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Abstract: The structural model, static and dynemic characteristics of 2 nanopierozctuztor for nanoresezrch are received from the
piezoelasticity equation and the differentizl equation of 2 nanopiezoactator. A nanopiezoactuator is 2 piezemechanical device
for converting electrical energy imto mechanical ensrgy and for sctuating mechanisms, systems i nanedisplacement diapason or
controlling them by mverse piezosffect. In the work uses method of applied mathematical physics. A nanopiezeactuator for
glinment and positioning with 2 namometric error, compensation of temperstuire and pravitational deformations, spatial
movement m naneresearch, nanotechnelogy, microel ectronics, naneobiotechnelogy, scanning  microscopy, astronomy, adaptive
optics, large compound telescope, deformation mirror of telescope, mechatronics and robotics, medical equipment for
microsurgical eyesoperstions. The schemes, fimetions and charseteristics 2 namopiezoactuator zre obtzmed from its structoral
modsl by method of applied mathematical physics. The structirzl model of the transverse piezoactuator is obtained for the
voltage control. The characteristics of the transverse piczoactuator are received. Piezoceramic from PbZrl-xTimO3 (PZT) lead
zirconate titanzte i3 widely used m a nanopiezoactustors for itz relizbility, high aceuraey, simple control. The characteristics of
the PZT transverse actuator are determimed.
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1. Introduction

Methed of zpplied mathematical physics is used. The characteristics of 2 nanopiezoactuator are received from piezoel asticity
equation and differentizl equation. The static and characteristics of 2 nanepiezozcmator for nanoresearch zre determined. The
function of the transverse namopiezoactuator i obtzmed. The characteristics of the PZT namopiezoactuator are written. Its
characteristics used to describe the control systems for namoresearch [1-13]. The PZT nmmopierozctiator is promising for
nanetechnolegy, mictoscopy, nanoresearch, mterferometry, adaptive optics, large compound telescope mnd deformation mirror of
telescope [16-28].

Advantages of piezoceramics over other piezoelectrics: high piezoeffect, high Curie point; stebility of properties over time
and wide temperature range. high mechanical strength relatively simple manufzetirmg technology with the sbility to produce
piezoelements of the desited configuration. Piezoactuators are characterized by high accuracy, small overzll dimensions, simple
design and control, wide operating temperatore range, high reliability and cost effectiveness. The piezoeffect m piezoceramics
zppears after its polzrization by a strong constant field. After itz effect 1z complete, residusl polarizztion remazins_smee domam
reorientation processes have ocourred. The most widely used piezoceramics zre based on lead rirconate amd titanate type PET
(PbZrl-xTix03), which has high electromechanical activity [3, 16, 17]. The greatest imnterest in PZT is caused by its exceptional
piezoproperties. Solid solutions of PbZrl xTmO3 are characterized by the emistence of 2 morphotropic phase boundary at the
composition containmg 33 mel?s PhZr03. This iz an almost vertical boundzry on the phase dispram separating the regions of
the tetragonal and thombohedral ferroslectric phases [3-25].

The core of this article focuses on nanopiezoactustors, which zre mtegral to the fields of nannmch.unlﬂe:y mechatronics,
materizls science, optics and photonics. The practical zpplications of nanopiezoactustors give nanometric characteristics for
optical and Dptoelectmmc systems. The transverse nanupiemactuamr cylmdncal tj,?PE with remforcement iz widely used m
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precision mechatronics systems i optics and nanoresearch, i medical equipment for precise mstrument feed during
microsurgical and eyesoperations, m laser technology. adaptive mterferometers, electron microscopy with high precision and
spead movement [6, 13].

The remforced longitudingl nanopiezoactuator is the structure consisting of the piemelecuic packaEes reinforced with the
pin or the spring with the begming force. This longitudinal nanopiezoactuator provides precise positioning i differsnts rejemes
before its openmg structure when stretched. The remforced lomgitudmal namopiezoactustor is used for micro and namo
dizplacements the fuel mjection systems i the diesel engines and the ‘combustion engine, the premsmn metzl cutting machine, the
particle accelerators for adjusting magnetic sections, laser technology, adaptive optics systems. microscopy [6, 9].

The multilayer nanopiszoactustor consist from the films of the PZT piezomaterial with tens pm thickness and mtemal
electrodes made from palladimm and silver metals. This multilayer nemopieroactmator i3 applyed for the slipnment of fiber optic
systems, interferometers, adaptive optical systems, stabilization systems [6, 11].

The bimorphic piezoactuator is two layer element, for bending one piczolayer is extended and other piezolayer is
compressed. The displacement of the bimorphic piezoactmator is much greater than the displacement of the nanopiezoactustor
with the cotrespondingly lower developed force and resonant frequency. The bimoetrphic piezoactator iz used for switching
devices and scanning systems [1, 6, 11].

Let us consider the mechanism of torque generation for the vibrating piezoactuator using the example of a device with the
piezoplate. When the pieroplate oscillates m two mumelly perpendicular planes. dependimg on the amplitudes, frequencies and
phaszes of the disturbing forces, the end of the piezoelectric plate deseribes 2 trajectory of motion from 2 circle to an elongated
ellipse. If an zltemating voltage of 2 certain frequency is applied to the piezoplate, its linear size will periedically morease and
decreasze, the piezoplate will perform longitudmal oscillations. As the voltage mereases, the length of the piezoplate meresses,
and its end, together with the rotor, will move i the transverse direction. This i3 equivalent to the action of 2 transverse bendimg
force, which causes transverse oscillations. When the end of the piezoplate comes nto contact with the rotor of the pieroactuator,
we obtain rotation of the rotor. The linear speed of rotation of the rotor depends on the amplitude and frequency of oscillations of
the end of the piezoplate. The maxmum =mplitnde of the piezoplate end face movement 13 limited by the strength limit of the
materizl and by the ovethesting of the piezoplate. Ovethezxting PZT piezoceramics zhove the critical temperature of the Curie
point leads to the loss of piezoproperties. When the vibrating piezoactuator operates at the piezoplate temperasture zn order of
magnitude lowsr than the Curie pomt, the maximum power of the vibrating piezoactuator is limited by the strength limir of the
piezoceramics [1-11].

Step piezoactuators have a range of movement of several tens of millimeters, and an error of up to several nanometers [11].
The diszdvantages of step piezoactuators are the low bandwidth of several hertz, the technelegical difficulties m obtaming stzble
supporting surfaces of clamps, the change i step due to wear of rubbing surfaces. the design complexity.

For nanoresezrch 2 namopiezozcmator i3 applied [1-9]. A nanopierosctuztor i3 used for slipnment znd pesitioning with
nanemetric errof, compensation of temperatire and pravitztionz] deformations, spatial movement i nanoresearch,
nanotechnology, microelectronics, namebiotechnelogy, electron microscopy, astronomy, adaptive optics, mechatromics and
roboties. With the mverse piezoeffect 2 lmear change m the size of the piezoactmator ocours when the electnic field changes.. The
structurzl general model, scheme and functions a nanopiezoactuator are obtzined for nanoresezrch.

2. Literature Review

A nmmopiezoactuator i the form pieroplate i3 applied for nanoresesrch . microelectronics, namobiotechnology, scanning
microscopy, astronemy, adaptive optics, compound telescope, deformation mirror, nanomediczl tool for namopoesition and
nanecompensation deformations, This piezoplate i3 2 piezomechanical device for transformations electrical ensrgy i
nanomechatronics systems to mechanical energy of the precision object with using mverse piezoeffect. Nanopiezoacators are
used i precision coordinate tzbles for nemoepositioning objects slong the X and Y ames. The sclution of the lmear ordinary
differential equation iz determined with boundary conditions of piezoplate and the equation of the mverse piezpeffect. The
characteristics of 2 nanopiezoactuator for nanoresearch are received by methed applied mathematical physics [10-28].

An merease m the range of movement to tens of micrometers s achieved through the nse of the multilayer piezoacmator [1,
6, 11], or the step pieroactuator, or the ultrasonic vibrating pieroactuator [12, 20]. Piezomaterials mclude quartz, towrmaline
lithfum sulfate, barium fitanate [2] and ferroelectric ceramics [3-7, 9], based on lead zirconate and titanate type PZT {'Pthl-
xTix03), are widely used for the production of piezoactuztors. The piezoeffect i ferroelectric ceramics appears after its
pelzrization by 2 strong constant field [3-25].

Scamning tunneling microscope (STM) iz used for educational purpeses at the nanometer level. In its components and
scanner are zpplied the piezoactuators. The nanomotion components and piezoscanner zre controlled by using piezoactiators,
then avoidmg the thermal drift 2ssociated with engme control [26].

The fast positioning platform (FPP) iz used on the high stiffness PZT pieroactuator and the flexible mechanism for precision
machining. Thiz fast positioning platform is deiven by htgh stiffness PZT piezoactuator and guided by the flexible hinge baszed
mechanizsm. The flexible hinge mechanism provided planar motion capability with high stiffness and geod guiding performance
271

A nanopiezoactuator based on ferroelectric ceramics is characterized by high accuracy, small overall dimensions, simple
design and contrel, wide operating tempersture range, high relizbility and cost effectivensss. The static and dynamic
characteristic PZT piezoactuator zre considered by used the stiffness piezoactuzter. The moedel of the namopositioning syst=m
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with the piezeactuztors i obtzmed [15]. At present XYZ micre and nanopositioning systems with a piezoactuators on
ferroelectric ceramies are used m micre and nanemanipul ztions for nanoresearch [13, 15, 21-28].

3. Method

In the article uses methed of applied mathematical physics. The static and dynamic characteristics of a nanopiezoactuator for
nanoresezrch are recerved from a piezoelasticity and differsmtizl equation of 2 namopiezoacmator. In generzsl equation
piezoelasticity is determinad [4-28]

S =v, ¥, +5,T, (0

here ¥ the control parameter is K the tension electric field for the voltage control or D the electric mduction for the
current control, v the piezoconstant i & the pieromodule or g the piezocoefiicient, 5 ' the elastic compliance, 5 iz the
relative displacement, 7 the tension mechanical field

For nenoresearch the differential equation [4, 3, 10] of 2 nanopiezoactuator is used

% “Elx,5)=10 2

=s5fct +a

hers E{x,s} L5 X, T.c", o arethe Laplace transform of the nanedisplacement, the parameter, the coordinate and the

propagation coefficient, the speed of sound at & = const | the sttenuation coefficient.

The structural model of a nanepiezeactuator represents a system of Laplace transformation equations for the displacem ent of
its ends due to the mverse piezoeffect (1), which, accounting for the electromechanical parameters of the nanopiezoactuator,
describes its structure and the conversion of electriczl field energy mto mechanical ensrgy. the displacements and forces
cotresponding to the ends of a nanopiezozctuator.

The problem of obtzining the structural medel of 2 nanopiezoactuator for nano- and micredisplacement iz selved using the
methed of zpplied mathem atical physics. The solution of the lmezr crdinery differentizl equation (2) is found, tsking mte account
the boundzry conditions. The tramsfer functions of 2 nanopiezeactustor zre determimed from the structursl model of a
nanepiezozctuator for the namemechatronic system.

The structural model of 2 nanopiezoactuator obtamed i this work clearly reflects the transformation of electrical energy mto
mechanical energy. m contrast to the Mason's electrical equivalent cirenit of the pierotramsducer [3]. For the tramsverse
piezoacmator the equation of the mverse transverse piezoeffect 43 written [4-10]

51 =ds1E;+51ﬁ1'?; 3)

here 5. d,,. E,. .’:.'f‘1 . I are the relative deformation zlong axis 1, the transverse piezomodule, the electric field strength
glong axis 3, the elastic compliance dlong axiz 1, and the mechanical stress slong axiz 1. In this mverse transverse piezoeffect
equ,a]:iﬂn51=Sl,d.>1=1'm_.E.>-‘Pm_.5n—5 ‘T ‘T

The boundary conditions are defmed

=0,5)=%(s) t x=0 @)
Slhs)=E,s)atx =4 )

The solution to the differentizl equation (2) for the transverse deformation is written

S(x, )= SelsBbllr=x )} }+ E,(s pshixy) ®

sh[fr;r}

4. Structural Model
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Let us consider the structural medsl of the transverse piezoactuator for the voltage control. The equations for the forces
zcting on the ends the transverse piezoactuator zre the form

T(0,5)5, =F(s)+Ms°E (5) st x=0 M
Tihs)S, =—Fls)-MsZ (s)ax=h (2)
The system of equations for mechanical stresses at the ends of the transverse piezoacmator for the voltage control at x =0
and X =# can be written

1 &=(x,s) d,

T,(0,5)= —LE, 9

(0, 5) e [ (s) ©
1 d=(x,5) d,,

T(hs)= ——2l| _Zip 10y

s 20

From the mverse transverse piezoeffect (3) the transform of the force is obtzmed
: F(s)S, =d, E(5) an
Then the transform of the force at the transverse piezoeffect from the equation (11) causes displacement is determined

F{5}= dnS:f'rs{s} (12)

From the equation (12) the transverse reverse coefficient at the voltage control is obtamed

_ F{E} _ Sy

Youls)  as”

L1

(13)

This system of the squations for mechanical stresses (9, 10) gives the system of equations for the structural medel of the
transverse piezoactuztor for the voltzge control at the resistance R =0 . Then the structirz]l model of the transverse piezoactuator

for the voltzge control has the form

(R T
=,(s)=(M,s7] x[ E,(s)~ [y fstlirr)] ﬂ (14)
[en(in &, (s)- =.(s)

]'+ [t x
=,(s)= M52 s)=[r /bl )] (15)
[ [ch{fr.:}a_,{ }—Hﬂ{sﬂ}
AL =5415, (16)

here M, M, F(s), F.(5) are the masses of loads and the Laplace transforms of forces at the ends of the transverse
piezoactuator.

From the equation of the mverse transverse piezoeffect (3) the maximum transverse static nanodisplacement £, is obtzin
=d, (A5 an

where U7 is the voltage.
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In the experiment on Electronic measuring system model 214 of Caliber plant for the PZT transverse actator d,, =
nmV, ke =10, U7 =300V its parameter is received £, = 600 nm with 20% error.

From the structural model of the transverse piezoactuater (14, 15, 16) for the voltage control its transfer functions are
determ inad

W) =2 (B (s)=ds, [Monhis® + renlimp2)| as)
f-tn =< 1—"1'{_’{:({:1 }_54 +i—"‘{1 +—'M_’ }Ifn"lr[cfﬂl{kﬂ] }53 +

+ M, + M, i, o fth (i) +1/1c* | B* +2as/ct +a? o
Woi(s) = Eals B, s)=dly, [Mighis® +ytnlin f2)] f4,, 0
Wls)=E (s)/F s)=—x5, [‘Mﬁ{fﬁ'+'-’J'rﬂ"{f"."}]/‘4n (21)
W)=, (s)fF, fs)=
= W (s)= 2, (s)fE,(s) = | v el )14, 22
W (s)=E.(sWF 5)=—xf, [Moyfis® + /i), e

Then for the transverse piezoactuator for the voltage control at R=0 , a=0, M =0, M, =0 the expression for
mechanical resonance has the form

ta(ky2)=x (24)

hers k=" is frequency coefficient; @ is circular fraquency.

This iz becanse
Eh==(2i-1) 25)
wheramdex f=12_3, ..

Therefore, for the equation (23) the transverse piezoactuator is the half-wave vibrator with resonance frequency
S=c"/2h) (26)

Microscope MIN-8 was used for experimentz] observation of the resonanece for the pieroactator. In the experiment for the
PZT transverse actiator at ¢ =3-10° m's and # = 2.5.10~ m its mechanical resonance frequency is obtzin f, = 60 kHz with
20% error.

5. Structural Scheme

The structurz]l generzl model, schemes and functions 2 nanopiezoactuztor are cbtzmed for nanoresearch by method of applied
mathematical physics.

In peneral at x =0 md x=7 for F={ﬁ,ff, b the system of the boundary conditions [4, 8, 10] for 2 nanopiezoactuator is
obtamed

1 d=(x,s) v,

j:{ﬂ'ss}=¥ @ - 5 ¥, (s) @n
]' ‘ﬂ:x-'s} ‘ij

TJ,{F,.’:.‘}=F @ | _F‘Fm{s} (28)
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From the equation piezeelasticity the transform of the foree i3 obtamed

5 P F(s)/s, =v, ¥ [5) 29
Then from the equation (29) the transform of the fume canses displacement iz determmed
v S
F{s} %{} (300
¥
The reverse coefficient at the voltage control with U (s )= E_(s § from the equation (30) is determined in the form
_ Fls) _d 5,

= = 31
" Uls) sy Gb

The structural generzl model and scheme a nanopieze zctuator from the mechanical stresses (27, 28) are obtzined on Figure 1

- F{s}+{’ "F}q =

= (s) =85S Ty W (s)- [ /sHy)] (32)
{ [en()Z, {}—_,{s1ﬂ
—F 5}+ '-'F}qx

=,(s)= (M52 |:vm"Pm{s} [+ /shi)] ﬂ 33)
[chik 2. (s)-Z,(s)

Ls =5, /S 34)
Here
dyy, dyy b E,E K .
v, = LR (33)
e e Bus .. D, D,
£
P Syaedypedas £ 0n F E D
SF Cy=ft vt cf =qct,c (36)
. {5”.511.53 %v {
Figure 1

General scheme nanopiezoactuator
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The generzl model and scheme of 2 nanopiezoactuator on Figure 1 2re used to calculate systems for nanoresearch.
From the equations (32,33, 34) the matrix equaticn of the nanodisplacements iz determined
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_ @, (s)
11{5} H?:H{E} Tﬁ_,{s} Tﬂ;{s}
o)l me mo) o ﬂ e
Ll
here itz functions
Wu(s) =2, (52 ) =v, [P + i) 4 G9)
4 =MMEFs | M+ e vmin)] 5 -
+ EM1 + M, Jy [ ofthify)+ lc®f b* 2205 /c® o
Wols) = Eals) 2, (5) = v, [t + el 2)] [t @0)
W,ol) =2 (S 6) =17 My Fs® +vjemlan)] /4 @
2)
(43)

W is)=5(s)F.5)=
=W(s)=, (sl ()=l ¥ femlr 4

W)= s hmls)=—? (1 35 e ] 4
¥
Let us consider the structural model and scheme of the transverse piszoactuator for the voltzge control at R =0 on Figure 2.
To calculate the back electromotive force of the transverse piezoactuator [4, 5, 8, 10] the equation of the direct transverse
44)

DS- =d5-'l'?; +E-‘; S-ES-

piezoeffact is used
where D, . €], are the electric mduction along axis 3 and the pemittivity.
(43)

I =
4 Esﬁ

The direct coefficient &, for the transverse piezoactuator is written
di1SU

From the equation (43) the transform of the voltage for the back electromotive force of transverse piezoactuztor on Figure 2
(46)

15 determ med
SR -
Uyls)= a‘—ﬁix{s}= kRE,(s)
E'I'I
n=12

where » is the number end.
Figurel
Scheme transverse piezoactuator with back electromotive force
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Then the transverse stanic namodisplacements for the transverse piezoactuator at the voltage control are determmed from the
aquations (18, 20) by the expressions
B o=d, (A UM, AM, +M,) 4n
B, =d, (RS JUM, (M, +M,) 49

In the experiment on Electronic measuring system model 214 of Caliber plant for the PZT transverse actuator d,, =02
mm'V, k5 =10, U =300V, M, =023 kg, M, =1 kg itz parameters are obtzined £, =480 nm, £, =120 nm with 20%
SITOT.

In many practical applications, the boundary conditions have the simpler form

Z(0,5)=0 for x=10 (49)
=(h,s)=E,(5) for x = & (50)

then the selution of the differential equation (2) at fmed first end of the transverse nanopiezoactator

— =.{5)shxy i,
_:.{ x5 } = M (j 1)
sh{ fry)
From the equations (2, 10, 51) the expression for the transverse nemopiezoacmator hes the form
= = Eafe? ®H £
— {Sh’ +‘—'_’{5}§11‘M_’5 +‘—'_’{5}S11c' =d;1E’;{5} (jl)
thi/ry) Sa S
Then its function for £ =0 from the equation (32) 15 determined
Eals aly | il -
H’{5}= :{ }= - - 1{ JIII } - (33)
Uls) M, p°[fCl, + Ipethli )+ C_[fC),
where =,(5), €}, C_ are the transform nanodisplacement of its end, the stiffness actuator and load.
For elastic-mertial load M, > m from the equation (33) the function is received
T | o
H’{5}= {5} _ il {j-i-:l

Uls) TPs®+2Tes+1

i =d, (na)fli+c jci). T, = M, flc. +c’) (53)

@, =YT, (36)

For experimental observation of the resonance Microscope MIN-8 was used. In the experiment for the PZT actuator C, =

0.33.10'Nm, C;, =3.10'N/m, M, =1kg its parameter in dynamic is obtzimed ®, = 5.8.10° s with 20% error.
The static nanodisplacement from the equation (33) is cbtamed

d, (R |7 )
Ah= ‘—ﬁf = kU GD
1+C.fc,
In the experiment on Elsctronic measuring system model 214 of Caliber plant for the PZT actmator o, =02 nm/'V, hjs =

10, 7 =300V, C¢_/fc} =01, its parameter are determined &, =1.8 nmV, Al =340 nm with 20% error.
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Itz mechanical charactenistic from the equation (3) has the form

Mf=jffmh{1—FmeL} (38)
Al =cf5_1|:}:?f3:][;7 2 Fm.n =d;1SuEs. J'Ir51}1 (39

In the experiment on Electronic measurmg system model 214 of Caliber plant for the PZT zctuator k5 =10, U =300V,
E =310"Vim, 5, =210 m”, d.ﬂ =02mm'V, 5% =10-10-*m?N its transverse characteristic with parameters Afy =600

g n -
mm, & =120N are recerved on Figure 3 with 20% error.

Figure3
Transverse mechanical characteristic
Af, nm
600
450 =
300
150

—
0 30 60 90 120 F.N
In the zrticle the characteristics of the PET namoactuator are received. The PZT nanoactuator is promismg for nanoresearch.

6. Discussion

Piezoactuztors are characterized by high accwracy, small oversll dimensions, simple design and contrel, wide operating
temperature range, high reliability and cost effectivensss. The nanopiezeactustors from ferroelectric ceramics, based on lead
zirconate and titznate type PZT, iz promismg for nanoresearch. The PZT nznopiezoactiator is used for nemodisplacement m
nanerezearch and nanotechnelogy.

The characteristics of a nanopiezoactuater are received from piezoelasticity equation and differentizl equation with using
methed of applied mathemarical physies. The static and dynamie cheracteristics of the namopiezoacmator are determined. The PET
transverse zcmator 15 widely used for nanoresezrch, mterferometers, adeptive optics, medical squipment for precise mstrument
feed during microsurgical eyesoperations. The parameters of the nanopiezoactuator are obtaimed for nanoresearch.

7. Conclusion

The micro znd namopositioning systems for precision displacements with a ptezoactuators are used m nanomanipulations for
nanorezearch. The structural general model, scheme and functions a namopiezozctuater are received by using method of applied
mathematical physics. from the piezoelasticity equation and the differentizl equation of 2 nanopiezoactuztor. The parameters of
the characteristics PZT actuator zre determmed. The transverse PZT nanopieroactuztor with remforcement 4z widely used m
precision mechatronies systems i optics znd nanoresezrch leser techmology and opties for adaptive mterferometer large
compound telescope and deformation mirror of telescope. The functions of the transverse nanopiezeactuator zre obtzmed for
nanoresearch.
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