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Introduction

Modern technologies cannot manage without
precision Mechatronics devices. Devices with a nanometric
resolution are used in precision positioning systems,
actuators of optical and electronic microscopes, various
precision measurement devices. In many cases a stroke of
these devices must be sufficiently large, sometimes
reaching several tenths of amillimetre.

It is very complicated to obtain a nanometric
resolution by purely mechanical means. It is proposed [1]
how to generate nanodisplacements using terfenol-D —
magnetostrictive  material  which  have very large
magnetostriction, while magnetic field is created by a
permanent magnet. In this case an external power source is
not necessary.

When investigating the simplest magnetic circuit,
consisting of a permanent magnet, air and terfenol-D rod
was faced with two problems [1]. The first one was
nonlinear mean magnetic flux density dependence inside
terfenol-D rod vs distance between terfenol-D and
permanent magnet, especialy in case of small distances.
The second problem was non-uniform distribution of
magnetic flux inside terfenol-D rod. The terfenol-D is a
brittle material; to avoid mechanical stresses the main part
of magnetic flux must be directed along the terfenol-D rod.

Both problems can be solved using special magnetic
circuit of a ferromagnetic material for magnetic flux
canalization.

Basic design of nanometric screw

We investigate a nanometric screw, in which
micrometric and nanometric displacements are generated
separately and independently from each other. A
construction of the screw is given in Fig.1. Micrometric
displacements ¢, are formed by the micrometric screw 1,
mounted in a plate 2. The terfenol-D rod 3 is mounted
between the micrometric screw with thread and thimble 4.
When the micrometric screw 1 is turned by an angle ¢ ,
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the thimble 4 can move without restriction through the hole
in the plate 5 (because a clearance of the order of severa
micrometers is between the hole edge and thimble).

L &

e

_‘ljlz

i E

LY

A ([;'\!1
e |

Fig. 1 Basic design of nanoscrew

The magnetic flux created by the permanent magnet 6
is directed through two paralel pathways. Nanometric
displacement is created by magnetic flux @, directed
through terfenol-D rod 3 and trough the left side of plates
2 and 5. The paralel branch consists of right side of plates
2 and 5 and micrometric screw 7, which controls the air
gap A between plate 5 and thimble of screw 7. The
magnetic flux @, circulates in this pathway. The screws 1
and 7 together with plates 2 and 5 are made of
ferromagnetic material.

The air gap A between plate 5 and thimble of screw 7
can be controlled by turning the screw 7 by angle ¢, . The
magnetic resistance of this pathway is changed too and
magnetic fluxes is redistributed. By making the air gap
wider, the flux @, decreases and the flux @, increases and
vice versa. The strain of the terfenol-D rod depends on a
rod length and the flux @,. We obtain nanometric



resolution of terfenol-D rod thimble displacement &, , by
varying the air gap A in the parallel pathway.

For small variations of the magnetic flux inside the
terfenol-D  the  dependence of  magnetostrictive
displacement vs. magnetic flux is assumed to be linear [2].
Therefore it is important, that the dependence of magnetic
flux @, vs. air gap A should be linear too.

I nvestigation of basic nanoscrew design

It is complicated to analyze dependence @,(A) using
mathematical analysis. The magnetic field distribution
dependence on the air gap A isshown in Fig. 2.
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Fig. 2. The distribution of magnetic flux for different air gaps
values A.

We cannot use the circuit analysis methods because it
is not possible to express mathematically the magnetic
resistance at the air gap. The reason why it is not possible
to get exact solution by magnetic field theory is the
presence of many surfaces and edges with different
orientation. This dependence was investigated by modeling
applying finite elements method, using software package
COSMOS/M. The investigation technique is described in
[1]. The distribution of the magnetic flux density axial
component B, along the terfenol-D rod in relation to air
gap 4 was obtained. Modeling results are presented in Fig.
3 and 4. The dependence of ratio By,(4)/B,,(0) on air gap A
is presented in Fig. 3, where By(4) is the mean value of
magnetic flux density axial component at the entire
terfenol-D rod volume, when the air gap is 4, By,(0) — the
same value when 4=0. The first curve is obtained when
L1=L2=4mm in Fig.3 and a relative permeability of the
ferromagnetic material 14=100. The second curve is
obtained when L1= 4mm, L2=1mm, =100, and the third -
L1=L2=4mm, 14,=300, where L1 is the distance between the
edges of permanent magnet and terfenol-D rod, L2 — the
distance between edges of permanent magnet and
nanometric screw 7 (Fig.1). The dependence of the ratio
By(h)/By(0) on h is shown in Fig.4, where h is the axis,
directed along the terfenol-D rod (Fig.1). By(h) is the mean
value of magnetic flux density in the area of cross-section
h=const, B,(0) is the same value in the cross-section h=0.
These dependences are obtained for L1=L2=4mm, 1=100.

It can be seen from Fig. 3, that the dependence B,\(4)
is extremely nonlinear at initial and very large 4 values.
For intermediate 4 values the non-linearity is moderate.
We also can see from Fig.4, that for intermediate values of
4=(0,25...0,75)4, the axial component of the magnetic
flux density By is distributed non-uniformly along terfenol-
D rod axis. It is because the part of magnetic flux is

68

directed through the air. The component of a magnetic flux,
which is perpendicular to an axis aong the rod, is
originated. The terfenol-D rod is affected by this
transversal magnetic flux component.
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Fig. 3. The dependence of relative magnetic flux density,
B,(4)/B(0), versus air gap, 4, in the nanoscrew design
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Fig. 4. The dependence of relative magnetic density mean value
in the cross-section h=const, B,(h)/B,(0), versus h in the

nanoscrew design for different A.
Investigation of a modified nanoscrew design

The dependence By(4) is non-linear because the
magnetic flux at the air gap is distributed non-uniformly.
We can avoid the non-linear field distribution at the air gap
using a ferromagnetic screen, which  surrounds
simultaneously the screw 7 and the air gap 4 at the basic
nanoscrew design. The cross-section of the right part of the
nanometric screw (Fig. 1) after modification is presented in
Fig. 5a
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Fig. 5. Modification of nanoscrew magnetic circuit: modified air
gap, b) magnetic flux distribution

Magnetic flux distribution at the air gap and its
surrounding is presented in Fig.5b. The magnetic flux is
nearly uniform at the most part of magnetic circuit. The
reason to appear of transversal magnetic flux components
is practically reduced to zero.

We investigate the magnetic circuit of modified
design by circuit analysis methods. The equivalent electric
circuit of the modified nanoscrew is presented in Fig.6. In
this circuit Rr; and R, are the magnetic resistances of



plate 2 and 5. Respectively R.;; — the magnetic resistance
of the terfenol-D rod, R,o — the magnetic resistance of a
peripheral flux, @p, through the air, R,, — the magnetic
resistance of an air gap, Rns, — the magnetic resistance of
the screw 7, Ryg1 — the magnetic resistance of the part of
ferromagnetic screen at the air gap 4, Rye> — the magnetic
resistance of the remaining part of ferromagnetic screen.
Suppose, that @,>>@p , O>>Dp and Rg—o0, then

_ DoRm PoRm ’
R+ Ror2t Rivar(A) Ry + Rt Rywar(42)

where
Rt = Rt + Rores ()
Rva — the equivalent resistance of the magnetic resistances

Rre1, Rnez: Rma @nd Rg,.
We evaluate this resistance using denotes:
H — distance between plates 2 and 5 (see Fig. 5 and Fig.1):

)

oDy

n=%, Rme = Rne1+ Rmg2: Rins = Rl oo

Let us make assumption that ferromagnetic parts of
magnetic circuit are uniform, then we can write:

Rmer = NRme, Rnez2 = @-MRye, Rngn =@-N)Rys;,
Rma = NRnao-

The resistances R, Rns and Ry can be expressed:

(4)
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where &, S, and Ss are the cross-section of respective
magnetic circuit parts.
From (4) and (5), supposing that 44>>1, we obtain:

_ Rre1'Rma  Rme2 Rms _
Rmer+ Rma  Rme2 + Rms
_ Rueo/Rre | (1 Rms/Rme 4 _
R R a0/ R | Tk Ryg /Rt
HeA A . Ree
1+yrA+(1_ VA=A A

Rme (5)

Rmvar

= Ryg[n

(6)

where
A=Sg /S, . 7
By putting equation (6) to the expression (1), it can
be changed this way:
50, = PoRm -
Rt + Rur2 +[A/ (A+D]Ryg + o[ Rye /(A+1)]
_ PoRm -
Rt + Rnr2 +[A/ (A+D]Ryg + m[Rye /(A+1)]
_ PoRmu(A+)) -&n
~ Re  (D+mp)(D+m)’
where

G

on=ny -y,

(9)
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Fig. 6. The equivalent electric scheme of the modified nanoscrew
magnetic circuit

A maximal flux @,=@. Will be when A=0, n=0.
From equivalent electric scheme (Fig.6) and expressions
(6) and (7) we obtain:

Rmvarmin = Rme[ A/ (A+1)], (11)
Doy Rn%o _ Ru®o(A+D) (12)
Rur2+ Ryg + Rl A/ (A+1)] RveD
b, D ~nD .

Domax (D+m)(D+M)  (D+m)?[1+V(D+my)]
_ 2
D &n 13

=~ on-— .
(D+nl)2[ (D+nl)]

Magnetic flux variation through the terfenol-D rod is
equal to flux variation through the screw 7 with inverse
sign: 6@,=-6d,. The magnetic flux through the terfenol-D
is minimal when magnetic flux through the screw 7 is
maximal: @ in=Po-DPomax. The relative @ variation
evaluating equation (12) are:

B Domax P (Ru/Rnp(A+D/D] 50,
Dimin Pimin Pmax 1Rt/ R [(A+D)/ D] Ponax

Evaluating (10) and (13) finally we obtain:

5 __ (Ru/Ru) D g0
Pimin - Ruez/Rme + A/(A+D) (D+ny)? D+my

.(14)

].(15)

Therefore, the relative variation of magnetic flux 6@,
linearly depends on én=n,-n; with nonlinearity error y:

__ ~(Ru/Rug)Dn®
Rre2/ Roe + A/ (A+ (D +mp)°

YN (16)

We can ensure acceptable nonlinearity by choosing
the constants of magnetic circuit, which depend on design
and range 6n of n variation.

The theoretical analysis was verified by modelling.
The modelling was done with the following dimensions and
parameters: L1=4mm and L2=4mm, relative permeability
,urleO, ratios A:SE/%:].,O, RmplemE:].,ZS, Rm]_/RmEZZ.
From (10) was obtained D=7,5. The results of modelling
are presented in Fig.7 and 8. As could be seen from Fig.7,
the dependence B,(A)/B(0) is practically linear.



Conclusions
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Fig. 7. The dependence of relative magnetic flux density
B,(4)/B(0) vs. A for modified design of nanoscrew

3. The dependence of magnetic flux through the terfenol-
D rod versus the air gap is practically linear, when the
air gap is shielded with ferromagnetic screen.
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From Fig. 8 it is seen that the distribution of magnetic
flux density axial component B,(h) along whole terfenol-D
rod is approximately uniform. Therefore, independently on
the air gap value, there is no transversal magnetic flux Received 2008 12 16
components.

R. Bansevicius, V. Grigaliunas, J. A. Virbalis. Magnetic Circuit of Nanometric Screw // Electronics and Electrical Engineering. —
Kaunas. Technologija, 2009. — No. 3(91). — P. 67-70.

The system is investigated, in which micrometric displacements are obtained by mechanical means and nanometric displacements -
by variation of magnetic flux directed through magnetostrictive material terfenol-D. The permanent magnet is used as a magnetic flux
source. A parald branch to terfenol-D rod’s magnetic circuit branch enables to form nanometric and micrometric displacements
separately and independently. Nanometric displacements are formed by variation of the air gap at the parallel branch. It is recommended
to shield the air gap by ferromagnetic screen. In this case the dependence of magnetic flux through the terfenol-D rod versus the air gap
ispractically linear. II. 8, bibl. 2 (in English; summaries in English, Russian and Lithuanian).

P. Bancesuuroc, B. I'puramronac, 0. A. Bup6Gasmuc. MarHuTHasi Lelb HAHOMETPUYECKOro BHMHTA // DJIEKTPOHMKA M
anekTporexHuka. — Kaynac: Texnouorusi, 2009. — Ne 3(91). — C. 67—70.

Hccnemyercss BUHT, B KOTOPOM MUKPOMETPUYECKHE CABUTH MONYYaIOTCS MEXaHHYECKUMHU CPEICTBAaMH, @ HAHOMETPUUECKUE
CIBHIU - (HOPMUPYS M3MEHEHHs MarHUTHOTO IOTOKAa Yepe3 MarHUTOCTPHKLHOHHBIN MaTepuai - TepdeHon-D. B kayecTBe mcTouHnka
MarHUTHOTO TOTOKA MCIOJb3yeTCsl TMOCTOSHHBIN MarHuT. UToObI H30exaTh MEXaHHUECKUX HANpPsDKEHUH B Tepdenone-D, MarHuTHbIH
NOTOK (opmupyercst Baois obpasua Tepdenona-D. J{ng storo paspaborana cneuuanbHas (eppoMarHUTHas LEMb, HAIPaBIISIOIIAs
CO3/IaHHBII MarHUTOM IOTOK B HY)XHOM HampasieHud. OOpa3oBaHue mapajuienbHoi oOpasiy TepdeHona-D BeTBM MarHUTHOH Lenu
JaeT BO3MOXHOCTb HAHOMETPUUECKHE M MHUKPOMETPHUYECKHE CIBUIH (OPMHPOBATh Pa3felbHO M He3aBucuMmo. HaHomerpuueckue
cIBUTH (OPMHUPYIOTCS M3MEHssl BO3LYIUHBIM 3a30p MapaienbHOW BeTBH. UTOOBI MOMYYUTh JOCTATOYHO JIMHEWHYIO 3aBHCHMOCTb
MarHUTHOTO IIOTOKa 4epe3 TepdeHosn-D oT BennuMHBI BO3JYLIHOTO 3a30pa, PEKOMEHIYETCS BO3AYIIHBIA 3a30p 3aKpPBITh
(beppoMarHuTHBIM SKpaHoM. Wit 8, 6ubi. 2 (Ha aHTTMHACKOM s13bIKe; pedyeparhl Ha aHTITHHCKOM, PYCCKOM U JIMTOBCKOM $13.).

R. Bansevi¢ius, V. Grigalianas, J. A. Virbalis. Nanometrinio sraigto magnetiné grandiné // Elektronika ir elektrotechnika. —
Kaunas: Technologija, 2009. — Nr. 3(91). — P. 67-70.

Nagrinéjamas sraigtas, kuriame mikrometriniai poslinkiai gaunami mechaninémis priemonémis, 0 nanometriniai poslinkiai —
formuojant magnetinio srauto pokycius per magnetostrikcine medziaga — terfenola-D. Kaip magnetinio srauto saltinis naudojamas
nuolatinis magnetas. Sudarant lygiagrecia su terfenolo-D strypeliu magnetinés grandinés $aka, nanometriniai ir mikrometriniai
poslinkiai formuojami atskirai ir nepriklausomai. Nanometriniai poslinkiai formuojami kei¢iant lygiagrecios sakos oro tarpa. Norint
gauti pakankamai tiesiska magnetinio srauto pokycio priklausomybe nuo oro tarpo pokycio, oro tarpa rekomenduojama pridengti
feromagnetiniu ekranu. 11. 8, bibl. 2 (anglu kalba; santraukos angly, rusy ir lietuviy k.).
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