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Information Degradation in Heated-Dot Magnetic Recording

T. Kobayashi and Y. Nakatani®
Graduate School of Engineering, Mie Univ., 15677 Kurimamachiya-cho, Tsu 514-8507, Japan
*Graduate School of Informatics and Engineering, Univ. of Electro-Communications, 1-5-1 Chofugaoka, Chofu 182-8585, Japan

In this work, we focus on three factors as regards information degradation in 4 Tbpsi heated-dot magnetic recording,
namely, (1) the reduction in readout field strength due to dot area variation, (2) the reversal of the magnetization
direction during 10 years of archiving due to thermal fluctuation, and (3) during adjacent track writing due to thermal
fluctuation (adjacent track interference, ATT). We consider the full width at half maximum of the readout field as well
as the peak value. The bit error rate bER as a function of the minimum normalized readout field Ho, that must be
readable without error, is calculated using each dot error probability, taking account of dot area variation and thermal
fluctuation. The Ho value needed to achieve a certain bER is determined by dot area variation. There is a minimum
dot height for a certain bER, which is determined by thermal fluctuation. Even if the dot height is increased, the Ho
value cannot be increased. Since temperature has a strong impact on dot error probability, a very large thermal
gradient in the cross-track direction is needed to suppress ATIL.

Key words: HDMR, dot area variation, thermal fluctuation, readout field, 10 years of archiving, adjacent track

interference

1. Introduction

Many magnetic recording methods have been
proposed to solve the trilemma problem? of conventional
magnetic recording (CMR) on granular media, for
example, shingled magnetic recording (SMR),
microwave-assisted magnetic recording (MAMR), heat-
assisted magnetic recording (HAMR), bit patterned
media (BPM), and three-dimensional magnetic
recording (3D MR).

Akagi et al reported the recording performance of
heated-dot magnetic recording (HDMR), namely HAMR
on BPM?. Yamane et al reported the recording
performance of 3D HDMR?®. We have previously
discussed information stability during 10 years of
archiving? and during adjacent track writing® for
HAMR on granular media. And we have also compared
4 Tbpsi HAMR and 2 Tbpsi/layer 3D HAMR on granular
media in terms of information stability during 10 years
of archiving, during adjacent track writing, and writing
sensitivity®.

In this paper, we discuss information degradation due
to dot area variation and thermal fluctuation in 4 Tbpsi
HDMR. There are three factors as regards information
degradation:

(1) Reduction in readout field strength due to dot area
variation,

(2) Reversal of magnetization direction during 10 years
of archiving due to thermal fluctuation, and

(3) Reversal of magnetization direction during adjacent
track writing due to thermal fluctuation (adjacent track
interference, ATI).

We examine the above three factors below.

Corresponding author: T. Kobayashi (e-mail: kobayasi
@phen.mie-u.ac.jp).

2. Calculation Condition and Method

2.1 Dot arrangement and medium structure

Figure 1 shows the dot arrangement and medium
structure in 4 Tbpsi HDMR where D,, D), and h are
the dot sizes for the down-track and cross-track
directions, and the dot height, respectively. We assumed
that the mean dot size D, and dot spacing Ap are the
same for both the down-track and cross-track directions,
namely D, = Ap =6.4nm. The bitlength Dz and track
width D; were 12.7 nm. The writing temperature T,
for the dot was assumed to be T,y + 30¢. where T,
and or. are the mean Curie temperature and standard
deviation of T, , respectively, taking account of the
Curie temperature T, variation. The T, distribution
was assumed to be normal. While writing, the
probability is 99.9 % where the T, value of the dot is
lower than T, namely T, < T,,.

We considered that there are dependent and
independent cases for the dot sizes D, and D,
according to the dot manufacturing method as shown in
Fig. 2. The dependent and independent cases mean (a)
square D, =D, dot and (b) rectangular D, # D, dot,
respectively. We examined both cases.

We generated random number D, according to a log-
normal distribution with a standard deviation op. The
op values were assumed to be equal in the down-track
and cross-track directions. For D, = D, case, we used
D, as D,. On the other hand, we generated random
number D, independently for D, # D, case. The
variation of the dot area D,D, was smaller for D, # D,
case, since the dot sizes D, and D, were determined
independently.
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Fig. 2 (a) Dependent D, = D, and (b) independent D, #
D, cases for dot sizes D, and D,,.

2.2 Field strength

The readout field strength was calculated at the
magnetic head reader, which was located 4.0 nm above
the magnetic layer surface.

We assumed that the magnetization M¢(T.y,, 330 K)
was 958 emu/cm? at a readout temperature of 330 K.
Figure 3 (a) shows the z component H,(Dy,Dy,h) of the
readout field against the cross-track direction for D, =
D, values of 6.4 and 4.4 nm and an h value of 4 nm
where Hypeqi is the peak H,(Dy,D,,h) value. When the
D, = D, value is small, the full width at half maximum
FWHM in H,(D,,D,,h) is also small as well as the
H,peax value. We considered the FWHM? value, taking
account of the FWHM values for the cross-track and
down-track directions. The FWHM? X H,,eq value is
almost proportional to the dot area D,D, as shown in
Fig. 3 (b). Therefore, the readout field is approximated
as being proportional to the surface magnetic charge
M(T, 330 K)D,D,, of the dot, taking account of the T,
variation.

2.3 Magnetic properties

The temperature dependence of the medium
magnetization Mg was calculated by employing mean
field analysis?, and that of the medium anisotropy
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Fig. 8 (a) z component H,(Dy,D,,h) of readout field
against cross-track direction and (b) FWHM? X H,,eqx
value as a function of dot area D,D,,.

constant K, was assumed to be proportional to MZ¥9.
My (T,, T) is a function of the Curie temperature T, and
temperature T. Mg(T, = 770K, T =300K) = 1000 emu
/em3 was assumed for FePt. Based on this assumption,
the Mg value can be calculated for all values of T, and
T.

We have introduced an HAMR medium parameter,
namely, the medium anisotropy constant ratio K,/
Kpuk? in place of K,. Ky/Kpux 1s the intrinsic ratio of
the medium K, to bulk FePt K,, which is independent
of T, and is valid for any temperature from zero Kelvin
to the Curie temperature. The K, (T, K,/Kpu, T) value
is a function of T., K,/Kpux, and T. K, (T, = 770K K,/
Kpuk = 1, T =300K) = 70 Merg/cm3 was assumed for
bulk FePt. Using this assumption, we can calculate the
K, value for all values of T., K,/Kpux, and T. No
intrinsic distribution of K, was assumed. However,
there was a fluctuation in K,, caused by T, variation.

The T, value can be adjusted by changing the Cu
composition z for (FeygPtyg);_,Cu,.

We used a T, value of 750 K with a op./T., value of
2 % and a K, /Kpuk value of 0.8, thus giving a K, value
of 51 Merg/cm? and an anisotropy field Hy of 107 kOe at
the readout temperature of 330 K in this paper.
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2.4 Temperature profile

Since the thermal gradient during the writing period
can be adjusted by changing the medium structure, we
used the thermal gradients 9T /dy of 10 to 18 K/nm in
the cross-track direction when we examined adjacent
track interference. For simplicity, dT/dy was assumed
to be constant anywhere, and dT/dx in the down-track
direction was zero, since dT/dx does not affect the
results.

2.5 Information stability
The bit error rate bER was calculated by employing
each dot error probability P,

+%)2)) (6)

P=1—exp <—f0t exp (—% (1
(IHw| < Hyefr)

taking account of the shape anisotropy MgH4/2 using a
self-demagnetizing field Hqy where fy, t, Kuerr = Ky —
MgHa/2, V =D,D, X h, k, T, Hy, and Hyesr = 2Kyesr/Ms
are, respectively, the attempt frequency!?, time,
effective anisotropy constant, dot volume, Boltzmann
constant, dot temperature, writing field, and effective
anisotropy field. The demagnetizing field inside the dot
was included, but the magnetostatic field from
surrounding dots was neglected. The f;, value is a
function of the Gilbert damping constant a!®. The «
value used here was 0.1 without temperature
dependence, since the a value and its temperature
dependence for FePt are not currently known.

We introduced a minimum normalized readout field
H, after information degradation, which is the
minimum readout field for signal processing and is
normalized by that from the dot with T, and D,,, since
the bER value is determined by the signal processing as
well as medium properties. A H, of 1.0 corresponds to
the readout field from the dot with T, and D,. When
H, is zero, the readout field is also zero. If the signal
processing cannot extract the correct information from
the readout signal, the bER value will increase. If the
signal processing requires a large signal amplitude, the
bER value will be high, and if a small signal amplitude
is acceptable, the bER value will be low. The bER value
is a function of H,. The criterion determining whether or
not information is stable was assumed to be a bER of
103. Therefore, the signal processing is required to read
a certain H, value without error for a bER of 103. The
calculation bit number was 107.

The bit error rate bERo, where the magnetization
direction is parallel to the recording direction, is
expressed as

bERo = Er(1— P). (2

The bit error rate bERi:, where the magnetization
direction is antiparallel to the recording direction, is
expressed as

bER;: = P. (3

1500

— 1000

500

0
-500

Readout field (a.u

-1000 —

-1500 | | | | |
6 4 2 0 2 4 6
Cross-track direction (a.u.)
Fig. 4 Schematic illustration of readout field degradation
caused by reduction in readout field strength shown by
solid lines and reversal of magnetization direction shown
by dotted lines.

Table 1 Calculation conditions.

Recording density (Tbpsi) 4
Mean dot size D, (nm) 64
Standard deviation o, /D (%) of D variable

Dot sizes D, and D, (nm) log - normal distr.

Dot height & (nm) variable
Dot spacing A, (nm) 64
Bit length D (nm) 12.7
Track width D (nm) 12.7
Mean Curie temperature 7, (K) 750
Standard deviation o /T, (%) of T, 2

Curie temperature T, (K) normal distr.

Anisotropy constant ratio K, / K, 0.8
Gilbert damping constant o 0.1
In Eq. (2),
 Mg(T¢,330 K)D,D
Er=1,1if Sc—xzy < H,, (4
Mg (Tem,330 K)Dyg,
and
M¢(T¢,330 K)D,.D
Er=0,if ——————2 > . (5)

Mg(Tem,330 K)D2,

Figure 4 shows a schematic illustration of the readout
field degradation. The bit error rates bERo and bER: are
caused by the reduction in readout field strength shown
by solid lines in Fig. 4 and the reversal of magnetization
direction shown by dotted lines, respectively. In Egs. (4)
and (5), the numerator M;(T,,330K)D,D,, is the surface
magnetic charge of a dot that is magnetized in the
recording direction, and denominator Mg(Tey,, 330 K)DZ
is the surface magnetic charge of the dot with T, and
D,,. Using the approximation shown above in Fig. 3 (b),
if the ratio of My(T,,330K)D,D, to Ms(Tcy,330K)DZ, of
each dot is smaller than H, as shown in Eq. (4), the dot
was assumed to be error. The total bER is the
summation of two bER values as follows
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Fig. 5 Bit error rate bER as a function of minimum
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in (a) D, =D, and (b) D, # D, cases.

bER = bERo + bER:. (®)

The calculation conditions are summarized in Table 1.
The bER and H, values for "010" data in this paper
are useful only for comparisons.

3. Calculation Results

3.1 Reduction in readout field strength due to dot area
variation

We first examined of the reduction in the readout field
strength due to dot area variation.

Even if the effective thermal stability factor KyegV/
(kT) = Kyerr(DyDy X h)/(kT) is sufficiently large,
namely P =0, a dot with a size

Dy < Dm+/Ho (7

will be error due to dot area variation for D, = D,,.. The
bER value is equal to the cumulative distribution
function. Figure 5 (a) shows the bER value as a function
of H, for various op/Dy, values when D, = D,. When
0p/Dm = 20 %, signal processing is needed to read a
small H, value of 0.28 without error for a bER of 103.
On the other hand, it is only necessary to read a large
H, value of 0.73, when op/D,, =5 %.

Similarly, the result is shown in Fig. 5 (b) for D, # D,,.

INDEX
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T,, =350K
10-5 1 F | 1 [
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Minimum normalized readout field
(b)
Fig. 6 Bit error rate bER as a function of minimum
normalized readout field H, after 10 years for various h
values in (a) D, =D, and (b) D, # D, cases.

Even with the same op/Dp,, the variation in the dot area
becomes smaller for D, # D,,. Therefore, an H, value of
0.41 is sufficient for the signal processing even if ap/Dp,
=20 %.

3.2 Reversal of magnetization direction during 10 years
of archiving due to thermal fluctuation

Next, we discuss the reversal of the magnetization
direction during 10 years of archiving due to thermal
fluctuation.

The H,, value was zero and the storage temperature
Tsto was 350 K. We took a certain margin for
temperature into account.

Figure 6 (a) shows the bER value as a function of H,
after 10 years of archiving for various dot heights h in
D, =D, case when op/Dp, = 15 %. The dotted line
shows the result in Fig. 5 (a). When the H, value is large,
the limiting factor for bER is dot area variation
determined by op/Dy,, which is the same with that
shown in Fig. 5 (a). Otherwise, the limiting factor is
thermal fluctuation determined by K.V /(kT). Since
one bit consists of one dot, the bER value is independent
of the H, value at the range where the thermal
fluctuation is dominant. The bER value decreases as the
h value increases. However, even if the h value is
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increased, the H, value cannot be increased. As shown
in Fig. 6 (b), the bER value in D, # D, case is smaller
than that shown in Fig. 6 (a) for the same h value, since
the variation of the dot area becomes smaller.

As seen in Fig. 7 (a), the h values needed to achieve a
bER of 103 after 10 years of archiving are 1.8 to 4.2 nm
for op/Dy, values of 5 to 20 %, respectively, when D, =
D,. Some information degradation from 0.001 to 10 years

can be seen where 0.001 years corresponds about 9 hours.

If the information degradation is of concern, we can
choose a larger dot height so that the bER decreases to
less than 104 after 10 years as shown in Fig. 6 (a). The
result for D, # D, is shown in Fig. 7 (b).

We defined the information degradation rate R,
during 10 years of archiving as

_ bER(10 yrs)—bER(0.001 yrs)

0 bER(0.001 yrs) ®

The R, value for no information degradation is less
than about 0.1, since the R, value is 0.11 when
bER(10 yrs) = 103 and bER(0.001 yrs) = 9x104.

The H,, h, and K.V /(kT) conditions needed to
achieve a bER of 103, and R, for various op/D,, values
are summarized in Table 2. As the ap/D, value

Table 2 Minimum normalized readout field H,, dot
height h, and effective thermal stability factor K.V /
(kT) to achieve a bER of 103, and information
degradation rate R, for various op/D,, values for (a)
D, =D, and (b) D, # D, cases.

(a)
KueffV
oo [y TR T
(2} 012, G55 (350 K)
5 0.73 1.8 67 1477
10 0.53 2.3 90 63
15 0.39 3.1 121 14
20 0.28 4.2 165 6.5
()
Kueffv
% /D (%) H, h (nm) kT R,
D, = Dy case) (350 K)
5 0.30 1.6 63 3835
10 0.64 2.0 76 265
15 0.51 2.4 94 49
20 041 3.0 117 17
£10000 T
s
8 1000
=
<
S 100
20
"]
kS
£ 10
= t=10yrs
g 1 H,=0
S T, =350K
E 01 | | | | I | | | ISlol | | 1
40 60 80 100 120 140 160 180

Effective thermal stability factor
Fig. 8 Information degradation rate R, as a function of
effective thermal stability factor K.V /(kT) for D, =
D, and D, # D, cases.

increases, the H, value decreases due to dot area
variation and the h value increases due to thermal
fluctuation. However, the h value is relatively small;
thus 10 years of archiving is easy to realize. If the op/Dy,
values are the same, the K.V /(kT) value to achieve a
bER of 103 for D, = D, is larger than that for D, # D,
because of the larger dot area variation. The R, value
decreases as the K.V /(kT) value increases as shown
in Table 2 and Fig. 8. Figure 8 shows that regardless of
D, =D, and D, # Dy, if the K.V /(kT) values are the
same, the R, values are the same.

We roughly evaluated the readout property using the
product of FWHM? X H,pe,c X Hy where FWHM? and
Hypeak are values for Dp,. The FWHM? and H,peqx
values, and the FWHM? X H,pe, X Hy product for a bER
of 103 are summarized in Table 3. The FWHM? and
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Table 3 FWHM? in z component H, of readout field,
peak z component H,peax, and FWHM? X Hypeai X H
product for various op/Dy, valuesin(a) D, =D, and (b)
D, # D, cases.

(a)
2
Op /Dm (%) FWHM2 H ‘ (OC) FWHNE(I_;OH:P‘?‘*
_ 2 zpeal
(Dy =D case)| (nm~) (10> nm?0e)

5 53 649 25

10 55 778 23

15 57 918 20

20 60 1056 18
®)

2
op /D, (%) FWHM? H (Oe) FWHNLI; HZpeak
k 0
(D, =D, case) (nm*) e (10° nm>0e)

5 53 617 26

10 54 701 24

15 55 799 23

20 57 900 21
D, =64nm

'< =17a j R}

.................

.................
..............

—=D,, =(1-0.12)D Il ~039 nm
etererere= 15a e e eTeTes?
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oS, \17 s,

..............
.................
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Fig. 9 Schematic illustration of dot.

Hjpeak values increase as the op/Dp, value increases,
since the h value increases as shown in Table 2.
However, the FWHM? X H,pq, X Hy product decreases,
since the H, value decreases as shown in Table 2.

The H, value in the FWHM? X H,,eq X Hy product is
determined by the op/D,, value as shown in Fig. 5. Even
if the h value is increased, the H, value cannot be
increased as shown in Fig. 6. Figure 9 is a schematic
illustration of the top view of a dot using Fe or Pt atoms.
Since the D, value is 6.4 nm and the lattice constant a
of FePt 1s 0.39 nm, one side of the dot consists of about
17 lattice constants. A dot, whose top, bottom, left, and
right are one lattice constant smaller, is about 12 %
shorter in length. Since the dot area decreases to about
78 %, the FWHM? X H,,eq value will decrease to 78 %
as shown in Fig. 3 (b). Therefore, to reduce the op/Dp,
value, it is necessary to manufacture dots with an
accuracy of the order of the lattice constant.

Toincrease the H,peq valueinthe FWHM? X H,peqx X
H, product, it is necessary to increase the dot height h
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Fig. 10 H,peax value of readout field as a function of dot
height h.

as shown in Fig. 10.

We have previously reported the R, value for 4 Thpsi
shingled HAMR with a op/D,, value of 15 %9, in which
the R, value was less than 0.1, and no information
degradation can be seen during 10 years. Therefore, we
compared the H, dependence of the bER for BPM and
granular media. Figure 11 shows the H, dependence of
the bER after 10 and 0.001 years for various op/Dp
values in 4 Tbpsi shingled HAMR under the conditions
reported in a previous paper®. Although one bit has 6
grains, the bER value was calculated using 4 grains,
since 2 grains were used as a guard band for ATI. In
comparison with the results in Fig. 7, the bER value
decreases as the H, value decreases. The R, values are
less than 0.1, namely no information degradation, for
0p/Dm = 5, 10, and 15 %. Referring to Fig. 8, the R,
value for granular media is much smaller than that for
BPM, since the K.V /(kT) value at 350 K is 152 for
granular media.

This difference in the H, dependence of the bER can
be explained using Fig. 12, which shows the H,
dependence of the bER for various dot or grain error
probabilities P in (a) BPM and (b) 4 grain granular
media where all dots or grains are assumed to be
homogeneous, namely op/D,, = 0. For (b) granular
media, the bER value is calculated for n grain errors out
of m grains as

bER = ¥7(™)(1 - PymPT, ©)

and the H, value is represented by

m-2n

Hy = (10)

m
For (a) BPM, since one bit consists of one dot, the bER
value is independent of the H, value. The dot error
probability P must be as small as 0.001 for a bER of
103. On the other hand, since one bit consists of several
grains in (b) granular media, the bER value decreases as
the H, value decreases for a statistical reason. A
relatively high P value of more than 0.001 is allowed for
a bER of 103 if a small H, is readable without error.
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Fig. 12 Bit error rate bER as a function of minimum
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bit patterned media and (b) 4 grain granular media.

In addition to the results above, it is necessary to
manufacture dots with a high accuracy such as of the
order of the lattice constant in BPM, and to manufacture
grains with a large grain aspect ratio h/D, such as 2.0
in granular media®.
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Fig. 18 Bit error rate bER as a function of minimum
normalized readout field H, after adjacent track (AT)
writing for various op/Dy, valuesin (a) D, = D, and (b)
D, # D, cases (shingled HDMR).

3.3 Reversal of magnetization direction during adjacent
track writing due to thermal fluctuation

Finally, we discuss the reversal of the magnetization
direction during adjacent track (AT) writing due to
thermal fluctuation, namely adjacent track interference
(ATD). Since information stability in an adjacent track is
necessary after a few and a 106 times rewrite for shingled
and conventional HDMR, we used times of 1 ns and 1 ms,
respectively. The H,, value was —10 kOe, namely 10
kOe antiparallel to the recording direction.

The standard deviation or, of T, is equivalent to the
standard deviation o, of the dot position for the cross-
track direction as g, = or./(3T/dy). For example, o, is
about 1 nm when the or./T., and 0T/dy values are
2 % and 14 K/nm, respectively. Therefore, the value of
2 % includes or¢/Tem and oy, /Dp,.

Figure 13 shows the bER value as a function of H,
after AT writing for various op/D,, values in shingled
HDMR where 9T/0y is 14 K/nm. Thus, the dot
temperature adjacent to the writing dot is 617 K. The h
values were adjusted so that the bER became 103 in the
range where the thermal fluctuation is dominant. If a
dT /0y value of 14 K/nm can be achieved, the h values
necessary for 10 years of archiving and ATI are roughly
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the same as shown in Figs.7 and 13, respectively. Since
the h value is relatively small, the information easily
remains stable during AT writing as well as during 10
years of archiving.

Temperature T has a strong impact, since the T
value is related to the K, (T) value and the
denominator T in Kue;(T)V/(kT), and Kye(T)V/(KT)
is a variable in the exponential function of the dot error
probability shown in Eq. (1). Therefore, 4T /dy is also a
parameter with a strong impact. Figure 14 shows the h
value needed to achieve a bER of 103 as a function of
dT/dy for various op/Dy, values in shingled HDMR. If
the dT/dy value is somewhat smaller than 14 K/nm, the
h value increases considerably. If the dT/dy values are
the same, the h value to achieve a bER of 103 for D, =
D, islarger than that for D, # D, because of the larger
dot area variation. Figure 15 shows the result for
conventional HDMR. Compared with the results in Figs.
14 and 15, the h value is more than doubled for shingled
HDMR for the same 9T/dy value. To reduce the h
value for conventional HDMR, it is necessary to increase
the dT/dy value considerably as shown in Fig. 15.
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Fig. 15 Dot height h to achieve a bER of 103 as a
function of thermal gradient dT/dy after AT writing for
various op/Dy, values in (a) D, =D, and (b) D, # D,
cases (conventional HDMR).

4. Conclusions

We examined the information degradation due to dot
area variation and thermal fluctuation for 4 Tbpsi
HDMR in terms of the following three factors.

(1) Reduction in readout field strength due to dot area
variation

We considered that there are dependent D, = D, and
independent D, # D, cases for the dot sizes D, and D,
according to the dot manufacturing method. The bER
value is smaller in D, # D,, case because of the smaller
dot area variation.

To reduce the bER, it is necessary to manufacture dots
with a small standard deviation op/D,, less than about
20 % in D, = D, case.

(2) Reversal of magnetization direction during 10 years
of archiving due to thermal fluctuation

There is a minimum dot height h for a bER of 103,
which is determined by thermal fluctuation. The h
value is relatively small as 4.2 nm for a mean dot size
Dy, of 6.4 nm and a op/Dy, of 20 % in D, = D, case.

(3) Reversal of magnetization direction during adjacent
track writing due to thermal fluctuation

If a thermal gradient 9T /dy of 14 K/nm in the cross-
track direction can be achieved, the h value necessary
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for adjacent track interference is also relatively small as
3.6 nm for shingled HDMR with a op/Dy, of 20 % in
D, =D, case. However, we need a very large 9T/dy
value such as 18 K/nm to reduce the h value for
conventional HDMR.
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A novel method for the rapid detection of bacteria in the liquid phase for point-of-care testing was developed using
magnetic nanoparticles (MNPs) conjugated with antibodies. We utilized the magnetic characteristic that the magnetic
susceptibility decreases when the magnetism of MNP aggregate changes from ferromagnetism to superparamagnetism
after bacteria bind to MNPs through an antigen-antibody reaction (Nanomag-D, 500 nm¢, 0.2 pl/sample). The
magnetic susceptibility of Fusobacterium nucleatum samples was measured using a lab-made detection setup. We
found that the susceptibility depends on the concentration of Fusobacterium nucleatum with optical density (OD)
values ranging from 104 to 1 (i.e. 8 x 104 ~ 8 X 108 CFU/ml). In addition, the detection time was only about 49 seconds,
which shows promise for point-of-care testing.

Key words: Bacteria detection, Magnetic nanoparticle, Magnetic susceptibility, Antigen-antibody reaction,
Fusobacterium nucleatum

L. Introduction takes at least a few hours and DEPIM requires a
technician to operate. In our previous study, we proposed
a rapid bacteria detection system with a detection time of
about 15 minutes by utilizing the magnetic property
changes of MNP-antigen-antibody aggregates under a
switching DC magnetic field 9.

In this study, for a simpler and quicker detection, we
proposed a novel method of using the magnetic
susceptibility of MNP-antigen-antibody aggregates under
an AC magnetic field to detect Fusobacterium nucleatum
for about 49 seconds. The susceptibility was found to be
concentration dependence of Fusobacterium nucleatum
with optical density (OD) values ranging from 10 to 1.

The threat of harmful bacteria and viruses has
attracted the attention of people around the world,
especially in the last three years due to the COVID-19
pandemic. Failure to promptly detect and treat such
bacteria and viruses can lead to serious consequences for
infected patients. As such, developing a more rapid and
accurate detection method has become an important
research topic. On the other hand, over the last few
decades, there has been an increasing trend toward
research of magnetic nanoparticles (MNPs) in biomedical
field. Their properties have been demonstrated to be
quite different compared to bulk materials such as high
surface-to-volume ratio, and superior magnetic response
D, Using these properties, MNPs can be applied in
different areas such as magnetic hyperthermia, and
biological substance detection 2. To detect a specific
type of bacteria, the MNPs are coated with detecting
antibodies and these antibodies selectively capture the
bacteria via antigen-antibody reactions. There are
countless types of bacteria in the world with some of
them being Dbeneficial or harmful to humans.
Fusobacterium nucleatum is a type of anaerobic bacteria
about 1 pm in size and one of the resident species in the
oral cavity and pharynx at the back of the mouth. It is
generally regarded as a causative agent of gingivitis, Magnetic nanoparticles Bacteria
periodontal disease, and colorectal cancer ©. By detecting
such bacteria, patients can be forewarned about the risk
of colorectal cancer and diseases related to the large
intestine.

2. Design and Principle of Bacteria Detection System

2.1 Detection Principle

Fig. 1 shows the principle of bacteria detection. We
used the magnetic characteristic that the magnetic
susceptibility decreases when the magnetism of MNP
aggregate changes from ferromagnetism to
superparamagnetism, when bacteria are added and have
antigen-antibody reaction with the MNPs. The reason is
that when bacteria get into the aggregate of MNPs, the
distance between the MNPs increases and the magnetic

Currently, there are many detection methods such as
polymerase chain reaction (PCR) 7 and dielectrophoretic
impedance measurement (DEPIM) ®. However, PCR

Magnetic nanoparticles only Magnetic nanoparticles
Corresponding author: (antibody coated) and antigen
Y. Pu (e-mail: pu.youcheng.r3@dc.tohoku.ac.jp). Fig. 1 Principle of bacteria detection.
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coupling effect gets weakened. As a result, the
magnetization of the aggregate becomes smaller leading
to a decrease in the magnetic susceptibility. By utilizing
this characteristic, we can detect Fusobacterium
nucleatum by measuring the magnetic susceptibility of
their MNP aggregate, which can be optimized by the
voltage in a pick-up coil induced by the MNP aggregate
and Fusobacterium nucleatum.

2.2 Design of Detection System and Experimental Setup

Fig. 2 shows the overall schematic view of the
constructed detection system. It consists of the detection
device (including a drive coil, a pick-up coil and a magnet
yoke), a signal generator (AWG1005) which generates
signals with a constant voltage of 200 mV and different
frequencies of 0.31, 1.01, 3.01 and 10.01 kHz, a
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preamplifier (SR560) and a lock-in amplifier (LI5640,
sensitivity was 1 nV and time constant was 300 ms). Fig.
3 shows the detailed schematic view of the detection
device. The detection device is composed of a drive coil
(400 turns, length of 10 mm, diameter of 9 mm), a
differential pick-up coil (upper 200 turns and lower 200
turns reverse winding, length of 11 mm in total, diameter
of 3.6 mm) and a magnet yoke. The drive coil is connected
to a signal generator to apply a uniform magnetic field to
the sample. After the sample is placed in the detection
device, the change in magnetic field caused by the sample
is measured as the induced voltage in the pick-up coil by
Faraday's law of induction. Since the signal of the sample
is too small, the differential structure of pick-up coil
consisting of two identical reverse-wounded coils
connected in series is used. The magnet yoke is used to
gather the MNPs to form an aggregate to improve
detection accuracy and magnetize the MNP aggregate. Vi
and TAmin are the measured voltages induced by the
applied magnetic field and the magnetization of the MNP
aggregate, respectively. Fig. 4 shows the physical view of
the detection device. It mainly consists of drive and pick-
up coils, a sample holder, an input connector of drive coil
(connected to signal generator), two output connectors of
Vi and VMain and a micrometer for fine-tuning the
relative position between pick-up and drive coils.

2.3 Optimization of Magnetic
Detection Procedure

Fig. 5 shows the flow chart of the detection procedure.
First, the detection device is connected to the other
devices, i.e. the connectors of drive coil and Wmain are
connected to the signal generator and the preamplifier,
respectively. The lock-in amplifier is connected to the
preamplifier, the signal generator and the PC. The

Susceptibility and

Fusobacterium nucleatum

Connect detection device with singal generator,
preamplifier, lock-in amplifier and PC. MNP
And put sample in holder N Te e
! | N
| Magnetize it by magnet with yoke for 30 seconds | N | ," .

Manually fined-tune pick-up coil so that Vy,;, 4
is as small as possible (close to 0 V) )

Measure V,,;, at different frequencies of 0.31,
1.01, 3.01, 10.01 kHz
Use strong magnet to attract aggregate to
upside, keeping it away from pick-up coil, and
measure Vg.r

Yoke

% |SmCo magnet
Change connector Vyp,;, to 73, and measure Vy; .
in same frequency range as above R
Measure magnetic susceptibility using Vy i,
Vet » and Py

Fig. 5 Flow chart of detection procedure.
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sample is then placed in the holder and magnetized by
magnet yoke for 30 seconds. Then manually fined-tune
the pick-up coil using the micrometer so that the voltage
(i.e. Viain) induced by the magnetized sample is as small
as possible (close to 0 V) to improve the measurement
sensitivity. The reason for doing this is that the change in
voltage with and without aggregate at the microtube
bottom is very small. Wiain is measured at different
frequencies of 0.31, 1.01, 3.01 and 10.01 kHz. As for the
applied magnetic field intensity, the measured Vu at four
frequencies (0.31, 1.01, 3.01 and 10.01 kHz), were 0.014,
0.047, 0.14 and 0.67 V, respectively. As such, the
respective intensities were calculated as 2.858, 2.867,
2.968 and 4.175 kA/m. Afterwards, a strong SmCo
magnet (50 mm x 50 mm x 10 mm) is used to draw the
aggregate to the top of the sample solution away from the
pick-up coil, and Vet is measured at that time. Finally,
switch the connection to the preamplifier from “connector
of TMain” to “connector of V", and measure Vi at the same
frequencies as mentioned above. The susceptibility (y) of
MNP aggregate is calculated by Equation (1). The
relationships between the magnetization (34), strength of
applied magnetic field (), and the measured voltages are
shown by Equations (2) and (3) 9.

z= MMain _MRe/' _ l VMa[n - VRef (1)
H ¢
V., . =V,
MMm-” _Mqu — Main Ref , (2)
Zﬂfﬂﬂnsﬂo[lc
N R 3)
27 f 1ynS,

where c¢ the ratio between the aggregate cross-sectional
area (Siample) and the cross-sectional area of one side of
the differential pick-up coil (Swi), o
permeability, ffrequency of applied field, n the number of
turns. For the aggregate used in our experiment, the
cross-sectional area of the aggregate is considered to be
approximately constant with a diameter of about 1.7 mm.
When there is the aggregate (MNPs and bacteria) at the
bottom of the microtube, the induced voltage is measured
as Wiain. After drawing the aggregate to the top of the
solution away from the pick-up coil using the SmCo
magnet, the induced voltage is measured again as Vgef. In
addition to signal component of the aggregate, Wain
includes the other components such as the solution and
sample tube, as such the value of Vket was subtracted
from the value of Wuain.

vacuum

2.4 Sample Preparation of Fusobacterium nucleatum
The MNPs used for sample preparation are capable of
antigen-antibody  reaction  with Fusobacterium
nucleatum and can form aggregate using a yoke-equipped
magnet. As such, the MNPs (Nanomag-D, 500 nm¢, 0.2
nl/sample) were first coated by primary antibody (rabbit
anti- Fusobacterium nucleatum ANT0084, 0.01

INDEX

pnL/sample). The antigen-antibody reaction time was 30
minutes to obtain a sufficient reaction. The 500 nm
diameter for MNPs was optimized for the size of
Fusobacterium nucleatum which is about 1 pm 4. Six
samples were prepared in total. There was no
Fusobacterium nucleatum in sample 1, thus its OD value
was 0. The OD values of the samples 2-6 were 104, 1073,
102, 10! and 1, respectively. Here, the OD value of 104
roughly corresponded to 8x10* CFU/ml.

3. Experiment Results and Discussion

Using the constructed detection system, the detection
time was about 49 seconds (including pretreatment).
Here, the pretreatment included sample agitation for 5
seconds using a vortex mixer and aggregation using a
yoke-equipped magnet for 30 seconds. The detection was
2 seconds each for the detection of Wain and Tker, and 10
seconds for the attraction of aggregate with a strong
magnet.

Figs. 6 (a), (b), (c), (d), (e) and (f) show the experiment
results for complex magnetic susceptibility of the sample
aggregate with OD values of 0, 104, 103, 102, 10! and 1
at different frequencies of 0.31, 1.01, 3.01 and 10.01 kHz.
The dark blue line is the real part and red line is the
imaginary part of complex susceptibility. The
experiments were repeated 4 times for reproducibility
and the average and standard deviation of the values
were plotted. As shown in Fig. 6, a decreasing trend of the
real part of susceptibility with increasing frequency was
observed for all samples. This decreasing trend basically
matches with the frequency dependence trend of the
Debye model and the Fokker-Planck equation for AC
susceptibility 9. It was also observed that the imaginary
part of susceptibility was around O for all samples below
3.01 kHz and increased from 3.01 kHz. This indicates
that the phase of the magnetic susceptibility increased
with increasing frequency, because not only the real part
decreased, but the imaginary part also tended to increase
slightly. As a result, the phase of magnetic susceptibility
increased whereas the absolute value of magnetic
susceptibility decreased. The reason for this phenomenon
could be the resonance of the coils or the ferromagnetic
resonance of the sample aggregate.

Fig. 7 shows the concentration dependence of real part
of susceptibility of Fusobacterium nucleatum at different
frequencies using the data in Fig. 6. It is clear that the
real part of magnetic susceptibility showed decreasing
trend at all frequencies observed as the OD value of the
sample increased. It 1s considered that when
Fusobacterium nucleatum gets into the aggregate of
MNPs, the distance between MNPs increases, causing the
magnetic coupling effect to weaken, thereby reducing the
magnetization of the aggregate and the magnetic
susceptibility. The error bars were larger than expected,
future work will focus on improving the SN ratio of the
detection system. Moreover, the miniaturization of the
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detection system and the addition of more detection
points will be addressed in the future.

4. Conclusions

1. A novel method for simple and rapid detection of
Fusobacterium nucleatum was developed using
MNPs  conjugated  with
nucleatum antibodies.

The concentration dependence of real part of
magnetic susceptibility of Fusobacterium nucleatum
was found between OD values of 10% and 1
(8x10%~8x108 CFU/m)).

When the concentration of Fusobacterium nucleatum
increased, the magnetic susceptibility of the
aggregate of MNPs and Fusobacterium nucleatum
decreased.

anti- Fusobacterium

Journal of the Magnetics Society of Japan Vol.47, No.3, 2023

4. The detection time was about 49 seconds (including
pretreatment), which was significantly faster than
other methods.
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Development of Electromagnetic Levitation System for Thin Steel Plates
with Electromagnets and Permanent Magnets for Levitation Support
(Experimental Consideration of Vibration Characteristics
of Levitated Steel Plates)
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Contact conveyance by rollers is used in thin steel-plate production lines, and scratches on the surface of the plates
and plating defects may occur. Therefore, noncontact magnetic levitation conveyance of thin steel plates using the
attractive force of electromagnets has been proposed. We previously studied a magnetic levitation system for thin steel
plates using both electromagnets and permanent magnets. However, the vibration characteristics of levitated steel
plates have not yet been studied. In this study, magnetic levitation experiments were conducted on steel plates using
the optimum arrangement of permanent magnets for each condition obtained by the genetic algorithm, and the
stability of levitation was experimentally investigated. The results confirmed that the levitation performance of the
steel plates was different for each gap. As the gap increased and approached the optimum gap obtained in the GA
search, the attractive force of the permanent magnet became appropriate for assisting levitation. This optimized
arrangement of permanent magnets reduces the deflection of the levitated steel plate, and the vibration could be
suppressed. Thus, the proposed method can change the vibration characteristics of a levitated steel plate and improve
levitation stability.

Keywords: electromagnetic levitation control, thin steel plate, permanent magnet, electromagnet, genetic algorithm

1. Introduction devices, such as motors, because of their ability to
generate a steady magnetic field once magnetized. Zero-
power control using permanent magnets to generate a
bias magnetic flux for levitation support has been
proposed? and is currently being studied®. This research
group used permanent magnets to assist in the levitation
of electromagnets. The deflection of the steel plate was
suppressed by arranging permanent magnets at equal
intervals around the levitating electromagnets, thereby

Thin steel plates, which are widely used in industrial
products, are transported via contact with rollers during
the manufacturing process. Contact conveying causes
scratches and peeling of the plating layer on the surface
of thin steel plates. In recent years, noncontact conveying
has been actively studied as a solution?4. Our research
group has proposed a magnetic levitation system for thin
rectangular steel plates using the attractive force of

. . . improving levitation stability. However, to obtain higher
electromagnets®. However, magnetic levitation using

. ; . levitation stability, multiple parameters, such as the
electromagnets alone incurs an increased cost owing to

the increase in the number of electromagnets required for
larger thin steel plates. Furthermore, it also incurs the

number and arrangement of permanent magnets, need to
be optimized. The optimal permanent magnet
configuration 1is difficult to obtain experimentally

bl f 1 ibrati d by the deflecti f .
problem o compiex vibration caused by the detiection o because of the large number of combinations of these

levitated flexible thin steel plates in areas where the

. . . parameters. Therefore, the research group focused on
attractive force of the electromagnets is not applied

genetic algorithms (hereafter referred to as GAs), which
are optimization algorithms. Using a GA, we determined
an arrangement of permanent magnets for levitation
supports that can best suppress the deflection of steel
plates, performed levitation experiments using the
obtained arrangement, and confirmed that the levitation
stability of the steel plates was improved?. We

adversely affecting the levitation performance. To solve
these problems, we are studying a hybrid magnetic
levitation system in which permanent magnets are
evenly installed in locations where the attractive force of
electromagnets is not applied, aiming to stabilize
levitation®. Permanent magnets are used in various

determined the optimum arrangement of permanent
magnets in a steel plate levitated by applying tension
from the horizontal direction using a GA, conducted levi-
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No.3 i No.4 Furthermore, we determined the optimum arrangement
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T Dl it B changed, and the position of tension applied from the
Nq!.5 horizontal direction was changed!V using a GA. However,
i ) studies on the vibration characteristics of levitated steel
i Fﬁ plates with applied magnetic fields generated by
I:ﬁ No.1 : No.2 horizontal and vertical electromagnets and permanent

Fig.2 Top view of arrangement of
electromagnets.
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(b) Gap 75 mm
Fig. 3 Side view of gaps.

magnets for levitation support have not yet been
conducted. In this study, magnetic levitation
experiments of steel plates were conducted using the
optimum arrangement of permanent magnets for each
condition obtained using a GA when the distance
between the permanent magnets and steel plates was
changed, and the stability of levitation was
experimentally investigated.

2. Magnetic levitation system using both electromagnets
and permanent magnets

2.1 Overview of magnetic levitation system using both
electromagnets and permanent magnets

Fig. 1 shows the schematic of the hybrid magnetic
levitation system. The surfacing object was a rectangular
galvanized steel plate (SS400) with a length of 800 mm,
a width of 600 mm, and a thickness of 0.24 mm.
Electromagnet units were installed at five locations abo-
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Fig. 4 Theoretical model of levitation control of steel plate.
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(rigid body)

Electromagnqt for horizontal
. positioning control
Lin + lyn

Laser type sensor

Fig.5 Theoretical model of horizontal positioning
control of steel plate.

ve the steel plate, and the levitation was controlled such
that the distance between the electromagnet surface and
the steel plate surface was 5 mm by the attractive force
of each wunit. A detailed view of the levitation
electromagnet unit is shown in Fig. 2. The levitation
electromagnet unit consists of two electromagnets
sandwiched between two eddy-current noncontact
displacement sensors that measure the displacement of
the steel plate. A schematic of the horizontal positioning
control system is shown in the lower part of Fig. 1. A
horizontal electromagnet consisting of an
electromagnet and a transmission laser displacement
sensor was installed near the longitudinal edge of the
steel plate at four opposing locations, and positioning
control was performed such that the distance between
the electromagnet surface and the edge of the steel plate
was 5 mm. Preliminary experiments confirmed that noise
from the sensor did not affect the measurement results.

unit

The levitation and horizontal directional electromagnet
units were installed, as shown in Fig. 2, with the distance
between the centers of the horizontal directional
electromagnets set at 540 mm. In this study, experiments
were conducted in a stationary state for a basic study of
the proposed system. An SS400 top plate (0.5 mm
thickness) was placed around the levitation

72

electromagnet unit, and several ferrite magnets (30 mm
x 30 mm X 15 mm, surface magnetic flux density 0.12 T)
were placed on the top plate to assist levitation, as shown
in Fig. 1. The poles of the permanent magnets were
arranged such that the steel plate side consisted of N
poles. The top plate can be moved up and down as shown
in Fig. 3, and the distance between the surface of the
permanent magnet and the steel plate (hereinafter
referred to as the “gap”) can be changed without changing
the levitation height of the levitation control
electromagnet.

2.2 Control model and control system design for magnetic
levitation systems

To control the five magnets independently, the system
divides the steel plate into five virtual masses, each of
which is modeled as a concentrated constant system, as
shown in Fig. 4. An equilibrium state exists, in which the
steel plate is maintained at a certain distance if it is
supported by a static attractive force from an
electromagnet. If the vertical displacement from this
point is zx (subscript n corresponds to Nos. 1 to 5 in Fig.
1), the equations of motion are expressed as follows:

MynZn = 2fm, (1)

where my, is the mass of steel plate m divided virtually
into five parts (but considering the effect of the attractive
force of permanent magnets) [kgl, and /7 is the variation
value of the attractive force per electromagnet [N]. The
following equation of state is obtained by adopting the
displacement zn, velocity Zna, and electromagnetic coil
current in of the steel plate as state variables for the
equation of electromagnetic attractive force and
electromagnetic coil current, which are linearized
approximations, as in the previous report.

2n = Az, + BV, 2

iZTl]T
-0 1 0 -
2F,
mznlzn
R,
2L,

Laefr Lem

0 =)
L, Z;

T

B, =0 0
an [ 2LZ]

where F, is the total static attractive force generated by
a pair of electromagnets in the equilibrium levitation
state [NI, Z is the gap between the surfaces of the
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electromagnet and steel plate in the equilibrium
levitation state [ml, L is the steady-state current value
of the electromagnet coils in the equilibrium levitation
state [Al, i, is the variation value from the steady-state
current of the electromagnet coils [Al, L,is the inductance
per electromagnet coil in the equilibrium levitation state
[HI, R,is the total resistance of the pair of electromagnet
coils [Q], v is the variation from the steady-state voltage
of the electromagnet coil [V], L. /Z is a constant
corresponding to the effective flux per electromagnet [HI,
and Lye, is the leakage flux per electromagnet [H]. As the
control system is configured as a discrete-time system,
the optimal control law is obtained based on the optimal
control theory for discrete-time systems!?. The
systems 1is

evaluation function for discrete-time

expressed as follows:

0

Ju = Z [zd (k)T 0.,2,(k)+v,, (k)Trzdvzd (k)], 3

k=0

where Q4 is a matrix, whose elements are weight
coefficients for the levitation displacement zy, velocity Zg,
and current Lg 7.4 is a weight coefficient for the control
input v¢ and the control law F, was determined to
minimize J,4. With state feedback, the control input v, is
expressed as follows:

Un =—

anzn- (4)

2.3 Horizontal positioning control system

As shown in Fig. 5, the horizontal motion was modeled
as a 1-DOF system moving along only one axis. Therefore,
it is assumed that the two electromagnets placed on one
side of the steel plate generate the same attractive force.
Upon placing one electromagnet on each of the two
opposite sides of the steel plate and applying the same
static attractive force, the steel plate is in equilibrium,
and the equation of motion in the horizontal direction
owing to small changes in the steel plate from that state
is expressed as follows:

MyXn = fin— fan = fins (5)
where mx is the mass of steel plate m divided virtually into
two parts [kgl, fin , f2n are the variation value of the
attractive force per electromagnet [N] and fx is the total
variation value of the attractive force of electromagnet.
The following equation of state is obtained by arranging
the attractive force equation and the circuit equation
with linearized approximation, as in Section 2.2, and
considering the horizontal displacement xa of the steel
plate, the velocity X,, and the variation value of the coil
current iy, as state variables.

xn = Ayn Xn + By Usn, 6)
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where Fy, is the static attractive force [N, Xj is the gap
between the surfaces of the electromagnet and steel plate
in equilibrium levitation [m], Ln is the steady-state
current value to obtain a static attractive force [A], Ly is
the inductance of the electromagnet coils in equilibrium
levitation [H], Ry is the total resistance value of two
electromagnet coils [Q], 1xis the variation value from the
steady-state voltage applied to the electromagnet coils
[V], Lywt/Xo is a constant corresponding to the effective
flux of the electromagnet [H], and Ly is a constant
corresponding to the flux leakage of the electromagnet
[H]. The optimal control law for the horizontal direction
was obtained in the same manner as for the ascending
direction. The evaluation function for the discrete-time
system is expressed as follows:

Ty =Y e 0T Qs (k) v (0 v )], 0

k=0

where Qx4 is a matrix, whose elements are weight
coefficients for the horizontal displacement x4, velocity vq,
and current ixg; xd is a weight coefficient for the control
input vxg; and the control law Fy, is determined to
minimize Jx¢. With state feedback, the control input vy, is
expressed as follows:

Vxn =— FxnXn. ®).
3. Determination of the optimal arrangement of

permanent magnets for levitation support

3.1 Shape analysis of steel plate in surfacing

In this system, the attractive force of permanent
magnets is applied to areas where the attractive force of
electromagnets is not applied, thereby suppressing the
deflection of thin steel plates during levitation and
improving the levitation stability. Therefore, the shape of
a thin steel plate during levitation, when the attractive
force of the permanent magnet is applied, is determined
by analysis. The attractive force generated by the
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permanent magnet on the steel plate was previously
reported!?. The equation for the static deflection of a thin
steel plate under the action of gravity and the attractive
force of permanent magnets is expressed as follows:

62
DV%z = f, + fx352+ fem — phg. ©

where f, is the external force applied in the vertical
direction per unit area of a thin steel plate by a horizontal
electromagnet [N/m2]; f; is the external force applied in
the horizontal direction per unit area of a thin steel plate
by a horizontal electromagnet [N/m]; fpm is the attractive
force per unit area applied to a thin steel plate from the
vertical direction by an installed permanent magnet
[N/m2]; p is the density of a thin steel plate [kg/m3]; A4 is
the thickness of steel plate[m]; and g is the acceleration
of gravity [m/s2].

3.2 Evaluation value

To determine the optimal number and arrangement of
permanent magnets and the gap that -effectively
suppresses the deflection of a thin steel plate, an
evaluation value was set based on the shape of the steel
plate to which the attractive force from the permanent
magnets was applied by differential analysis. In this
study, the evaluation value o obtained from the
evaluation function in eq. (10) was used, which was
defined in the same way as in previous reports'®.

J=JJ—Z><I/VZ+JJD xWhp

Zy Dy

(10)

W,=W,=0.5

Where oz is root means square of the deflection of the
steel plate. b is the maximum deflection of the steel
plate. Jzo and Jbo are defined as Jz and Jb when
permanent magnets are not installed. The evaluated
value Jis 1 when only electromagnets are installed; the
lower the value, the more effective the suppression of
deflection. Wz and Wp are the weight coefficients for the
average and maximum deflections, respectively, and are
set to 0.5.

3.3 Determination of the optimal arrangement of
permanent magnets using genetic algorithm

As the attractive force of permanent magnets varies
with the gap, the optimal number and arrangement of
permanent magnets were optimized to suppress the
deflection of thin steel plates effectively at each gap.
However, the determination of the optimal values
experimentally is difficult because of the large number of
search patterns. The optimal permanent magnet
configuration was determined via the GA, an optimizati-

INDEX

Table 1 Search conditions.

Parameter Value
Number of genes 32
Number of consecutive generations 300
Crossover method Uniform crossing
Crossover rate 90%
Mutation rate 1%
Gap 40-75 mm

on algorithm, using the same method as previously
reported!?. In this algorithm, effect from electromagnets
to attractive force generated by permanent magnets did
not consider, based on previous study'®. Table 1 lists the
search conditions. In this study, the calculation was
terminated when the final value of the evaluation
function remained unchanged for 300 generations. As
search conditions, the steady-state current value of the
horizontal electromagnets was set to 0.5 A, the search
range of the gap was set from 40 mm to 75 mm, and the
increment value was set to 5 mm to determine the
optimal arrangement of permanent magnets. The
optimized arrangement of permanent magnets, the
number of permanent magnets installed, steel plate
geometry, and GA-derived evaluation value o/ for each
gap are shown in Fig. 6. This figure shows that the
arrangement and number of permanent magnets are
different for each gap, and the shape of the steel plate is
also different for each gap. The minimum number of
permanent magnets were 4 and the maximum was 56.
When the gap is small, the attractive force generated by
a permanent magnet is large; thus, the number of
magnets is small. When the gap is large, the attractive
force generated is small relative to the distance; therefore,
the number of magnets increases. This confirms that,
when the gap is small, the number of permanent magnets
that can be installed is small and the deflection of the
steel plate shape is locally larger at the point where the
permanent magnets are installed. As the gap increases
and the number of permanent magnets that can be
installed increases, local deflection owing to the
permanent magnets is no longer observed, and a flat steel
plate shape with little deflection can be obtained. The
optimized evaluated value ¢/ for each gap is shown in Fig.
7. This figure shows that the lowest value of / was
obtained when the gap was 70 mm, with a value of J =
0.040562.

4. Experiments on the magnetic levitation of thin steel
plates using an optimal arrangement of permanent
magnets

4.1 Experimental conditions

Magnetic levitation experiments on steel plates were
performed wusing an optimized arrangement of
permanent magnets for each gap, as described in Section
3. As in the GA search, the steady-state current of the
horizontal electromagnets was set to 0.5 A. Levitation
experiments were conducted for each gap using the
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Fig. 6 Optimized arrangement of permanent magnets and plate shape at each gap.

permanent magnet arrangement shown in Fig. 6, and the
vibration of the steel plate was measured for 15 s using
an eddy-current noncontact displacement sensor at
electromagnet unit No. 5 in Fig. 2. Tables 2 and 3 list the
parameters of the weight coefficients used in Egs. (3) and
(7) to obtain the feedback gains in this experiment.

4.2 Experimental results

The Fig. 8 shows the vibration spectrum of the steel
plate in the vertical direction and the displacement
standard deviation (STD) of the steel plate measured by
the eddy-current noncontact displacement sensor of
electromagnet unit No. 5 in Fig. 2 during the levitation
experiment at each gap. STD of displacement was
calculated using eq. (11).

, 11

ST = Ml

where NNV denotes the number of data points, x; denotes
the displacement of the 7 th point, and X denotes the
displacement of the control point. The vibration spectra
of the steel plate at each gap appeared at 0-10 Hz. This
range was the natural frequency of the elastic vibration
in the x and y directions. In the case of the gap of 40 mm
shown in Fig. 8(a) with the narrowest condition in this
study, the vibration of the steel plate is not suppressed.
The waveform of the vibration spectrum became smaller
as the gap increased, that is, as the number of installed
permanent magnets increased, with the waveform of the
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Table 2 Weighting coefficients in z (levitation)

direction.
Parameter Value
Qu diag(1.5x105, 5.0x102, 1.0x102)
Zzd 1.0x101

Table 3 Weighting coefficients in the x (horizontal)

direction.
Parameter Value
Qud diag(1.90%107,5.0x10°19, 6.0x10-7)
Iid 3.0x1070.7

spectrum being the smallest at a gap of 65 mm. The
spectral waveform became larger when the gap was
larger than 65 mm. The STD value was also the lowest
at a gap of 65 mm. Based on these results, we consider 65
mm to be the optimum gap value for the levitation
experiment. When the gap is small, the attractive force
of the permanent magnets acts on the steel plate to a
large extent, which is believed to have caused the plate
to vibrate. Consequently, the waveform of the vibration
spectrum was considered to be larger. As the gap
increased and approached the optimum gap obtained in
the GA search, the pull force of the permanent magnet
became appropriate for assisting levitation, and the
vibration of the steel plate was suppressed. As the gap
increased, the attractive force generated by one
permanent magnet decreased. Using the reduced
attractive force according to the wide gap, the optimum
arrangement in which permanent magnets distributed
the whole area of the steel plate could be obtained by GA.
This obtained optimal arrangement of permanent
magnets reduced the deflection of the steel plate and
could suppress the vibration of the levitated steel plate.
When the gap became larger than the optimum gap, the
attractive force of the permanent magnets became too
small relative to the distance, even though the number of
permanent magnets increased. This weakened the effect
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Fig. 8 Spectrum and standard deviation of steel plate
at each gap.

of the levitation support, making it impossible to
suppress the vibration of the steel plate. The reason for
the difference between the optimal gap in the GA search
and the optimal gap in the experiment can be attributed
to the fact that, when the steel plate is levitated, the gap
is larger than the set value owing to the small local
deflections in the steel plate. Consequently, the optimal
gap of 656 mm, which is 5 mm smaller than the optimal
gap of 70 mm in the GA, is considered to be the optimum
value in the experiment.
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5. Conclusion

In this study, magnetic levitation experiments on steel
plates were conducted using an optimal arrangement of
permanent magnets when the distance between the
permanent magnets and the steel plates was changed,
and the vibration waveforms of the steel plates during
levitation were compared and discussed. The
experimental results confirmed that the levitation
performance of the steel plate differed for each gap. The
levitation performance of the steel plates differs
depending on the gap. When the gap is small and the
number of permanent magnets is small, the vibration of
the steel plates cannot be suppressed. When the gap is
large and the number of permanent magnets that can be
installed increases, the vibration of the steel plates can
be suppressed. These results show that the proposed
method can change the vibration characteristics of a
levitated steel plate and improve levitation stability. The
present method can be used to optimize the placement of
permanent magnets by GA when the material, shape,
and thickness of the steel plates are changed. However,
in the current phase, only the support is being studied,
and it is not yet clear how much disturbance will be
applied to the actual conveying process. Therefore, we
would like to clarify the vibration state of the steel plate
that can be levitated when transported using this
arrangement.
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noise range
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Ultra-compact electric vehicles (EVs) have been recently sold as next-generation vehicles. However, they are yet to
reach a notable phase of expansion and use. Ultra-compact EVs have compact and lightweight bodies. As the outer
plate of an ultra-compact EV has low rigidity, the road noise generated by the tires and the wind noise generated
from the vehicle’s projection shape are transmitted to the interior of the vehicle. Therefore, a new active noise control
(ANC) system with a giant magnetostrictive actuator for ultra-compact EVs has been recently proposed. The giant
magnetostrictive actuator is required to produce sufficient thrust, with less distortion, and delayed sound waves. In
this work, we studied the thrust force characteristics of the giant magnetostrictive material, including in the road
noise range. We considered the giant magnetostrictive thrust for output, including in the road noise range, using a
finite element model of the giant magnetostrictive actuator by conducting an electromagnetic field analysis. The
results showed that the effect of the thrust on the frequency changes depending on the length of the giant
magnetostrictive material.

Key words: ultra-compact EV, giant magnetostrictive actuator, finite element model, electromagnetic field analysis,
road noise, output characteristics, thrust force

1. Introduction Hence, we have been developing a new ANC system for
ultra-compact EVs to improve their interior sound
environment. We  experimentally clarified the
effectiveness of the proposed ANC system in outputting
low-frequency sound waves with a high sound quality

One- or two-seater ultra-compact electric vehicles
(EVs) have been lately sold as next-generation vehicles?.
This type of vehicle can serve as a new mobility tool,

articularly in areas without public transportation or . . . .
p Y P P using wall surface vibration generated by a giant

magnetostrictive actuator”1®. The use of a giant
magnetostrictive actuator makes it possible to reduce
the impact on the interior space while considering the
weight of the wultra-compact EV. Furthermore, we
ensured a comfortable interior space by masking the

car sharing??. However, ultra-compact EVs are yet to
reach a notable phase of expansion and use. Ultra-
compact EVs are compact and lightweight bodies.
Therefore, the rigidity of the outer plate is low. Because
of this low rigidity, the road noise generated by the tires
and the wind noise generated from the projection shape
of the vehicle is transmitted to the cabin®. In a general
vehicle, sound-absorbing materials are installed inside

noise present in the cabin by playing the passenger’s
favorite music!¥1”. The ANC system proposed by the
authors for wultra-compact EVs wuses wall surface
vibration generated by a giant magnetostrictive
actuator as the source of control sound and masking. In
this system, for the output control sound, the giant
magnetostrictive actuator must have sufficient thrust,
less distortion, and delayed sound waves. In particular,
it is essential to maximize the noise reduction value via
digital signal processing.

In this study, by performing an electromagnetic field
analysis, we analytically investigated the
characteristics of the thrust generated by the
deformation of a giant magnetostrictive material under

the vehicle for soundproofing. Luxury vehicles have an
active noise control (ANC) system that controls a sound-
generating speaker, which is installed in the cabin®-9.
However, it is difficult to install sound-absorbing
materials or an ANC system in ultra-compact EVs,
given the limited interior space. The demand for ultra-
compact EVs is expected to increase in the future, while
research and development into noise control systems as
noise countermeasures have been insufficient.

Corresponding author: T. Kato (E-mail:
katohtr@stf.teuac.jp).
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Wind noise
1000 Hz - 5000 Hz

Road noise
100 Hz - 500 Hz

Fig. 1 Image of an ultra-compact electric vehicle, including
details on the types of interior noise generated.

Fig. 2 Giant magnetostrictive actuator.

a magnetic field.

We established a finite element model of a giant
magnetostrictive actuator with different shapes of the
magnetostrictive material. We clarified the difference in
the magnetostrictive force when outputting sound at a
single frequency ranging from 100 - 500 Hz, which is the
frequency band of road noise, depending on the shape of
the giant magnetostrictive material.

2. Design of giant magnetostrictive actuator considering
output band including road noise range

One of the factors hindering the widespread usage of
ultra-compact EVs is the lack of comfort due to noise
inside the vehicle, as shown in Fig. 1. Therefore, we
have been developing a new ANC system for ultra-
compact EVs using a giant magnetostrictive actuator,
which is installed on the wall to reduce the impact on
the interior space and weight of the vehicle. This system
outputs a through the giant
magnetostrictive actuator, as shown in Fig. 2 which is
installed on the wall inside the vehicle. The value of the

control  sound

sound control effect is most muted at the position of the
passenger’s ears. In particular, the proposed system
targets road noise with frequencies ranging from 100 -
500 Hz1®20 which is difficult to suppress using

Journal of the Magnetics Society of Japan Vol.47, No.3, 2023

Case Permanent magnet Coil

Shaft Spring Spacer Giant magnetostricitive material Spacer

Fig. 3 Structure of a giant magnetostrictive actuator.

Table 1 Details of the giant magnetostrictive actuator.

INDEX

Components Material Electrical resistivity

Neodymium sintered
Permanent magnet

(NEOREC27)
Shaft/ Spring /Spacer SUS303 0.7X10°6
Coil Cu 1.7X108
Giant magnetostrictive Terfonol-D 6.0% 107

material

soundproof materials.

In this ANC system for ultra-compact EVs, the noise
reduction value in the cabin, which comprises the
interior noise and passenger's ear position, is affected by
the sound field control sound. To increase the noise
reduction value using the ANC, the performance of the
giant magnetostrictive actuator that can accurately
output the signal of the control sound generated by the
computer is important in addition to the output of the
control sound for noise and phase compensation
considering the sound field in the vehicle.

In this study, an electromagnetic field analysis using a
finite element model performed on the
magnetostrictive thrust and frequency characteristics
as a design of the giant magnetostrictive actuator
considering the output band included in the road noise

was

range.

3. Actuator structure and thrust force generated by the
giant magnetostrictive material

3.1 Structure of giant magnetostrictive actuator

Fig. 3 shows the structure of the giant
magnetostrictive actuator. Fig. 4 shows the dimensions
of each part. The giant magnetostrictive actuator
comprises a columnar magnetostrictive material, a
permanent magnet that applies a bias magnetic field, a
solenoid coil, and a spacer. The coil is connected to an
AC source, and the magnetic field is generated by the
current flowing through the coil. The giant
magnetostrictive material is stretched by the magnetic
field, and the control sound is outputted by the wall
surface generating vibration via the shaft and spring.
Table 1 presents the other constituent components and
materials of the actuator.

3.2 Generated magnetostrictive thrust force by the
current flowing through the coil from the AC source

Fig. 5 shows the model of the giant magnetostrictive
actuator cut along the longitudinal direction. The
permanent magnet around the giant magnetostrictive
material has an N pole on the shaft side and an S pole
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Fig. 4 Dimensions of each part of the giant magnetostrictive
actuator.

on the opposite side. In this scenario, the generated
giant magnetostrictive thrust on the surface in contact
with the shaft will take a positive value. This is because,
from Fig. 4, the xaxis direction has an origin on the
shaft side, and the left direction is positive. Therefore,
the direction in which the shaft is pushed out by the
stretched giant magnetostrictive material is positive.
Permanent magnets are used as the bias magnets in the
actuator. Therefore, the giant
constant

magnetostrictive
magnetostrictive generates a
magnetostrictive thrust force under the effect of the

material

magnetic field applied by the permanent magnet, even
though no AC flows through the coil. Subsequently,
when the AC flows through the coil, the giant
magnetostrictive force generated by the operating giant
magnetostrictive material increases or decreases. The
thrust force causes the shaft to transmit the vibration to
the wall surface. Thus, sound waves are outputted due
to vibration.

3.3 Analysis model and material characteristics of the
giant magnetostrictive material

In this study, we considered the giant magnetostrictive
thrust for the output band included in road noise control

80
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Fig. 5 Model of the giant magnetostrictive actuator cut
along the longitudinal direction.
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Fig. 6 B-H curve of the magnetostrictive material.

sound using the finite element model of the giant
magnetostrictive actuator by  conducting an
electromagnetic field analysis using JMAG Designer
Version 16.0 (JSOL Corporation). The permanent
magnet was magnetized in the axial direction of the
glant magnetostrictive material. The used coil conductor
had a diameter of 0.5 mm, 1000 turns, and an
inductance of 3.5 uH.

In this analysis, the characteristics of the giant
magnetostrictive material were used as the values of
the magnetic field and magnetic flux density according
to the research conducted by Sugawara et al.2V, as
shown in Fig. 6. The result of the size change under the
effect of the external magnetic field applied to the
magnetostrictive material was taken according to the
research conducted by Mori22. The relationship between
magnetic flux density and distortion was obtained based
on these results, as shown in Fig. 7. The Young’s
modulus of the giant magnetostrictive material was set
to 26.5 GPa and Poisson's ratio value was 0.3.

With these considerations, we conducted a 3D analysis.
The number of divided elements was 29653, and the
number of nodes was 5570. In the establishment of the
electromagnetic field analysis, the shaft and giant
magnetostrictive materials were considered to have
eddy currents.

4. Analytical study of the magnetostrictive thrust force
characteristics due to differences in giant
magnetostrictive material shapes

The giant magnetostrictive actuator outputs the
displacement due to the axial strain of the material.
Therefore, we analytically examined the thrust force
characteristics due to the difference in the shapes of the
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Fig. 7 Relationship between the magnetic flux density and
distortion.
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(a) Two Terfenol-D magnetostrictive materials with a
length of 20 mm and a diameter of 4 mm (Model A)
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length of 43 mm and a diameter of 4 mm (Model B)

@4 mm

Fig. 8 Finite element models of two giant magnetostrictive
actuators.

giant magnetostrictive material.

Fig. 8 shows the finite element models of the two giant
magnetostrictive actuators used in this study. Fig. 8(a)
shows a giant magnetostrictive actuator in which two
Terfenol-D magnetostrictive materials with a length of
20 mm and a diameter of 4 mm are arranged in series.
On the other hand, in Fig. 8(b), the giant
magnetostrictive material has a length of 43 mm, and
two permanent magnets are used. The magnetostrictive
thrust force from the giant magnetostrictive material
was calculated using Hooke’s law by magnetostriction
and the magnetic flux density, Poisson’s ratio, and
Young’s modulus.

We analyzed the magnetostrictive force and magnetic
flux density with the variation in the AC voltage and
the frequency applied to the coil, ranging from 100 to

500 Hz, following the road noise frequency band. In this
analysis, the sampling frequency was 20 kHz, and the
voltage amplitude was 3 V. When we install the
proposed ANC which is using the giant magnetostrictive
actuator system for the ultra-compact EV, it is possible
to compensate for the output delay of the control sound
wave due to the inductance using a current-controlled
amplifier. However, when the current control type
amplifier the impedance of the giant
magnetostrictive actuator due to heat generation, the
voltage increases to the output commanded current. We
considered the actuator may be damaged by high
temperatures due to increased voltage. Therefore, we
plan to use a voltage-controlled amplifier for the
proposed ANC system.

Fig. 9 shows the magnetostrictive thrust force—time
history of the finite element model A; Fig. 10 shows the
same for the finite element model B. From Fig. 9, the
finite element model A has distortion in the thrust force

increases

wave shape at 100, 200, and 300 Hz. For this reason, we
considered the magnetic field larger than the bias flux
flows 1in the opposite direction to the giant
magnetostrictive material by the AC magnetic field of
the coil.

However, from Fig. 10, there is no distortion in the
thrust force wave shape at frequencies ranging from 200
to 500 Hz in the finite element model B. From both
results, we considered that the magnetostrictive thrust
of the giant magnetostrictive material is outputted by
the displacement due to the axial strain. Therefore, the
longer magnetostrictive material can output low-
frequency sound waves with high sound quality.

Fig. 11 shows the amplitude values of the
magnetostrictive thrust force at each frequency. The
results show that model A has a lower thrust than
model B at 100 Hz and 200 Hz, whereas model B has a
lower thrust at 300 Hz or higher. This is attributed to
the fact that the length of the giant magnetostrictive
material affects the thrust at each frequency.

5. Conclusions

We developed an ANC system with a giant
magnetostrictive actuator for ultra-compact EVs. We
considered the giant magnetostrictive thrust for output,
including in the road noise range, using the finite
element model of the giant magnetostrictive actuator by
conducting an electromagnetic field analysis. We
clarified  the  thrust characteristics due to
magnetostriction when changing the length of the giant
magnetostrictive material, which is one of the elements
of the actuator. The results showed that the effect of the
thrust on the frequency varies with the length of the
giant magnetostrictive material.

In the design of the magnetostrictive actuator, the
natural frequency of each element is considered to affect
the output characteristics. Therefore, in the future, we
will vary the size, weight, shape, and components of the
actuator. Moreover, we plan to use a material with
higher magnetic permeability.
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