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The invention relates to piezoelectric devices, and in particular to

pi ezoel ectric devices having structures that include nechanical anplifiers.
The piezoelectric devices are suitable for use in a variety of
applications, such as for actuation, fqr.ce sensing and/or sensoriactuation.
10 Background and Prior Art Actuators are extensively used in nmechanical,

el ectronic and optical systenms |ike positioning |enses in telescopes,
focusing in mcroscopes or vibration 15 suppression in dedicated equi pnent.
Tradi tional actugfpon hy_Rne éft' dr.ayl i Q ér i C means
cannot ful fill nodEEQEREGIRY - Aaus l nse tine,
frequency, resolution and size. Thus, several classes of actuators using

pi ezoel ectric, magnetostrictive and shape nenory alloy smart nmaterial s have
been develglddfftbe Invesdionappl i cati ons. 20 The constructi on of these
actuatgrs is usually based on bul ky, fragile and expensive snmart materi al
el enent’s |ike piezoelectric multilayer stacks and conpl ex and expensive
mechani calTiMpviehti6h Telatdd & Rﬁ@é@@néd@ﬁé%_e%bgataﬁaﬁn patieaaA R pidRltRIe and
very conpl ex and expensive. Among the piezoel ectric 25 actuators,

uni nor ph/ rdelvidesnibayiing tsinpstutey ithatsingkidel meshanricaldamplifiers. The piegoelediec nost

conpetitive in terns .of size, weight, .cost, reliability and nuf act uri ng.
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mat eri al s foA@%eHithgsHMFbF 36 fsdricidt’ins 104 bonded together or grown by
sputtering/chem cal processes. The piezoelectric materials 102 are nostly 30
pi ezodPectric ceramcs and the substrate materials 104 can be nade of

met al s,

Background and Prior Art

Actuators are extensively used in mechanical, electronic and optical systems like
positioning lenses in telescopes, focusing in microscopes or Vvibration
15 suppression in dedicated equipment. Traditional actuation by pneumatic,
hydraulic or electromagnetic means cannot fulfil modern machinery
requirements in terms of response time, frequency, resolution and size. Thus,
several classes of actuators using piezoelectric, magnetostrictive and shape
memory alloy smart materials have been developed for these applications.
20
The construction of these actuators is usually based on bulky, fragile and
expensive smart material elements like piezoelectric multilayer stacks and
complex and expensive mechanical amplifiers, which make these actuators
vulnerable to damage and very complex and expensive. Among the piezoelectric
25 actuators, unimorph/multi-morph type devices as illustrated in FIG. 1(a) are the
most competitive in terms of size, weight, cost, reliability and manufacturing.
These kinds of devices 100 comprise alternating layers of piezoelectric materials
102 and substrate materials 104 bonded together or grown by
sputtering/chemical processes. The piezoelectric materials 102 are mostly
30 piezoelectric ceramics and the substrate materials 104 can be made of metals,

polymers, ceramics or their composites. When an electrical signal is applied



pol ymers, ceramcs or their conposites. Wen an electrical signal is applied
-2 across the piezoelectric materials, the piezoelectric materials change
their shapes, causing the multiple layers of materials to deform
Additionally, these types of devices can also generate electrical signals
when | oads are applied on them This t@6-way capability nakes these

uni mor ph/ mul ti - morph devices 5 suitable for use as actuators, sensors and/or
sensoriactuators. Uninorph/multi- norph devices are well known to be capabl e
of provi diasgossarthe piezpelectiitemnatepatsputhe iRrzoetactric haiatertdl® citendeortbeis ar e
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An exanpl eysds of HevieedicaRi RZOehetdte Cléattbat Mnals ARST IddeRdarenapihiedadent
Nunber 4,760,570 entitled "Piezo-Electric Device". The patent describes a

devi ce wi tthempi eklis| bwe-way capakbility pnaltess thesewrimon)/awlt-masphedevces pl at e.
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Pat ent Nunber 4,952,835 entitled, "Double Saggital Push Stroke Anplifier".
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out put andnhalghdsading.ces when a piezoelectric ceramic nultilayer stack is
used. Nevertheless, it is vulnerable to damage and is expensive to produce.
To acAPeve hi gher | oadi ng, a descendent of the uninorph devices, such as a
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architecture el n aplezoelectric materia I'S bon to a curved
subst r at e 41060,630 renditledt“PidzorBlestrid Oepimedt ufles patérd dascribesireedesicenbidir ent | y
a compact prlrgzco%?gétﬁg Iceramic plates sandwiching an intermediate plate. The device is
used as a vibration source for delivering vibrational motions. However, it has a
15 limited loading capacity, as explained above. Another example of a prior art
piezoelectric actuator is described in US Patent Number 4,952,835 entitled,
“Double Saggital Push Stroke Amplifier”. This patent describes a mechanism
that is applicable in high performance piezoelectric actuators. The geometric
profile of this device resulting from its amplification scheme can provide a
20 relatively high displacement output and higher forces when a piezoelectric
ceramic multilayer stack is used. Nevertheless, it is vulnerable to damage and is

expensive to produce.

To achieve higher loading, a descendent of the unimorph devices, such as a
25 descendent device 106 shown in FIG. 1(b) utilizes a dome-shaped architecture
wherein a piezoelectric material 102 is bonded to a curved substrate 108 formed
at elevated temperatures. The curvature is inherently a compact mechanical
amplifier which provides the device with comparably higher displacement and
force output than unimorph/multimorph devices. Such architecture is described,
30 for example, in US Patent Number 6,734,603 entitled “Thin Layer Composite

Unimorph Ferroelectric Driver and Sensor”.



anplifier which provides the device with conparably higher displacenent and
force out put than uni nmorph/ mul ti norph devices. Such architecture is
described, 30 for exanple, in US Patent Number 6,734,603 entitled "Thin
Layer Conposite Uninorph Ferroelectric Driver and Sensor”. -3 Although this
descendent device 106 possesses better-ferformance, it suffers from
installation problens due to its inherent curvature which nakes the device
performance sensitive to nounting. Reliability of the device under operation
is 5 also worsened due to the concentrated | oading on the curved surface of
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to an external object. 10 Sunmary of the Invention It is therefore an
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t hat oyer fo th I j at.e i 1 id
pri or ért ev?’\éozrggﬁ%\dgcdge d?ongtbi%%xﬁgﬁ?%@gnﬁa%gﬁ‘ ?’hvﬁg&ﬁge(ai%"z%%%e@f (r?'iqgsal

devi ce comwvics, n@vhich eiticesi Gilesanpbntéertrativapaed wbmn?dume theditrpll@cenent
out put and/or receive a force input; a first flexible platformconnected to
one si de dHeZQpleGtHe nEaTABEE laversnp| iNuserit reqiesese extier peripaeiat icampananted on
the first Mol (o) i IS kbl e
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mechani calaraexterrfdl @bjecand pi ezoel ectric material nmounted to the second
flexi ql e platformfor controllably flexing the second flexible platform 25
It will0 be convenient to hereinafter describe the invention in greater

detail by Sﬁiﬁﬁﬁggp%émvé%@ccomanyi ng drawi ngs. The particularity of the
dr awi ngs cription is not to be understood as supersedi ng
the generality of
It is therefore an object of the invention to seek to provide an improved
piezoelectric device that overcomes some of the disadvantages associated with

15 the aforesaid prior art devices.

Accordingly, the invention provides a piezoelectric device comprising: a
mechanical amplifier adapted to produce a displacement output and/or receive a
force input; a first flexible platform connected to one side of the mechanical
20 amplifier; piezoelectric material mounted on the first flexible platform for
controllably flexing the first flexible platform; a second flexible platform connected
to another side of the mechanical amplifier; and piezoelectric material mounted to

the second flexible platform for controllably flexing the second flexible platform.

25 It will be convenient to hereinafter describe the invention in greater detail by
reference to the accompanying drawings. The particularity of the drawings and
the related description is not to be understood as superseding the generality of
the broad identification of the invention as defined by the claims.

30



the broad identification of the invention as defined by the clains. 30 -4
Brief Description of the Drawi ngs 5 Exanpl es of preferred enbodi nents of

pi ezoel ectric devices in accordance with the invention will now be
described with reference to the acconpanying drawings, in which: FIGS 1(a)
and 1(b) are cross-sectional views of bdsic constructions of prior art 10
pi ezoel ectric devices; FIG 2 is an isonetric view of a piezoelectric device
according to a first preferred enbodinent of the present invention; 15 FIG
3is a front view of the piezoelectric device showm in FIG 2 |ooking from
direction Aof FIG 2; FIG 4 is a schematic explanatory viewillustrating
an operational state of the first preferred enbodi nent of the piezoelectric
devi ce; 2@BiEf®ederibfioR oPHSDPESVINYE Vi ew of a piezoel ectric device according
to a second preferred enbodi nent of the present invention; FIG 6(a) is an
isonetric view of a piezoelectric device according to a third 25 preferred

icve P11 GBS g areRRed o BRlinichis M bicoaatft PoyeS i BBl ALY, .

accor di ng the irvergion il diokebé debtiibed With referéce ®otet ddoompaaiyiref deawings,
pi ezoel ectric device according to a fourth 30 preferred enbodi nent of the

present iAQ&i¢En, and FIGS. 7(b)-7(d) are -5 explanatory views illustrating
different operational states of the piezoelectric device according to this
enbodinment; FIG 8(a) is an isonetric view of a piezoelectric device

accor di ng RIGS 1ff(af bhd 1(b) are cross-sectional views of basic constructions of prior art

10 piezoelectric devices;

FIG. 2 is an isometric view of a piezoelectric device according to a first preferred

embodiment of the present invention;

15 FIG. 3 is a front view of the piezoelectric device shown in FIG. 2 looking from
direction A of FIG. 2;

FIG. 4 is a schematic explanatory view illustrating an operational state of the first
preferred embodiment of the piezoelectric device;

20
FIG. 5 is a perspective view of a piezoelectric device according to a second

preferred embodiment of the present invention;

FIG. 6(a) is an isometric view of a piezoelectric device according to a third
25 preferred embodiment of the present invention, and FIGS. 6(b)-6(d) are
explanatory views illustrating different operational states of the piezoelectric

device according to this embodiment;

FIG. 7(a) is an isometric view of a piezoelectric device according to a fourth

30 preferred embodiment of the present invention, and FIGS. 7(b)-7(d) are



5 preferred enbodi nrent of the present invention that conprises two

pi ezoel ectric devices according to the first preferred enbodi nent of the
invention that are stacked in order to double the force output as conpared
with FIG 2. FIG 8(b) is an exploded view of the stack illustrated in FIG
8(a); 10 FIG 9(a) is an isonetric viewbof a piezoelectric device according
to a sixth preferred enbodi nent of the present invention that conprises two
pi ezoel ectric devices according to the first preferred enbodi nent of the

i nvent i on exXpianaiory v'aveﬁ:letnaﬁngodﬁeeenthepelﬁaiphabestaies afuthrutpiezoatectpar ed
with FIG d? FIG §Jn) tst @Iod d view of the stack illustrated in FIG
9(a). FIG %Y '8 I_:ng tS(P ey ry views illustrating different

oper at i onal st at es of the piezoelectric device according to this
enbodinment; FIG 10 is an isonmetric view of a single-axis m cropositioning
st age i ncdtlifor@(e)ng am iperegtia viaw idf advieeeclaelcior devige taccondingi tex R fiftlef er r ed

fuo-axts EAtREPrPRA T TOLER pREERE ket ReCEoBPASEL IS Al B4t s
accordi ng deanctdseaaé@*dﬁ'@awi thé Mirbt preféeed esmbodiasknredtt theoinvieh€ioh nthantaren
stacked together in an orthogonal direction. 25 Detail ed Description of the

Preferred irerder izadowle thedyee mutipw ast cynpaies with FiG. deilee8(dgor di ng
to the preeﬁ‘_gg)t( |é8¢¥<§*0§$'\,\98fm%r aaﬁﬁﬁé‘gggeaqnm sg{n)bed with reference to the

dr awi ngs ted to such enbodi ments
|Ilustrated in the draw ngs. -6 In the follow ng description, the term

"pi ezoel ectrl c materials" refers to those materials that can change their
shaped0i n Kl gsp%(ﬁééstfl‘i‘ dspraetsist Yiewapf & gieroelacric deyiceeapenidindtad Spthi ed
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zi r conat e devicesabecqriifip) to likae |fursm prefamad eerfBadin@sit, ofl teed invegtiesithat are
stacked to double the displacement output as compared with FIG. 2. FIG. 9(b) is
an exploded view of the stack illustrated in FIG. 9(a). FIG. 9(c)-9(d) are
15 explanatory views illustrating different operational states of the piezoelectric

device according to this embodiment;

FIG. 10 is an isometric view of a single-axis micropositioning stage incorporating
a piezoelectric device according to the sixth preferred embodiment of the

20 invention; and

FIG. 11 is an isometric view of a two-axis micropositioning stage incorporating
two piezoelectric devices according to the aforesaid sixth preferred embodiment
of the invention stacked together in an orthogonal direction.

25

Detailed Description of the Preferred Embodiments

Various embodiments of piezoelectric devices according to the present invention
are hereinafter described with reference to the drawings. However, the invention

30 is not limited to such embodiments illustrated in the drawings.



ni obate-lead titanate (PMN-PT) and | ead zirconate niobate-lead titanate
(PZN- PT). FIG 2 is an isonetric view of a piezoelectric device 10
according to a first 10 preferred enbodi nent of the present invention. The
pi ezoel ectric device 10 is constructed with a nechanical anplifier in the
formof a saddle-like anplifying struetowe 14 and driving parts conprising
a first flexible platformconnected to one side of the saddle-Ilike
anplifying structure 14 such as inclined link 12, a second flexible

pl at f or m clonthec faltdwing adaschiption,i the térm Hpiegadigictrid imatedalp! ireferedoithose

or of or bl yioras Satcia ERabbdIndf sonPhe Tpuithtl ) 8ad AL SiaEL 3ndln e
onto the iggl iree ndit@k%nlappﬁgd ri)gla 89 NpfslucHy Yarf | A&étAdalt Reyrianciinegd | i nks

12, 12'. The inclined |links 12, are preferably inclined at an oblique
angl e to thiezeelaelrie-mptasialgpre plafapbly butioptiexclugivelynpiereelpeticeggramics,

enbodi ent f i i le-l i AV re 14 is
a syrrT’réri‘F":3 r iséjaq?] aséa(r]%o‘eﬂf’cﬂ(ﬁrg't%ﬂg&ta?%{%?? b%rr @ﬁﬁ%aﬁ\%teaﬁéc"'ll ﬁbéggﬁ?mésjgcrie%,'&ﬂz are
arranged ofiobatedent etitshdt%S?RN/INtth) saddead! Zik®nate hidhatedeads titareitei(PZN and
are positioned symmetrically about the saddle-like anplifying structure 14.
25 The saddlk-1ike anplifying structure 14 may be nade froma nonolithic
high strength netallic material such as stainless steels, titaniumalloys,
alum num alloys, or the like. Al though these materials provide excellent

per f or mancElG.t Deis aus dsarhetricheiewref er iptdzbelautri¢ ldeviseddDeatededingntd idf ¥irstg

structure 14 _can, al so pe appropriate dependi ng_on the appl.ication. A single
pi ece 16 n@rpéﬁrrectenﬁa%f?msnt egmgﬁ.rﬁ%'@‘(?é‘t@&ddlweIﬁ'ﬁ@eéS&UEtcfﬁV&elloﬁ shown
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second flexible platform connected to another side of the saddle-like amplifying
15  structure such as inclined link 12’ for bonding drivers. The drivers are preferably
in the form of piezoelectric materials 24, 24’ that are mounted onto the inclined
links 12, 12’ for controllably flexing the inclined links 12, 12’. The inclined links
12, 12’ are preferably inclined at an oblique angle to the saddle-like amplifying
structure 14. In the preferred embodiments of the invention, the saddle-like
20 amplifying structure 14 is a symmetrical saddle-like substrate, wherein the
inclined links 12, 12’ are arranged on opposite sides of the saddle-like amplifying
structure 14 and are positioned symmetrically about the saddle-like amplifying

structure 14.

25 The saddle-like amplifying structure 14 may be made from a monolithic high
strength metallic material such as stainless steels, titanium alloys, aluminum
alloys, or the like. Although these materials provide excellent performance, the
use of other materials for the saddle-like amplifying structure 14 can also be
appropriate depending on the application. A single piece of metallic material can

30 form the saddle-like structure 14 as shown in FIG. 2 through folding a strip of the

material, wire-cutting of bulk material, sintering of metallic powder or other



separately joined to the saddle-like anplifying structure 14. The nounting 5
flanges 22, 22' serve to nmount the piezoelectric device 10 to a generally
fixed structure. The saddle-like anplifying structure 14 preferably
consists of anplifying |evers 16, 16" connected to the inclined |inks 12,
12", flexural links 18, 18 and a centrdl-or 10 nounting seat 20. The
flexural links 18, 18 |ink the anplifying levers 16, 16' to the nounting
seat 20. Most preferably, the anplifying |levers 16, 16' are arranged
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range fromgtlucdure0 1.5. 20 Piezoelectric materials 24, 24 with large

pi ezoel ectric constants and el ectrodes coated on both sides are epoxy
bonded or chem cally/physically deposited onto the inclined |inks 12, 12
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Mounting means, such as a mounting hole 21, may be located on the mounting

15  seat 20 so that an object can be mounted to the saddle-like amplifying structure
14. The thickness of the metallic substrate of the driving part is matched to the
mechanical and geometrical properties of the piezoelectric materials 24, 24’ for
achieving maximum power transfer. The thickness ratio of the metallic substrate
to piezoelectric materials may range from 0.3 to 1.5.

20
Piezoelectric materials 24, 24’ with large piezoelectric constants and electrodes
coated on both sides are epoxy bonded or chemically/physically deposited onto
the inclined links 12, 12’ to form unimorph/multi-morph-like driving parts.
Electrical wires W1, W2, W3 and W4 are welded or bonded onto the piezoelectric

25 materials 24, 24’ to electrically connect the piezoelectric materials 24, 24’ to an
electrical source. The flexural links 18, 18 are made thinner than that of
amplifying levers 16, 16’ and mounting seat 20 to enhance their flexibility. The
amplifying levers 16, 16’ and mounting seat 20 thus form a rigid link when the
driving part comprising the inclined links 12, 12’ and piezoelectric materials 24,

30 24 deforms. The said mounting flanges 22, 22’, driving part, amplifying levers 16,

16’, flexural links 18, 18’ and mounting seat 20 thus form the unitary structure of



t he piezoelectric device 10. FIG 3 is a front view of the piezoelectric
device shown in FIG 2 looking fromdirection Aof FIG 2. FIG 4 is a
schemati c explanatory view illustrating an operational state of the first 5
preferred enbodi nent of the piezoelectric device 10. It shows the
deformation of the driving part of the-8evice 10 when the said piezoelectric
materials 24, 24' are energized by an electrical source (not shown) such
that the piezoelectric mterials 24, 24" bonded onto the said inclined
links 12, the'piezoalecitc qayiceeipanblG. 3riesalfionhyiew dichei pigzeelectfiordevice

bendi ng-1i ; i L\ : t .rest,, the 10 central portion of the
saddle-liEéogﬁﬁbpﬁgﬁ%dgg@bgg#ﬁggﬂéé&%Béﬁﬁfgéhé'the nmounting seat 20 is
notionally |ocated on a plane. The bending of the driving part causes a
rotation a as well as a deflection c at_the junction connecting the driving
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el ectrical signal to inpart stress to flex the nclined Iinks 12, 12" and
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force appltheferfid of #€ bkfslifydNg levers 16, 16’, the rotation angle a of the driving part
15 tip and the deflection ¢ of the driving part. They are controllable by controlling
the degree of contraction (or expansion) of the piezoelectric materials 24, 24’
through the control of the electrical source (not shown). Accordingly, the
mounting seat 20 may be displaced axially, rotated or tilted with respect to the
aforesaid plane.
20
The mounting seat 20 is connected to the amplifying levers 16, 16’ through the
said flexural links 18, 18’ such that the mounting seat 20 can follow the motion of
the driving part and amplifying levers 16, 16’ without introducing large constraints
to the driving part and amplifying levers 16, 16’. Hence, the piezoelectric
25 materials 24, 24’ are drivable by an electrical signal to impart stress to flex the
inclined links 12, 12’ and move the saddle-like amplifying structure 14 connected
to the inclined links 12, 12’

Additionally, the device 10 can operate in a sensing mode when a dynamic load
30 is applied on the mounting seat 20. The external force applied and received on

the mounting seat 20 is transformed to a global deformation of the piezoelectric



the nounting seat 20 is transforned to a gl obal deformation of the

pi ezoel ectric -9 device 10 via the flexural links 18, 18, anmplifying | evers
16, 16" and inclined links 12, 12'. d obal deformation of the device

i nvolves the application of stress to bend the piezoelectric materials 24,
24' of the driving parts which generateS- electrical signals that are
proportional to the degree of bending of the driving 5 parts. The driving

parts thus becone the sensi nﬁ_‘ngarts for receiving and neasuring the
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12, 12' should match the properties of the piezoelectric materials 24, 24
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single sty - HhP ecpl @z i hadiBle2

further be('%lrrr)gg téfd %ﬁ{grﬁﬁtgbgbggds-lgtg sgr ae’ggbo ecgggf]eepgg%@k?e@opﬁﬁgt@g 12
as shown iandridbfigurations qidné orvention, it thay ape sebmieact td be ézhaustivef t he

present invention can thus be altered by using different |ayers of
mat eri al s bonded onto the outer or inner sides of the inclined |inks 12,

12". FIG. 5 is a perspective view of a piezoelectric device 26 according to a second
15 preferred embodiment of the present invention. The piezoelectric device 26 has
multiple layers of piezoelectric materials 24, 24’ bonded onto the inclined links 12,
12'. In the simplest case, one additional layer of piezoelectric materials 24, 24"
can be bonded onto the inclined links 12, 12’, as compared with the first
embodiment. The thickness of the metallic links 28, 28’ comprised in the inclined
20 links 12, 12’ should match the properties of the piezoelectric materials 24, 24’
used in order to achieve the best performance. For example, a piezoelectric
material layer of 1 mm thick should be bonded to a metallic link 28 (or 28’) of
about 1 mm thick if the inclined links 12, 12’ are made by folding a single
stainless steel strip. The piezoelectric materials 24, 24’ may further be mounted
25 onto opposite surfaces of each inclined link 12, 12’ as shown in FIG 5. The
performance of the piezoelectric device of the present invention can thus be
altered by using different layers of materials bonded onto the outer or inner sides

of the inclined links 12, 12",

30 FIG. 6(a) is an isometric view of a piezoelectric device 30 according to a third

preferred embodiment of the present invention, and FIGS. 6(b)-6(d) are



30 FIG 6(a) is an isonmetric view of a piezoelectric device 30 according to
a third preferred enbodi nent of the present invention, and FIGS. 6(b)-6(d)
are -10 explanatory views illustrating different operational states of the
pi ezoel ectric device 30 according to this enbodinment. In this enbodi nent,
the inclined links 12, 12' are nodifi-ethsuch that when piezoelectric
materials 24, 24' are applied on the inclined links 12, 12', the driving
part can exert a greater degree of freedom5 of notion on the anplifying

| evers 16.expRnadony views tllustratiag udiffierentneeeragonalgstaies ofnthentrierpetecttic 20.

For exanpl g, .th ] .0 [ ngl i oy : 12'  of ;.
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el ongat ed 15,0’ ate modlifldddslich that wheh preedelédtat imtdriblisias 242arel 3pplicthén
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part of the inclined |links 12, 12'. Each bridge 32, 32' is independently
flexi bl e Whe W'@&%%‘EE'C dsViek %fdﬁhﬁc%rﬁﬁe'bﬁ' WM@@“QTQ pag;be_ miljeshawgy, legving an
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mount i ng ; i R iffAl méBly Wi i higin O
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platformand a fourth
15 piezoelectric materials 24, 24’ are energized in the same phase, the device 30
can deform in a way that is similar to the devices without slots. When the
piezoelectric materials 24, 24’ are energized with different phases, the
piezoelectric device 30 will be able to achieve a rotation d (as in FIG. 6(b)), a tilt
e about an origin O that is a distance f from the mounting seat 20 (as in FIG. 6(c))
20 as well as a tilt g about an origin O that is a distance h from the mounting seat 20

(as in FIG. (6(d)).

FIG. 7(a) is an isometric view of a piezoelectric device 34 according to a fourth
preferred embodiment of the present invention, and FIGS. 7(b)-7(d) are
25 explanatory views illustrating different operational states of the piezoelectric
device 34 according to this embodiment. A third flexible platform and a fourth
flexible platform in the form of third and fourth inclined links 12”, 12" are
connected to the saddle-like amplifying structure 14. Therefore, additional
amplifying levers 16”, 16", inclined links 12”, 12 and mounting flanges 22",
30 22 can be included to a piezoelectric device that is similar to the piezoelectric

device 10 of the first embodiment. These amplifying levers 16”, 16", inclined



flexible platformin the formof third and fourth inclined |inks 12", 12"
are connected to the saddle-like anplifying structure 14. Therefore,
additional anplifying |evers 16", 16"', inclined |links 12", 12"' and
mounting flanges 22", 30 22"' can be included to a piezoelectric device that
is simlar to the piezoelectric devicelld of the first enbodi nent. These
anplifying levers 16", 16"', inclined - 11 |links 12", 12... and nounting
flanges 22", 22... are preferably arranged orthogonally to the
correspondinkg de@mpoh&nt and nmavatippefleapest 22c @&V el @referabliie afranged

o ¢ angenord bRy 16 e b RRBBNAG IO S R thE BierdaRAnE IR o ot i on
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coupl ed to each other and configured to be drivable sinultaneously. In this

arrangenent, the
15 FIG. 8(a) is an isometric view of a piezoelectric device according to a fifth

preferred embodiment of the present invention that comprises two piezoelectric
devices 10, 10’ according to the first preferred embodiment of the invention that
are stacked in order to double the force output as compared with FIG. 2. FIG.
8(b) is an exploded view of the stack illustrated in FIG. 8(a). Two unitary
20 piezoelectric devices 10, 10’, each of which is substantially similar to that shown
in FIG. 2, can be stacked together with one placed on top of the other and with
mounting seats pointing in the same direction. They are coupled to each other
and configured to be drivable simultaneously. In this arrangement, the
piezoelectric devices 10, 10’ are configured to be drivable simultaneously in
25 identical directions to increase the force output. The two devices 10, 10’ are
connected externally through their mounting flanges 22, 22, 22”7, 22 to
mounting couplers 36, 36’. They may be coupled using screws (not shown).
After mounting the two devices 10, 10’ to the mounting couplers 36, 36’, the
devices 10, 10’ are operable to move within the same reference planes that are
30 provided by the mounting couplers 36, 36’. A transmission column 38 is

preferably inserted between the mounting seats 20, 20’ of the devices 10, 10’



pi ezoel ectric devices 10, 10' are configured to be drivable sinultaneously
in 25 identical directions to increase the force output. The two devices 10,
10" are connected externally through their nounting flanges 22, 22', 22",
22... to nmounting couplers 36, 36'. They nmay be coupl ed using screws (not
shown). After nounting the two devices120, 10' to the nounting couplers 36,
36', the devices 10, 10' are operable to nove within the sanme reference

pl anes that are 30 provided by the nmounting couplers 36, 36'. A transm ssion
col uim 38 gush maéftbeabbyniimséea@d%e%@antm@veruumtandgdewatteggmeronhef t he
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accor di ng dgin@ttis xohfiguratider red enbodi nent of the present invention that
conprises two piezoelectric 10 devices 10, 10' according to the first
preferred enbodi nent of the invention that are stacked to double the
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mounting cfuRHBES iIBFIG. 2 can be stacked together, one on top of the other, W|th their
15 mounting seats 20, 20’ pointing in opposite directions. This arrangement
contributes to increasing the displacement attainable through movement of the
respective mounting seats 20, 20’ being driven simultaneously in opposite
directions. The two devices 10, 10’ are connected externally through their
mounting flanges 22, 22’, 22", 22" to mounting couplers 36, 36’. They may be
20 coupled using screws (not shown). After mounting to the mounting couplers 36,
36’, the two devices 10, 10’ can thus move within the same floating reference

planes provided by the mounting couplers 36, 36'.

The effect is further illustrated in FIGS. 9(c) and 9(d). In FIG. 9(c), when one end
25 of the mounting seat is fixed on a rigid reference base 41 using a connection ring
42 and a connection bolt 43, the displacement of this configuration of
piezoelectric device is doubled (i.e., 2b) as compared with that of the first
preferred embodiment. As shown in FIG. 9(d), multiple stacking of more than
two piezoelectric devices of this configuration is also possible in order to multiply
30 the displacement using this configuration; that is, the displacement is four times

larger than that of the first preferred embodiment (i.e., 4b).



36', the two devices 10, 10' can thus nove within the same floating
reference planes provided by the nmounting couplers 36, 36'. The effect is
further illustrated in FIGS. 9(c) and 9(d). In FIG 9(c), when one end 25
of the mounting seat is fixed on a rigid reference base 41 using a
connection ring 42 and a connection bol13 43, the displacenent of this
configuration of piezoelectric device is doubled (i.e., 2b) as conpared
with that of the first preferred enbodinment. As shown in FIG 9(d),

mul tiple stacking of nore than two piezoelectric devices of this

configurat' n,.s _al so ?SIbEI r to nmultiply 30 the displace
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pi ezoel ecthhf be determinable by a separate linear encoder (not shown).

15
FIG. 11 is an isometric view of a two-axis micropositioning stage incorporating
two piezoelectric devices according to the aforesaid sixth preferred embodiment
of the invention stacked together in an orthogonal direction. A lower piezoelectric
device comprises a first piezoelectric device 10 and a second piezoelectric

20 device 10'. The lower piezoelectric device is mounted on a rigid metal base 38
by securing its mounting flanges 22, 22’, 22”7, 22" to the rigid metal base 38.
The first worktable 40 is located between the first and second piezoelectric
devices 10, 10° and secured to the mounting seats 20, 20’ of the lower
piezoelectric device (see FIG. 10). Motion of the first worktable 40 is actuated by

25 combined driving action of the first and second piezoelectric devices 10, 10,
which are configured to move the first worktable 40 along a first axis or Y
direction. An upper piezoelectric device comprises a third piezoelectric device

"

10” and a fourth piezoelectric device 10 The upper piezoelectric device is
mounted on the first worktable 40 by securing its mounting seats (not shown) on

30 the worktable 40. A second worktable 40’ is mounted on the upper piezoelectric



device conprises a first piezoelectric device 10 and a second piezoelectric
20 device 10'. The | ower piezoelectric device is nounted on a rigid netal
base 38 by securing its nounting flanges 22, 22', 22", 22"' to the rigid
nmetal base 38. The first worktable 40 is |ocated between the first and
second pi ezoelectric devices 10, 10' -at- secured to the nmounting seats 20,
20" of the lower piezoelectric device (see FIG 10). Mdition of the first
wor kt abl e 40 is actuated by 25 conbined driving action of the first and
second pi eeyiEeedtyr isecdeng ciéstoldhe 10iountingi fdnges (cohfshypuwrgd of otheowepehe
first worktabl (30 long a first axis or Y direction. An upper
piezoelecﬂ??%xﬁ% FﬁgeXQ rises a third piezoelectric device 10" and a
fourth piezoelectric device 10"'. The upper piezoelectric device is nounted
on the first worktable 40 by securing its nounting seats (not shown) on 30
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used passively as a vibration control device by
15 Besides the actuation applications as specifically described above, the
piezoelectric devices can also be used in many other applications. For example,
the piezoelectric devices can be used passively as a vibration control device by
utilizing its structure that has a low inherent stiffness. It can also be used as a
sensor for monitoring loads bearing on the piezoelectric materials through
20 electrical signals generated from the piezoelectric materials bonded on the

inclined links.

It would be appreciated that the piezoelectric devices according to the preferred
embodiments of the invention are more durable, simpler in design and cheaper to

25 produce than the piezoelectric devices used in prior art high-performance
actuators. This is because piezoelectric multilayer stacks, which are fragile and
more expensive, do not have to be used to drive the driver parts of these
piezoelectric devices.

30 Further, the saddle-like amplifying structure 14 provides integrated amplification,

decoupling and connection functions that former thin layer actuators do not have.



utilizing its structure that has a |l ow inherent stiffness. It can also be
used as a sensor for nonitoring | oads bearing on the piezoelectric
materials through 20 el ectrical signals generated fromthe piezoelectric
materials bonded on the inclined links. It would be appreciated that the

pi ezoel ectric devices according to the_ppeferred enbodinents of the
invention are nore durable, sinpler in design and cheaper to 25 produce than
t he piezoelectric devices used in prior art high-performance actuators.
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1. Piezoelectric device conprising: a nechanical anplifier adapted to

product) a Witipithe spitihand scppe obihe/ahoveslesedptione a force input; a first
flexible platformconnected to one side of the nechanical anplifier;



pi ezoel ectric material nounted on the first flexible platformfor
controllably flexing the first flexible platform a second flexible

pl at f orm connected to another side of the nechanical 10 anplifier; and

pi ezoel ectric material nounted to the second flexible platformfor
controllably flexing the second flexiblplatform 2. Piezoelectric device
as clainmed in claiml, wherein the first flexible 15 platform and second
flexible platformare arranged on opposite sides of the nmechanical anplifier
and are pd3iAiMSied symmetrically with respect to each other about the
mechani cal anplifier. 3. Piezoelectric device as clained in claim 2,
including a third flexible 20 platformand a fourth flexible platform

connect ed 1.0 t IFepBsIBatficERviR @ Mplisihg: and pi ezoel ectric material nounted on
the third and fourth flexible platforns for controllably flexing the third

and fourth platd oreehaniget eeinlifieaadapted: ieepraduce adisplacament auteut ané/or

pl at f ogpns rr e thogonally with respect to the first and second
flexible F{gé%}/%,ﬁrﬁp&‘z%pﬁi Pi ezoel ectric device as clainmed in any one of the
precedi ng cl ai rgsfirst ABEHRI Platiben toanedted 1o loabfsiddaTsf Bieemebaniogicaraplifigr, obl i que
angle with respect to the nechanical anplifier. 30 5. Piezoelectric device

as claimed in di§zasiectge materigk wesatasyor the fitst flexivle platformefopicentellakdy ri ¢
materi al s i trical signal to inmpart -17 stress to flex
the first f%?\@ gg‘éfﬁgﬁff?@?%["aﬁg dtforns and nove the nechanical anplifier

connected to thestcond flerible eiatfurnt cenmnddted [tbadrniathems side. oftrex asdatanidat
device as clained in any one of the preceding clains, 5 wherein an external
forcelPs raeRifigs®Rd by t he nechanical anplifier so as to deformthe first

and second Tl ex}ib) & 0LALT MAEA BRI 157 §% S&dE flexible platform  for

controllably flexing the second flexible platform.

2. Piezoelectric device as claimed in claim 1, wherein the first flexible
15 platform and second flexible platform are arranged on opposite sides of the
mechanical amplifier and are positioned symmetrically with respect to each other

about the mechanical amplifier.

3. Piezoelectric device as claimed in claim 2, including a third flexible

20 platform and a fourth flexible platform connected to the mechanical amplifier, and
piezoelectric material mounted on the third and fourth flexible platforms for
controllably flexing the third and fourth platforms, wherein each of the third and
fourth flexible platforms are arranged orthogonally with respect to the first and
second flexible platforms.

25
4. Piezoelectric device as claimed in any one of the preceding claims,
wherein the flexible platforms are inclined at an oblique angle with respect to the
mechanical amplifier.

30 5. Piezoelectric device as claimed in any one of the preceding claims,

wherein the piezoelectric materials are drivable by an electrical signal to impart



pi ezoel ectric materials, whereby the piezoelectric materials are responsive
to said stress to generate electrical signals through which said externa
force is neasurable. 10 7. Piezoelectric device as clainmed in any one of
the preceding clainms, wherein the nmechanical anplifier conprises anplifying
| evers connected to the flexible platftras, a central seat adapted to
deliver a displacenent output and/or receive a force input, and flexural
links linking the anplifying |levers to the central 15 seat. 8. _

Pi ezoel ectstrassdigy flex the fiestaan decand (fiexiple platfems and Heovenihe eehpniedler s

=10 - | 1'inks, dth
H exural TOREE SrEnabe 0 SR e e BRI, 1o the contral seat.

20 9. Piezoelectric device as clained in claim7 or claim8, including
mounting nmeans_| ocated on the central seat. 10. Piezoelectrig¢ device as
cl ai med i rP-any Biggoglectrice dgviceeas nglabned e, anp PR et PrRRCeRiRG Hpins,
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hi gh-streng metal |l 'c material conpfrising the mechanical anp ler.

Pi ezoel ectmeasur@blece as clainmed in any one of the preceding clains,
i ncl uaiong nmounting flanges | ocated on a side of the first flexible platform
and o side of the second flexible platformfor nounting the

pi ezoel ectyic dejé661ebRicAdevice as claimed in any one of the preceding claims,
wherein the mechanical amplifier comprises amplifying levers connected to the
flexible platforms, a central seat adapted to deliver a displacement output and/or
receive a force input, and flexural links linking the amplifying levers to the central

15 seat.

8. Piezoelectric device as claimed in claim 7, wherein the amplifying levers
are arranged substantially orthogonally to the flexural links, and the flexural links
are arranged substantially orthogonally to the central seat.

20
9. Piezoelectric device as claimed in claim 7 or claim 8, including mounting

means located on the central seat.

10. Piezoelectric device as claimed in any one of the preceding claims,
25 wherein the mechanical amplifier consists of a monolithic high-strength metallic

material.

11.  Piezoelectric device as claimed in claim 10, wherein the mechanical
amplifier is made from a material selected from the group consisting of: stainless

30 steels, titanium alloys and aluminum alloys.



structure. 10 14. Piezoelectric device as clained in any one of the
preceding clainms, wherein the nechanical anplifier includes a central
portion that is located on a plane, and energi zing the piezoelectric
materials is operative to selectively nove the central portion to displace
it axially, rotate it and tilt it with-n8spect to the plane. 15 15.

Pi ezoel ectric device as clainmed in any one of the preceding clains,
including multiple layers of piezoelectric material nmounted onto the

flexi ble platfBiefeelerdic Hewiceehscelainedidviaainysi lo4i eledn i H,cwhergin Sthe

opposi te siPHEsc BB erotneg Hom T Fafsl biee" HosBull igPhebidn os”
cl ai med i nmaealli®Afatérial tdoenpHsarpthe@echaniosl, amplifsrei n a central portion of
each of the first and second flexible platforns 25 conprises an el ongat ed

slot dividing each flexible platform and each divided part of each
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and i s 1 ndependen respec
the fl exiipcrRidngidovnting 3angés Iddated oh ecside of tey fist flegible piatfermiandasry aone of
the preceding clains, 1ncluding another piezoelectric device that is

subst ant i a$if9 of; ikel sgcand Haxigle. platiorma,fos rBeunting the, ipiezogiretiie §sVisg toat he

pi ezoel ect Ll etdRVi ce, wherein both piezoelectric devices are configured to
be drivabl e sinultaneously. 19. Piezoelectric device as clained in claim18,
wherein the mechanical 5 anplifiers of the piezoelectric devices are

confi red140 be driva si nul t aneousl y. i n ident direc%hons
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anplifiers o oth 10 piezoelectric devices.
plane, and energizing the piezoelectric materials is operative to selectively move

the central portion to displace it axially, rotate it and tilt it with respect to the plane.

15 15. Piezoelectric device as claimed in any one of the preceding claims,
including multiple layers of piezoelectric material mounted onto the flexible

platforms.

16.  Piezoelectric device as claimed in claim 15, wherein the multiple layers of
20 piezoelectric material are mounted onto opposite surfaces of each flexible

platform.

17. Piezoelectric device as claimed in any one of the preceding claims,
wherein a central portion of each of the first and second flexible platforms
25 comprises an elongated slot dividing each flexible platform, and each divided part
of each flexible platform is adapted to individually mount piezoelectric material
and is independently flexible with respect to an adjacent divided part of the

flexible platform.

30 18. Piezoelectric device as claimed in any one of the preceding claims,

including another piezoelectric device that is substantially similar to said



21. Piezoelectric device as clainmed in any one of clainms 18 to 20, wherein
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anplifiers of the piezoelectric devices are configured to be
taneously in opposite directions for increasing displacenent
Pi ezoel ectric device as claimed in any one of clainms 18 to

including an object coupled between9t-he two piezoelectric devices to

t he nechani cal
pi ezoel ectric devices are configured to drive the object along a first
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anplifiers of the piezoelectric devices whereby the
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mechani cal anplifiers of the third and fourth piezoelectric
¥J_the 25 third and fourth piezoelectric devices are .
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simultaneously in identical directions for increasing force output.

20.

Piezoelectric device as claimed in claim 19, further comprising a

transmission column inserted between the mechanical amplifiers of both

piezoe

21.

lectric devices.

Piezoelectric device as claimed in any one of claims 18 to 20, wherein the

mechanical amplifiers of the piezoelectric devices are configured to be drivable

simultaneously in opposite directions for increasing displacement output.

22.

object

Piezoelectric device as claimed in any one of claims 18 to 21, including an

coupled between the two piezoelectric devices to the mechanical

amplifiers of the piezoelectric devices whereby the piezoelectric devices are

configured to drive the object along a first axis.

23.

Piezoelectric device as claimed in claim 22, further comprising a third

piezoelectric device and a fourth piezoelectric device arranged such that the
object is coupled between the third and fourth piezoelectric devices to the
mechanical amplifiers of the third and fourth piezoelectric devices, whereby the
third and fourth piezoelectric devices are configured to drive the object relative to
the third and fourth piezoelectric devices along a second axis that is orthogonal

to the first axis.





