasan bemadievads, and t hese
conponents 15 can be assenbled relatively easily. This |l eads to easier
manuf acturing and |l ower cost. The invention described herein is susceptible

to variatiQpsgrallmesh tuisabé QitsraBbfl/asorption devices 10 according to the preferred
embodiments of the invention 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 fail

within the spirit and scope of the above description.



addi tions other than those specifically described and it is to be understood
that the 20 invention includes all such variations, nodifications and/or
additions which fall wthin the spirit and scope of the above description.
-16- CLAIMS: 1. A tunable vibration absorption device conprising: 5 a stack
including a force actuator nechani smoperable to generate an axi al
actuation force and a force sensor nechgni smoperable to generate a force
signal in response to an external force acting on the stack, the force
actuator rmechanismand the force sensor nechani sm havi ng hol es

t her et hrough; and a conpressi on assenbly for conpressing the stack and
provi di ng preload force to the force actuator nmechanism the

conpr essi nmbly conprising a bolt that extends through the hol es of
the force actuator nmechanism and the force sensor nechanism the
conpression assenbly al so conprising a nut to secure the force actuator
mechani smt o t Retupable; viliatioa abserption idericawompelsdgt ri cal |y connected to the

force gensor r l,.Q by t he
force Sensor ggc%@ﬁ@f#‘n%@r ﬁﬂ&t% gét\d%@ﬁt %cﬁ‘,ah?grﬁn?qsérg&% . §Q§%rgcet |caIIy
connect ed dx| bbiation ¢ercacindad torcarehsar rasetiamism apierilé tg gbheratxadbrcact uat i on
force generated by the force actuator mechanismin response to the received

force si grifinaydmépsRasgenly amexteypakeioses ashingnobniigi Sack, zwezfor%écwgmim e
vi brati on absoralh ang @ﬁé/tkcﬁee %Eﬁ&f(r%gﬁmer elrﬁ'htakfﬂb%oléél{hbtﬂé%ﬁgor@ﬁaﬁa sing rigid

supports for supporting n e’ri supp I ncl ude
nounting devi ce tompnessitn ragsemblyt fomlwompredsiry |tbe staslor grd q:movjdmgca to a

t t to b The t bl br at b t d
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device according to claim3, wherel magnet ostrictive material is
sel ect ed fandntheHeragr s2nsoc anethamisyg, HﬁE.Cm!‘sssm‘n assembly also comprising a

nut to secure the force actuator mechanism to the bolt; and
a controller unit electrically connected to the force sensor mechanism for
15  receiving the force signal generated by the force sensor mechanism, wherein the
controller unit is also electrically connected to the force actuator mechanism for
adjusting the axial actuation force generated by the force actuator mechanism in

response to the received force signal generated by the force sensor mechanism.

20 2. The tunable vibration absorption device according to claim 1, further
comprising rigid supports for supporting the stack, wherein the rigid supports
include mounting device for mounting the tunable vibration absorption device to a

structure to be damped.

25 3. The tunable vibration absorption device according to claim 1 or claim 2,

wherein the force actuator mechanism comprises a magnetostrictive material.

4 The tunable vibration absorption device according to claim 3, wherein the
magnetostrictive material is selected from the group consisting of: terbium-

30  dysprosium-iron atloy, gallium-iron alloy and samarium-dysprosium-iron alloy.



30 dysprosiumiron alloy, galliumiron alloy and samari um dysprosi unmtiron
alloy. -17- 5. The tunable vibration absorption device according to claim3
or claim4, wherein the nagnetostrictive material conprises an internal
magnetization direction that is oriented along an axial direction of the
stack. 5 6. The tunabl e vibration absorption device according to any one of
clains 3 to 5, further conprising a cgi7k surrounding the nagnetostrictive
material for generating a magnetic field to magnetically drive the
material. 7. The tunabl e vibration absorption device according to any one of
the 10 pr&cedi g turabis vibndtemeabsarhtior deviee saxtcaeding toretdians om dainpdi ses a

pi ezoelectrjc material having.ts internal palarizatipn direction orientated
Blong an  WRFIEN dNecasRiastTete Siatedal” SompESs (AU E R MASHZ28 by pt i on
devi ce accgrglitiag th& i§ bAbAled al¥hEbRaRial BRectbn dtiteg SRlcRCtric material is
selected fromthe group consisting of: lead zirconate titanate, barium

titanate, | ead magnesi um ni obate-lead titanate and |l ead zirconate

ni obate-lead titanate, 9..The t b vibr.ati SO ion deyice ordi ng
to any%oneg‘of tﬂée ?%bber %'gé%loﬂg%ﬁ%é#@ a%ﬂg% 3?&”@%@ @%H&@Egﬁi&fa@gcﬁam sm
conprises @ Spifedrel esibrisingasechif suasusding dthe AAgndtoetriatinebinateridbrfat i on
absorption device according to claim9, wherein the  piezoel ectric-based
force sens@?nqrgt'm&aénﬂgwg'eiﬁa@éﬂﬁﬁ'ﬂa%ilééf'%th‘erf@ﬁietfl?é group 25 consisting
of: lead zirconate titanate, bariumtitanate, |ead nmagnesi um ni obate- |ead
titanate and | ead zirconate niobate-lead titanate. 11. The tunable vibration
absor pti on7devi Tige doeatidi vigrationc hlasarpBormrdevical acddrdingwite rariyn ohbeof the

pi ezoel ectri c-based sensor conﬁrises an internal polarization 30 direction

that i or PEREEINEd CIBIYy HMCHNalth®li FIERT GRIUSHOT HBSChAURT -COEUPTIEES The
tunabl e vi Beabdi@BridREAeREI AVIGE s FReMEF PHIEH PRI diABioR RicAtated Blong an

axial direction of the stack.

8. The tunable vibration absorption device according to claim 7, wherein the
15  piezoelectric material is selected from the group consisting of. lead zirconate
titanate, barium titanate, lead magnesium niobate-lead titanate and lead

zirconate nicbate-lead titanate.

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

piezoelectric-based force sensor.

10.  The tunable vibration absorption device according to claim 9, wherein the
piezoelectric-based force sensor is made from a material selected from the group
25 consisting of: lead zirconate titanate, barium titanate, lead magnesium nicbate-

lead titanate and lead zirconate niobate-lead titanate.

11.  The tunable vibration absorption device according to claim 9 or claim 10,
wherein the piezoelectric-based sensor comprises an internal polarization

30 direction that is orientated along an axial direction of the stack.



precedi ng clains, wherein the force sensor nmechani smconprises a first force
sensor and a second force sensor positioned on opposite sides of the force
actuator mechanism 5 13. The tunabl e vibration absorption device accordi ng
to any one of the preceding clainms, further conprising a magnetic materi al
positi oned between the force actuator nmechani smand force sensor nmechani sm
for producing a magnetic bias field. HX@-14. The tunable vibration
absorption device according to claim 13, wherein the nmagnetic material is
selected fromthe group consisting of: nonolithic sintered neodym um

pol yner - bohzled Tendymahlen vihchtivamabsarpiioolslivice a6cdriingAta largblosevohbtia i on

absorption_devi.ce ﬁoﬁg,'i Sfilﬁr}g % s{ ack incl udi nlg a force act uatort chani sm
oper abl e t B/EGERBE LM, WHEIFR, qetoliEt PORSY oNEE AN CHBPIEEESs A U3 IO hani sm
operabl e tgegRRemt 8 SedoPdCRICSIsBR8or bhsifiesRPIREopFosite SkErdTathelf RF&e acting
on the stack; a controller unit electrically connected to the force sensor

mechani sm g@gHatopoackasisii.ng the force signal generated by the force sensor
mechanigsm the controller unit being also electrically connected to the
force actuator nechanism for adjusting the axial actuation force generated

by the for¢® acThmttonasrechibritionm absorptepaitssce actdveinge tei argd oher ofe tiss gnal
generated by the force sensor nechanism and 25 resilient |inks coupled to
axi al endsP@ceding caigsk furthes coryrisingnd magnetic meatadal rasdionsddatwesdifect t he

stack to ofobtd HELHE BRI ARG GorcdAEhEombLRafiSH! bt SRduchhaBhte

relatively sensitive in a ction transverse e axial Tactu
gener at ed bigstfiell.f orce act uator nechani smbut relatively insensitive in
di rect%é)ns parallel to the axial actuation force. 30
14.  The tunable vibration absorption device according to claim 13, wherein the
magnetic material is selected from the group consisting of. monolithic sintered

neodymium, polymer-bonded neodymium and samarium cobalt.

15 15, A tunable vibration absorption device comprising:

a stack including a force actuator mechanism operable to generate an
axial actuation force and a force sensor mechanism operable to generate a force
signal in response to an external force acting on the stack;

a controller unit electrically connected to the force sensor mechanism for

20 receiving the force signal generated by the force sensor mechanism, the
controller unit being also electrically connected to the force actuator mechanism
for adjusting the axial actuation force generated by the force actuator mechanism
in response to the received force signal generated by the force sensor
mechanism; and

25 resilient links coupled to axial ends of the stack, the resilient links being
operable to connect the stack to a structure to be damped, wherein the resilient
links are relatively sensitive in a direction transverse to the axial actuation force
generated by the force actuator mechanism but relatively insensitive in directions
parallel to the axial actuation force.

30



-19- 16. The tunable vibration absorption device according to claim 15,
wherein the resilient Iinks conprise flexible transverse beans. 17. A
tunabl e vi brati on absorption device conprising: 5 a stack including a force
actuat or mechani sm operable to generate an axial actuation force and a
force sensor nechani smoperable to generate a force signal in response to
an external force acting on the stack,-the stack further including an

i nsul ation | ayer positioned between the force actuator nechanism and the
force sensor nmechanisnm 10 a conpression assenbly for conpressing the stack
and provi difhg alhgluglabledvibation absotiienfdavice accoiding to alaighdidi, sereinthea

controller it |ﬂ‘gctr' cal | nnect % pr% force sensor nechani smfor
recei ving E‘%ﬂ'%"‘e csolnéﬁ]r e%eéﬁ@?é?&a‘? §g$’ﬁé orce sensor nechani sm wherein
the controller unit is also electrically connected to the force actuator

mechani smfor 15 adjusting the axial actuation force generated by the force
act uat or nethant $4ngble vibeatipsaRsorptiamedevieeePrRESINGr ce si gnal generated by

Do orfe £o"rs JBEMR o T AR MHRE OO o BBl o,
mat eri al . 2Wal actuation force and a force sensor mechanism operable to generate a force
signal in response to an external force acting on the stack, the stack further
including an insulation layer positioned between the force actuator mechanism
and the force sensor mechanism;
10 a compression assembly for compressing the stack and providing a
preload force to the force actuator mechanism; and
a controller unit electrically connected to the force sensor mechanism for
receiving the force signal generated by the force sensor mechanism, wherein the
controller unit is also electrically connected to the force actuator mechanism for
15  adjusting the axial actuation force generated by the force actuator mechanism in

response to the received force signal generated by the force sensor mechanism.

18.  The tunable vibration absorption device according to claim 17, wherein the
insulation layer comprises a polymeric material.
20



