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262 A% &4

HyE W9} 374 FFA74 Alcentral nervous system, CNS)E A 3o} X<
o] ZhdlE XuyriH FHFgeo] od Haxo] ded Aty dHe o3

_ﬁr
227} g=bo] wW Al &7 H 4 £AH(spinal cord injury, SCDo] & A$7} 9l
tﬁ

3 oAyl os H5vh Ease] Mg AA Aol ARGl A A Rt
of &S olselM 2EAAL v 49U WA Ha ge 2

oo Axs= gdsty 7Eaw AAe Holol 4] W3

I e Cervical
njury h
(quadriplegia) (neck)
c4
Injl'"y i Thoracic
(quadriplegia) et ack)
c4
Injury

uadriplegia
“ ped= Lumbar

(lower back)
c4
Injury

(quadriplegia) Sacral

Coccygeal




2.7 EEGY &A% FF/

EEGE= AZAANM =7 Abelel A7t dgd wf dAst= 179 550
o, Al el wel g2 Fu) 9 g ddd A58 Zolal AR 54
el os) 715® He] A7]A 25l EEGE ¥ s
Zolth EEGY £7/+: EEGE ##d o 11 Fa59 AZo) wep {3 5 9l
THGE 2.2). 17Fe] M4 Yo = EEG 32 W A #AlEE 0273.99Hz
o dep§)v}, FH AdEH A ol wAE W Fxehs 477.99Hz G el AEHe)

2|
1t
_0|L
rr
ofy
ko
rot
N

g, Aale] ok S FHEla S w HAEE 8T1299Hz G H o L), 1% L
B Al BASHE 13730 Hz 999 wWEekB)a 28 559 ZHd3 $& A A
FAY FAGAA wo] WAsE 30Hz oo #Arky)d 5 7EH o2 (0730Hz

=
o] Fu47F vhom oF 207200uVe] %S ®IH13].

¥ 22 EEGY F34 99

= T 3k o
(Type)  (Frequency Bands)

6
05 - 3Hz \ﬁ/\
(Delta) i - — o3  —
O
4 _ 7HZ W\/\/\
(Theta)
a
8 — 12 HZ MV\/\/\NW/\/\
(Alpha) . . ‘

B
(Beta)

¥
30 - 100 Hz MMNWMWMWW\M\/WM
(Gamma)

12 - 30 Hz
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2.8.1 SSVEP
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rlo
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1o
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oX,
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BHze) Fvk WAE e AdATH ge Fsz ¥ $EY o

714 ZEs TAANTE, 13-15].

SSVEP Amplitude
(average)

5 10 12 15 17 20 22 25 27 30 35 40 47 60
Flickering frequency [HZz]

9. 29 A= Fage] Age A Hit SSVEPS] % [14]
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BMI 7|+ $8&% 9a] AH&¥ = EEG 4Alsole AHddd 9l (event related

potential, ERP)9] 84 E < P300S ©]&3tAU[16], Abge]l 54 HF99 45 =
29 AN E W FAstE p gEelA ¥ &Fe wel EEGY HlE71a%

o Fags Feke Al EEGY %o FdiAor Fol=x HlEAAd A
Ad A (event related desynchronization, ERD)S} EAIA AlAAHE A9 (event
related synchronization, ERS) @/& o] &3t WH[17], 18]l31 FAdH Al Z

U4 9] (steady state visually evoked potentials, SSVEP)E o] &3}+= Ho] Ut}

M

¥ 2103 2ol oleld W F FUA FHon ¥

K
of
>,
=
m
2L

o] %<& WHo] SSVEPE o] &3k WHolrtH[18].

Training
time

ERD/ERS based BCI
hours &

i P300 based BCI

minutes{ O

20 30 60 Co‘r:':’munication
bitrate [bits/min]

a9, 211 v EFA BCIsY Al 7H4] =8 FFol tsh duraQl ws

LI IR S
AlZE o B4 HE dEE (18]



2.8.2 ¥k& AN Z4AR=

Wk A ZF R} (repetitive visual stimulus, RVS)S ¢ AFEH EUEHZE ol &
) 129 (single graphic), ¥l 3 1@ ¥ (pattern reversal graphic)¥} 2

Frho] L =(light emition diode, LED)% ] AF&¥HtH19]. o]k RVSE o] &3

(o

3)

SSVEP## A ZAuto] wpzw 550Hz A x=g ol JAIdARES 8-S
HAY[FE 235l & AFolAes AZA=FS fal A AFola Eol AHgs
PdE AA FHE EA FagE 2oL e AdE$ T2 S C#S o) &

sto] JfErate] RVSE o] fstgth(1d 2.12).

I:I<:>I
~ B
B H
A - I

a9, 212 vHE AR [19]

(@ed 2=t (b) e H& 299




283 SSVEP £d ZAF ¥ %

o

¥ 23 % AFe 54 [19]
Frequency stimulus Bit rate
study . . .
Band Device Frequency (Hz) Color  (bits/min)
L Maggi et al. 2006 LED 6, 7, 8 10 Hz Green -
Piccini et al. 2005 LED 6-10 Hz - -
13, 14, 15, 16, 17
M Liith et al. 2007 LED Red -
Hz
Valbuena et al. 2007 LED 13, 14, 15, 16 Hz - -
Leow et al. 2007 LED 14-29 Hz Red -
25, 26.5625, 28.125,
Materka et al. 2006 LED - -
29.6875 Hz
Fluorescent
Calhoun et al. 1996 . 13.25 Hz - -
light
H Garcia Molina 2008 LED 40-50 Hz White -
Huang et al. 2008 Xe-light 30-50 Hz - -
Materka et al. 2007 LED 32-40 Hz - -
Materka et al. 2006 LED 34-40 Hz - -
L+M Parini et al. 2009 LED 6,7, .., 17 Hz Green 51.47
Bin et al. 2008 LED 10, 11, 12, 13 Hz - -
Wu et al. 2008 LED 8.3, 10 Hz ‘White -
Wu et al. 2008 LED 4.6, 10.8, 16.1 Hz White -
Miiller-Putz et al
LED 6, 7, 8, 13 Hz Red -
2008
6.25, 7.25, 8, 1175,
Scherer et al. 2007 LED _ Red
13, 15.25, 17.25 Hz
Jia et al. 2007 LED 6, 6.5, 7, ..,19 Hz - 46.1
. 5 7,9 11, 13, 15
Friman et al. 2007 LED - -
Hz
. 13, 14, 15, 16, 17
Friman et al. 2007 LED - Red 27-30
z
Miiller-Putz et al.
LED 6, 7, 8, 13 Hz Red 31.5
2005
Wang et al. 2004 LED 9-17 Hz - 42
6, 6.195, 6.390, .., .
Gao et al. 2003 LED Green 68
15 Hz
M+H Wang et al. 2005 LED 21, 23, ..., 43 Hz White -
L+M+H Ruen et al. 2007 LED 7-35 Hz Red -




# 24 @ 29 A= 54 [19]
stimulus .
Frequency Bit rate
study . Frequency . .
Band Device Shape (Hz) Color (bits/min)
z
L Wang et al. 2008 - Square 10 Hz - -
. White/
Ren et al. 2008 - Square 10Hz -
Black
Touyama et al. - Cube 4.8, 6.86 Hz - -
Beverina et al. 2003 - Arrow 6, 10 Hz Green -
Cheng et al. 1999 - Block 6-9 Hz - -
. 155, 16, ...,
M Cectti et al. 2008 LCD Box - -
175 Hz
White/
Kelly et al. 2005 CRT Rectangle 14, 17 Hz 75
Black
. 6.5, 7.5, 8.6, White/
L+M Bin et al. 2009 LCD Square 58
10, 12, 15 Hz Black
LDD .
46, 10.8, 16.1  White/
Wu et al. 2008 & Square -
Hz Black
CRT
Wang et al. 2006 CRT Button 9-17 Hz - 43
5.0, 7.08, 7.73,
. 8.5, 9.44,
Nielsen et al. 2006 CRT Square - 21
10.63, 12.14,
14.16, 17 Hz
9.45, 10.03, .
White/
Kelly et al. 2005 CRT Rectangle 10.63, 12.04 -
Black
14.17, 17 Hz
White
5, 7.080,
and a
7.2727, 8927,
small
11.087, .
Wahnoun at al. 2002 - Block light -
12.140, .
12750, 17, =W
the
21.250 Hz .
middle
Cheng et al. 2002 CRT Button 6-14 Hz - 27.15
Red,
6.45, 7.23,
green
Cheng et al. 2001 - Block 8.01, 13.87 -
and
Hz
yellow
L+H Sami et al. 2004 CRT Rectangle 8.8, 35 Hz - -
. 27, 29, .., 43
M+H Lin et al. 2007 CRT Squares 0 - -
z

20 —



% 25 99 vd 259 54 [19]
stimulus .
Frequency Bit rate
study . Frequency . .
Band Device Shape Color  (bits/min)
(Hz)
Kluge et al.
L TFT Checker board 10, 12 Hz - -
2007
Trejo et al. 5, 5625, 6.4, White/
LCD Checker board -
2006 6.9 Hz Black
White/
Lalor et al. - Checker board 85, 10 Hz 10.3
Black
Kelly et al. White/
M - Checker board 17, 20 Hz -
2004 Black
8.8, 9.4
Vasquez et al. 1155, 125, White/
L+M CRT Checker board 455
2008 13.65, 15, Black
16.7, 18.8 Hz
Oehler et al. White/
- Checker board 10-15 Hz 125
2008 Black
. 56,7, 8 12, .
Martinez et al. White/
CRT Checker board 13.3, 15, 17 26-30
(2007 , 2008) Black
Hz
Krusienski et White/
- Checker board 6, 15 Hz -
al. 2008 Black
White/
Black;
Gray/
Allison et al. Linebxes and White;
CRT 6, 15 Hz -
2008 checker board Red/
Gray;
Green/
Gray
Bakardjian et 8, 12, 14, 28 White/
- Checker board -
al. 2007 Hz Black
Mukesh et al. 6, 7, 12, 13, White/
- Checker board -
2006 14 Hz Black
Jaganathan et White/
- Checker board 6-15 Hz -
al. 2005 Black
Lalor et al. White/
- - Checker board - -
2004 Black




29 A71A5< ol &% AEAR

29.1 71's4 A7A=

71% 2 A 7] A= (functional electrical stimulation, FES)S £33 A7 A &4

2% ANH AFE Fol BEHL AFHO

Htl
d
a=)
=
4

v ASHET 47T W At Ao Adsd weh w Ad AT
W o Ad Aol dow, A3 AAAE e we w43 ALE
A A9t A4 Al o4 AFE WEAFE At Wil Ak wE %

BA el A5A9 d5S 4ds] wEshs g4d e d5H

L
rlo
o
>

(implantable electrode method)#} ¥ F-& E3lo] A=E Aoy 5o A4y 9

A 71E A9 A wlE A= (percutaneous electrode method)o] ¢l TH20-231.

¥

Potentially blocked by
hyperpolarisation

<«—— Nerve impulse ——»

a9 213 A7 A whE Afixd 443t



2.9.2 FES9 Agx&8 &

Ho

P, 19 2,149} o] o]
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o]

$EAE A
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A (neuroprosthetics) o] 2 gt} 24].
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= 47 AR ASE 7% H8
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2.10 A]2=" 74
2101 NZAT =208 @ Alx" 74

9 Q%S Zzage ol §etel RVSE Agatarh Ck

=]
i<}
S o] g3 AT Prg TEaRe A FY 24E F9E wWHsL 54 F
2
A5E EEGE /e 9= Z2addx dAzt daAe] 2 4% H3d

o e g 2P FAHEA A (liquid crystal display, LCD)E ©]

af A sklom AFRAGA ] F9 FuFe A2 AAsAdd 29 215

op



[® Checkerboard? by Ryanghee Schn

Sucess fo connect 1)

a9, 215 AT Z2ad 2 Axe T4

(@A 2T Z23, (b) Azw 74



2.10.2 AXA 7+ EEG A 2 dHlolg A3

EEG 2% AZS 98 dx4d AL vpE 6719 d=8 =4 10-20 A5 8j X
Holl whel JAF 2 F39¢ POy PO;, POs, Oz O, 00 F2&aL, 7]
Ay, Aol F-Z3E (2 2.16). BIOPAC SystemseS Abg3to] ®¥E
(sampling rate) 256HzZ= & 53ttt Al5¥ EEG A3+ PColA 4

vl

LS

HN
iy
rlo

Fl
=
folt o

=
=

"

>

12+ 4

Al 2 AFstdon, AdEA g uwEt Ao 2AEE MCUZ Bluetooth F4l&
3l dEskaATh

of

L 10%
o =& 20%

&::.@{n: é\ ,Lj@ii %‘

B
%ln;?i @ ‘r@"#f

S qé‘. 20%
T10%

20%

19, 216 EEG A&E& A5 vl
(a) 10-20 ®= wjA], (b) FFHlA el EEG A= [25]
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A7F Wsk= Agke] dgrolw) Ak 3
of oJ&EstE SAA AEAES U B3 AAd It EEGY 5SS FE3sMa
2 EAC we 5357 Y98 A #EAH EEG #4(quantitative EEG: QEEG)S &}

9tk EEG 252 543 wAnde] gl FAH AZRA A4t 2Ase
¥ &

ro,
I
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+
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(o)
o8]
=
ob)
8
o
.
o
8
o
5
o
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o
fru
1=
jg
[>
)
m
o
tlo
o,

AL AAZ g A=9 EEGE 530Hze WY =3 ZE(band pass filter,
BPF)E Hatgom, 4 2-13 zro] 1&F o] W8k (fast fourier transform, FFT)
S 53 F34A <9 (frequency series) Y2 EH (power spectrum) w41 2

g AA Y AAe FHste] FakE Gl 5EA4S E4 A TH26]

X(k) = Y Ve 2-1)

At & 2 2-29F o] o4& FF o] WE(short time fourier transform, STFT)

S T A= TIPS APst AT Az A 5 FES Al=" Ao A

X(n,w) = i z(P)wln—7)e 7 (2-2)



= AAsklv27].

3% 26 EEG A3 24

Window Size(sec) of Each Segment 3
Overlap Ratio[%] to the Previous Segment 50

Low Cutoff Frequency[Hz] 5

High Cutoff Frequency[Hz] 30

NO OVERLAP
[€FFT>

CFFT>
CFFT>

CFFT)|

50% OVERLAP
[ FFT|
€FFT|
[€FFT|
(€FFT-|

9. 217 HolH T =



2.10.4 BluetoothE ©°] &3 FA 54 F+4 2 FES A9

vl A 5o ¥ d=S FE3SIY FES Al~®(Walking-Man 1T,
CyberMedic, KR)& o]&3&lo] A3t# #-A 55 331U} ot 252 1871

=

o] &5 w3 <(flexor muscle), 9709 H(extensor muscle)@} &

- L
(brachioradialis)®] <59 313 (flexion)¥} 3 (extension) 2H-&ol AEH X7 A3
ol = 19 2189 (a)9f #ol &7t 2758 A Enigu e w3 #8S o

A A= Z(flexor digitorum profundus)¥ <59 H HY &S = #

=

Al (extensor carpi radialis longus)] &% (motor point)¥ 19 2189 (b)9}
Zo] WrE o] 43 288 3Fi= A7 F(tibialis anterior)?] -5 % (motor point)©l

ANAGE hete] 49 FA% B £5 2 A4 FI £FL SRS



Lateral Medial Extensor

epicondyle epicondyle digitorum
of humerus of humerus (cut and
reflected)

Anconeus

Extensor digiti
Supinator ; minimi (cut)

Supinator
(deep)

Flexor — 10l | Extensor carpi Extensor
digitorum / ulnaris (cut) carpi
profundus . radialis
Extensor carpi longus
radialis brevis
Abductor

Extensor pollicis pollicis

longus longus
Extensor indicis
Extensor
Cut tendons pollicis
of extensor brevis

Lumbricales digitorum

(a)

- gastrocnemius (calf)

- fibularis {peroneus) longus

—— extensor digitorum longus
~ patellar tendon

flexor digitorum longus




nAsE AFYE

ANASLE Id P e wet Fageh B2t s A5
= WA ASAE MEAAE ARgstgler, A ARs 10720mA, AF
200usec, T3¢ 15750Hz Alel & AAFHATH %

47 AoJE Y MCUE g7 A&t e, MCUE Bluetooth 5412 T3 ¢

flo

n%

Afeel o A71AF A

Aoz Ao AT MCUS USART 7|5 o]&3to] RS232 A8l &4 24
o=z ¥ FAE sSAuGE 27). A F412 Bluetooth EE (Parani-ESD110,

k=1
Sena Technologies, Inc.,, Korea)S ©|&3le] FA3F o, HFH dZ2d =

T}2 Bluetooth®t A4 H o] A5 AES dci(2d 2.19).

= Chl
HES

Interruptport -
1

il -

DC-DC

Program msp
Download
® GND

9. 219 94 FES A|=H

= Ch2

;| ()

¥ 27 RS-232 Alg)d ¥ E 4A

Baud rate 115200bps

Data bits 8

Stop bits 1
Parity None




FES Alz®l AojAlz  $41<&  Bluetooth

A % (Parani-ESD110,
Technologies, Inc., Korea)& ©]-&3Fo] o] Fof (19 2.20; 3% 2.8).

Sena

3. 2.20 Bluetooth $4 2 &

¥ 2.8 Bluetooth & Al

Bandwidth 2.4GHz
Receiving Sensitivity -88dBm
Transmit power +18dBm
Input Voltage 3.3V
Working Distance 100~ 1000m
Size 27.5x27.7x14(mm)
Interface UART




$ USB¥ Bluetooth #|%(BM2001, Firmtech Co., Ltd., Korea)2 ©]

f3lo] o] FojHTH(Y 2.21; E 29).

19, 221 USB¥ Bluetooth +41 2 &

¥ 29 USB¥ Bluetooth A%

Bandwidth 2.4GHz
Receiving Sensitivity -83dBm
Transmit power +10dBm
Input Voltage 5V
Working Distance 100m ~
Size 70x23x10(mm)
Interface USB




2105 #E4= £H

At o 7 M 7]Z=77] (electrogoniometer) A5l BHESFS =AHT £ 9
om B dydAE 7 dnbdewm ARgEa gl EN60601-1(IEC601-1) 3
fre olAks] AR 93/42/EECE  F@ os7|7IE s w2 SGLI0/A,
150(Biometrics Ltd, UK.)E Al&3AcH(2d 222, & 2.10).

9. 222 A7|&27)

I 210 A7=2+7]) AR

Transducer type strain gauge
Accuracy + 2° measured over a range of + 90°
Repeatability 1° measured over a range of 90°
Operating temperature range +10°C to +40°C
Measured output (wrist, ankle) flexion/extension
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file)

Z}7] "lolH &= 100Hz #& % v & %
9

ofpy

=
=
g

48 A7)

=

Ir

4 23
(2-3)

75.73x - 149.72
R2=10.9998
5 Voltage

/

/
/

y

Joint £ =T75.73 < (x —of fset) —149.72

it

3|
180
160
140
120
100
80
60
40
20

Angle

3 Ak

(e}

=

[e)

[e)
=



EE59d e SAS 98 A7154719 o] 5 (forearm)¥ E(hand)el ¥
et A sta, A7S2Z7)9 FA o] £EFH (wrist joint) =oll YXAA 14
A7l F £2ol ZFF(flexion), AlA(extension) &% A B4 w2 =AU}
(19 2.24).
90°
Hyperextension 60°
00
Lo . -
Neutral Q’\_\_L/‘\- ’”7‘
54 60°
———
Flexion
Neutral
00
Hac_lial
flexion Ulnar
20° 30° flexion
U ] -
90° | \ 90°
a9, 224 A7NSA7E o8& &5 A4 x4



3

3

7] Zo] A7rel(shank)et (foot)el

o 1221 A

=
=

= 24 (ankle joint)

ol

719 =
&3] (dorsiflexion) <% Al &

e s Z2Qsgrh1d 2.25).

o

J=13
=

2]

Neutral

OO

90°

porsi-flexion

g0°

225 A71577] 9]

¥,
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29.60
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29.60

oz

-26.34

-26.34

oz

-26.34

-26.34 |

-26.34 |

-26.34 |

29.60 |

29.60 |
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719, 31 5730Hz He 3 dHE H3
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EEG 2%



79 32% THz2 Avtolis RVSS 34 §71814 EEG 2359 79 ~9E

He Holi lom THz thelo] mhejgro] thE Fahgrel Hlaf FHof 4u] o] =
| vebg ghelslc,
4.139 5-0.1¢%)
8:34.1(%)
@) 15.6(%)
POZ ﬁ:T:-;o.z(%)
0.000 | :
£.570 B:0.1(%)
0:27.4(%)
ﬂ‘."
PO3
0.000 |
4.656 5:0.1¢%)
9:29.4(%)
w21 8(%)
PO4 B:48.5(%)
0.000 |
4.875 5:0.1%)
9:31.5(%)
! 18.5(%)
B:49.8(%)
oz ¥:0.1¢%)
0.000 | : !
bR 5:0.5
8:21.7
01
0.000
3.466 5-0.3(%)
9:28.8(%)
®:24.3(%)
Bid6.5(%)
o2 7:0.1(%)
0.000 | ‘ '
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Frequency(Hz)

9. 32 EEGS 54 99 2HEY A%




% 332 9HzE Zutol= RVSeF Fut4 F7|8tA] 5730Hz 1Y §3 2HE
¢ EEG 2155 ®ola 3t

29.60

POZ

2634
29.60

PO3

-26.34
29.60

PO4
-26.34 |

29.60

OZ

-26.34
29.60

o ""“{k\f H"Ww.mf”j w WW\J\ At '.,J'\ J \ j’“"ir'"'vmﬂu./k.\,p\w

-26.34
29.60

o2

-26.34
T
0.000 1.000 2.000 3.000

Time

19, 33 5730Hz W F3 dEE FHT EEG A=



# 34= 9Hz=E gHteli= RVSSF 3k #7138k EEG 2139 39 AdE
= Hola gloem 9Hz thefel dpelghe]l trE Fupel wlal] FHuf 49 o) =

| YEbEES sk

4.139 5-0.1¢%)
9:19.3(%)
@ 36.2(%)
POZ 5:744.4(%)
0.000 |
5.570 5-0.1(%)
PO3
0.000 | ‘ :
4.656 >6_‘0_3 %)
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ABSTRACT

Analysis of Steady-Stat Visual Evoked Potential(SSVEP)-based
Brain—-Machine Interface(BMI)-controlled Functional Electrical
Stimulation(FES) for Motor Control and Rehabilitation

in Paralyzed Patients

Sohn, Ryang Hee
Dept. of Biomedical Engineering
The Graduate School

Yonsei University

A brain-machine interface (BMI) is an interface in which a brain accepts
and controls a mechanical device as a natural part of its body. It can be used
as an assistive technology (AT) as well as a neurorchabilitation tool. The
purpose of the BMI is to provide a method for people with damaged sensory
and motor functions to use their brain to control artificial devices and restore
lost ability via the devices. Functional electrical stimulation (FES) is a method
of applying low level electrical currents to the body to restore or to improve
the function. The electrotherapy has been widely used and its advantages have
been well accepted in the field of rehabilitation. Steady-state visual evoked
potential (SSVEP) was used in BMI. SSVEP are signals that are natural
responses to visual stimulation at specific frequencies. When the retina is
excited by a visual stimulus ranging from 3.5 Hz to 75 Hz, the brain generates
electrical activity at the same (or multiples of) frequency of the visual
stimulus.

The purpose of this study was to develop a SSVEP-based BCI
rehabilitation training system for spinal cord injured persons. The six

electrodes were attached at the locations of POz POs; PO, Oz, O; and O:



referent to the international 10-20 system, and the reference electrodes were
placed at A; and As. The electroencephalogram (EEG) signals were recorded at
the sampling rate of 256Hz with 10-bit resolution using BIOPAC systems. The
fast Fourier transform (FFT)-based spectrum estimation method was applied
to control the FES-based neuroprosthetisc system. The functional electrical
stimulation (FES) control signals were digitized and transferred from the
personal computer (PC) to the micro control unit (MCU, MSP430, USA) using
the Bluetooth communication. The frequency of FES was set to 10720 Hz, the
pulse width at 200us, and the stimulation amplitude at 10720mA.

This study showed that the present SSVEP-based BMI-controlled FES
rehabilitation training system makes successful muscle movements (wrist
flexion, exetention and ankle dorsiflexion), inducing the electrical stimulation of

forearm and lower—-arm muscles in the healthy volunteers.

Key words : brain-machine interface (BMI), steady-state visual evoked
potential (SSVEP), functional electrical stimulation (FES),
assistive technology (AT)
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