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Abstract : For non-contact nerve stimulations using time varying magnetic field, high amplitude current pulses have to be
applied to a magnetic nerve stimulation coil. To increase the magnetic stimulation frequency, we have to increase both power
supply capacity and cooling capacity of the magnetic nerve stimulator. To alleviate these problems, we propose a new magnetic
nerve stimulation coil design methods. Utilizing magnetic mirror effect of a ferro-magnetic plate attached to a magnetic
stimulation coil, we have improved efficiency of the stimulation coil. We have analyzed magnetic mirror effect for various kinds
of stimulation coils using the finite element method, and we present experimental results obtained with several kinds of
stimulation coils.
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Fig. 2. A ferro-magnetic plate and a coil used for anal-
yses of the magnetic mirror effect. The ferro-magnetic
plate has a cylindrical shape and the coil has a ring
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Fig. 1. The magnetic mirror effect. Only perpendicular
magnetic field component exists on the surface of the

. shape.
ferro-magnetic structure.
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Fig. 3. Magnetic field obtained with the magnetic mirror effect and the actual magnetic field
(a) In the case #r=10, 100, 1000(R1=75mm, t1=10mm)

(b) In the case ti1=bmm, 10mm, 15mm (R1=75mm, ur=1000)

(c) In the case R1=50mm, 58mm, 66mm, 74mm, 82mm (t1=10mm, ur=1000)
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Fig. 4. (a) Circular coil (b) Figure-8 coil
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Fig. 7. (a) The magnetic field produced by the stimulation coil shown in Fig. 6 (a)
(b) The magnetic field produced by the stimulation coil shown in Fig. 6 (b)

dot o nF

a9 6 (@ bl 2 A= 2Y9e AAR AL
A5 Z4L o 5o le 4L AMste] e
A zE HaE AHEe dF IS £017] 9
WA AEE HEd ARSIt 25KHzY FaolA A
A7b e A A e s Zdute] Jdydas

7tz 38uHS 26uHI L ARge ZH 32me 3 26m el

25

—X—wihout mimor
—o—with minor

N
=]

/
/

Ditance [cm]

gl 8. XAl A0l
Hef 2% £3

Fig. 8. Induced voltages measured from the stimulation
coils with and without a magnetic mirror

gl= XjJ=23An Qe Xl=2mUo| o= S

o AA AL AEF 3 Al oF 19% 2
% 5 ok ARG AT 2950] ARE Ade] By
AAE FHAA AT dol AFE A7hel] Slal 90uFe

Asade A" ast 4uHY B¢ A=l s2% Ad
o AR FHE o 25KHz7 9o A¥AE} A3y
Atelg 29Ashe AY AREE Uge] 22kV, A HE A
F7b 150A/msecq] SCR& AHEStAth AHAlE WAl 25¢
mm’¢] pick-upZ YL AMREl] 2AsGT weN ZAE
AAGE Aolgke] ofv izl F& vEpTh AA A&o
e Ao dE A9 d& As2d YHeREE 10mm
ol o)A A= ZUUT HFPF WFo

a3 8o wath A An, AAARE AAALE AET
A ZAm7E ¢ 30% Z7HEe & & o o] Eb

i
Ri
2
rok
(o3

=3

A% A
e fyason T wo Ay 2w H%ET I F
2 =tk ol AAA Wl BASHE AR g% 24 9
Y Aoz A7y,
T otat Time: Smin
1.2sec(20Hz) 4sec
T .
N ¥
E %

a3 9. 22 Mg 98 X= gAd
Fig. 9. The stimulation pulse sequence for temperature
measurement

J. Biomed. Eng. Res: Vol. 23, No. 4, 2002



292

L
ot
ot
o
N
oo
o
E=3
R
3
puy

—— without mirror

o~ 10mm mirror
-~ 15mm mirror

1 —— 20mm mirror /.b//

Temperature[C]

1. T I I O VO Y O O O T I U O AN N A O AN S YO N Y S 0 BN B

1 6 11 16 21

31 36 41 46

Number of measurement

33 10. MA AS0] fle AR U A2 BH BT T

Fig. 10. Temperature values measured on the stimulation coils with and without a magnetic mirror

A A%l Y AFIAR G AF2Yol WATHE @
& vusy] 98 A3 £F 45 29 FHoe LEg &
AP % FHL WHEY LEEPAAH Rayteki

A4 YR stgow, kel FYd diE] AHAIHY F
AW 1000VE dle] 20HzZ A=Fstgdth oju, #= ZeE
22 a9 99 Zo] 2% EY AFE 7% F 4x T FA
718 Zie HEZ 9o, o 6xvltt Wiy 22E £A43)
o & 5% 3¢ 50dE At WA TYPAE A}
stgdom, W ZHRL olgsd :UL IAEHY.
FY FEHAY 2% ZAZS Y 109 Yehigich &3
A7, AT F 580 ARHUS wo L2E=E vWEH AA
Agol A A7 AA ALel Y Ao vlsled < 31T
AT Ggith FaAdwe FAN FALTE 2% AeZe £
5= AL Jou 1~5T HxY Aojz & Aoje ¢t
th A Agoel v A flE A4S AT =2 4 2
T Fx2Ee gA" Aol tEy] B x5 mddA
WAStE e HEHoE SHste AL ul$ oz Yo
g Az 28y A5 =2F AT 29 UM 53 &
T ARE A 3do] wAsks I3y 243 #AAS )
il 2 dy Ades A4 Aol v AFHEdol g% &
A ZHAE $93 EAS HgE AL AAskn Y

T % gk

i

>

o

T

Ry

H2 AR PolIHA S50 G e A7 AR
79l A1EHA AR FBA] AF B Yoz HEE
A AAEE A AFRYS AYA Heo)

o]-Z8}3) %] : 7234, A4E, 2002

P

© 3L

= )y rfr ne
Mt lo

Agozn AA AL THE A2 & AU, o AL 1
99l ARG AT 2Yol WA A FuE 7A F7

S 5 AT EF A AL A48T B9 AF =
A4 Aol gaslo] AN BASE Aol Zol=
FHE 4 F AT & AT A% A7) APAT 7]
P &4 Bolg Fustd TR & e Aoz )
o
31 es

. M.JR. Polson, AT. Barker, and S. Gardiner,

“Stimulation of nerve trunks with time-varying
magnetic fields”, Med. Biol. Eng. Comput., Vol. 20,
PD. 243-244, 1982

. AT. Barker, R. Jalinous, and LL. Freeston, “Non-

invasive magnetic stimulation of the human motor
cortex”, Lancet, Vol. 1, pp. 1106-1107, 1985

. R. Jalinous, “Technical and practical aspects of mag-

netic nerve stimulation”, ]. Clin. Neurophysiol., Vol.
8, No. 1, pp. 10-25, 1991

. L.A. Geddes, “History of magnetic stimulation of the

nervous system”, ]. Clin. Neurophysiol, Vol. 8 No.
1, pp. 3-9, 1991

. KR. Davey, CH. Cheng, and CM. Epstein, “Predic-

tion of magnetically induced electric fields in biolo-
gical tissue”, IEEE Trans. Biomed. Eng., Vol 38,
No. 5, pp. 418-422, 1991

. F. Grandori and P. Ravazzani, “Magnetic stimulation

of the motor cortex-Theoretical considerations”, IEEE
Trans. Biomed. Eng., Vol. 38, No. 2, pp. 180-191,



AA AL EAE o

1991

. B.J. Roth and P. J. Basser, “A model of the stimu-
lation of a nerve fiber by electromagnetic induction”,
IEEE Trans. Biomed. Eng., Vol. 37, No. 6, pp. 588
-597, 1991

. B.J. Roth, L.G. Cohen, M. Hallet, W. Friauf, and P.]J.
Basser, “A theoretical calculation of the electric field
induced by magnetic stimulation of a peripheral
nerve”, Muscle & Nerve, Vol. 13, pp. 734-741, 1990

. P.S. Tofts, “The distribution of induced currents in
magnetic stimulation of the nervous system”, Phys.
Med. Biol,, Vol. 35, No. 8, pp. 1119-1128, 1950

. D. Durand, A.S. Ferguson, and T. Dalbasti, “Effect of
surface boundary on neuronal magnetic stimulation”,
IEEE Trans. Biomed. Eng., Vol. 39, No. 1, pp. 58-64,
1991

. N. Ishikawa, S. Suda, T. Sasaki, T. Yamanishi, H.
Hosaka, K. Yasuda, and H. Ito, “Development of a
non-invasive treatment system for urinary incon-
tinence using a functional continuous magnetic stimu-
lator”, Med. Biol. Eng. Comput. Vol. 36, pp. 704-710,
1998

. T. Yamanishi, K. Yasuda, R. Sakakibara, S. Suda, N.
Ishikawa, T. Hattori, and H. Hosaka, “Induction of
urethral closure and inhibition of bladder contraction
by continuous magnetic stimulation”, Neurology &

A7 A% 29 293

13.

14.

15.

16.

17.

18.

19.

Urodynamics, Vol. 18, pp. 505-510, 1999

N.T.M. Galloway, RES. El-Galley, P.K. Sand, R.A.
Appell, HW. Russel, and S.J. Carlan, “Extracorporeal
magnetic innervation therapy for stress urinary incon-
tinence”, Urology, Vol. 53, pp. 1108-1111, 1999

J. Ruohonen, P. Ravazzani, F. Grandori, and R.
Ilmoniemi, “Theory of multichannel magnetic stimu-
lation: Toward functional neuromuscular rehabili-
tation”, IEEE Trans. Biomed. Eng., Vol. 46, No. 6,
pp. 646-651, 1999

K. Davey and CM. Epstein, “Magnetic stimulation
coil and circuit design’, IEEE Trans. Biomed. Eng.,
Vol. 47, No. 11, pp. 1493-1499, 2000

338, 778, olHT, 2UY, o|FE, “ATRALEAE
o] g3 thald A7) AAAF A&, ighe] S A F- 53
), A 227, A2Z, pp. 139-144, 2001

ol5d, olAT, oA “‘2AAMYE o]&d AVAA
22717, ] S84, A6, A3, pp. 265-
270, 1995

K.R. Mills, Magnetic stimulation of the human nervous
system, Oxford Univ. Press, pp. 16-22, 1999

CH. Moon, HW. Park, and S.Y. Lee, “A Design
Method for Minimum-Inductance Planar Magnetic-
Resonance—Imaging Gradient Coils Considering the
Pole-Piece Effect’, Meas. Sci.. Technol,, Vol. 10, pp.
N136-N141, 1999

J. Biomed. Eng. Res: Vol, 23, No. 4, 2002



