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A Study on an Automatic FES Control System for
Paraplegic Walking Against Muscle Fatigue

Byoung-Gwan Min, Jong-Weon Kim, Sung-Hwan Kim

In this paper, a DSP and microcomputer-based EMG controlled functional electrical stimulation
(FES) system, for restoring walking of paraplegics at the patients’ own command, is presented.

The above-lesion EMG is a time-varying nonstationary signal and its autoregressive (AR) paramet-
ers are identified by the nonstationary identification algorithm using a DSP chip. The identified AR
parameters are used for the cloassification of the function and the control of the movement.

The below-lesion response-EMG signal is used as a measure of muscle fatigue. This FES system is
designed to measure muscle fatigue and control the stimulation intensity according to the amplitude of

the response-EMG signal.

While the automatic electrical intensity control is obtained by identifying the movement, the prop-
osed FES system is suitable for the automatic control of paraplegic walking.

Key words : DSP chip, FES system, Nonstationary signal, AR parameter, Response-EMG.
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Fig. 1. Schematic of the FES system against muscle fatigue,
controlled by the above-EMG.
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Fig. 2. The block diagram of the overall hardware.

A3 A7 A WA 2
10)

£ A28 ATl 4] 22 2AEe] A 7E
Q4]& #18) T™MS 320C25 DSP A & AH4-3t5 3L, #A) (A
S FulEAA)NN 2HLEFE s AT
A7) AAF& F7198 FE-E 803143 violag 24
A E Abgste] AAstec) a9 28 Aa Y AR B
AEF RojF 3 9t

AA719) Al A 245 A4 Ee FEw
QAR AFE vhgste] 429 )AL 2 A48
A #¥o 2 vz 5 vk ‘

TAE AL A A= BEAT (Ag/AgClAF),
SAEFE7] (15 1000, dHYHLD2 10MQ, AE5E
24V rms), AGERGE (ZHAE 379} A/DHFV]
Abo)ell & aliasing £ X8 w}A|3}7] 3l 10 Hz-250Hz2)
Fir 248 Zhe 3 UE)9 A/DHEY] Max172)2
A sl

A% QAP A4t

—168—



W ¢ 28 AHgA o] FESA| &)

Signal 12bit TMS320C25 Program
o LPF >
Input A/D BIO ClockIn Memory

100KHz Sample L 40MHz
0sC Rate 0sC

a7 3. eNY|e) EBME
Fig. 3. The block diagram of the identifier

TAHR FAETE A4 - BRHEIHE AEE= TMS
320025 vlEel) § - &4 Axle] &xr) =gAS =
EAMAA R 72 5E FAAG 5 sl & 1479 H
2@ & 7re] 35nsec ® A7) E G o] E3e] e
3, 1/09) A9 & 19 97|23 E FAEH 354
Zro] 140nsec7#] 3 4-¥c} JH-Z2 09 o Ba]d= 4]
298 BAsle daE|ES faEle LR a-e] WA E
o] gl.ow, x17]= DSP 3 £-2] 40MHz9} A/DH 7] 4
2] 100KHzE 7+a glch AE)F7]= 100KHz2) 23-&
Rt 2H3 2 =o] 913 DSP 2] BIO==}e) <7}
=& sheh. =3 29} 1/0e 47t fze & sht
A Zhar givk. 1§ 38 AAIR ApE vA A FAE {147
2 EEA4 R}

A571E HFT A QA 7)5E AR ER Alga)
o Aol A7 AFE F3L, Aloshe X)) A571=
AFHE, AFAE HRFXE, AS7%E HE2NE, 25Y
AEZ HEpRR B )RR yAQ YRR e " s
At ASHE YRR, AR HE4E, ER7E
2 EPROM 9| Firmware & WA3}gic) £47] 52 2}
F71eA A7k F2r) QAo B9E ela 2 2R 2
A4 A/D HFAYE F-9l=E AL W6ty 292 o)
Ele] A &F A2 917 Fielv). AGFE-S El o}
(6:1:55;N1:N2:N3)e} ==z ~elg FAF¢en, F
APz ie QA A £3F WA3)7) gt =]
¥ A4 (isolated power)-& A-&3F¢l ).

2 AE N

7)%5el 4] A|2d stmeo)g FAEtT AR HEtu]ElE
FA5ME =292 TMS 32002504 E2] o]z 74
atsdet. o] =2 7388 TMS 320C25 A E-dle]elel) &4
u)e] 71%3{ ¥ EPROM o W4sledx}.

P

Compute :
c ~
e K@) v Pk !

1 ]
Couacﬁciﬁ () STEP3 ﬁ'(k)+K_e(kr)l=£(k)

&
ya) ‘K .
Pregent Input __E o) ‘ +Z Current
(CObservation) =y(k) - Cx ) Estimate
c | A ; 2|

C
J9=CRE) L=  Prediction
Estimate of Present Input  {/(k) = |AX(k-1) D))
| , Previous Estimate
STEP 2 I STER1L

P-1)
Alkk-1)
a1

a3y 4. elal7|e| etnR|E
Fig. 4. Identifier Algorithm

AE dlole}l £ yn)e
y(n)=,_)’::l aim)yn—i) + wi(n), n=0,1, 2, (1)

o2, W4 AR BeblE aln)E Theat o] 2w ¥
o},

ai(n) = él b (n—7) + vi(n) )

71 A w3 ()2 A2 2 A (orthogonal)e]. 2 3 7t0]
0% 2AERI E o 23] w78 2 A L0,

A ()3 2] )l A Fepd v A4 AR 2o 23 b}
HelelE 7al7] fEA, AHEZE A A (steady-state
equation) 2 2 ¥ = 9|z, v A A A5 Q1479 ¢dw
&S Y 5 stk el Q4] Gaege 1/
48} v} ¥ 44 A2)717) F3E) Alaksbd 21
seho|e| E-& dAsty, oF FHozNE FU)Azv)
B ERE FHAslY oAxE AlEE A/DEI
Step 1 o4& o)A o] A AR H2}u|BE 7132 QA
¢ HHo)EE FAHFI Step 2904E 24 AA 2
2o & o] &3le] A HlolEQl THE AT E FA 4
3 P4 J¥9 2A% 4159 245 ZAE A FAlo)
9] exag 7Rt} TRl exke A4 B2 A4
gato] 5o FsAA WAL e i) Step 304
& 3 Step Aol A3 stelvlgo] BA S vl A=
& A2ulEl - FA T

A& Ashs FESAT 719 2E Z2¥-& 8031

—169—



FRaR A 157, A23, 1994

Current Function
Check

Initial response-EMG Store

— |

Stimulation

Y

response-EMG
Acquisition

Fatigue ?

Y

Stimulation Level
Adjustment

a8 5. 2% HEYneE
Fig. 5. Muscle Fatigue detection algorithm

ol AEe Qo FRAsGh AFH2 AR A7
A ke A Bl w8031 o A ARFA|ALF A gt 2
Y2eE dueES AT A5 response-
EMG%e|A 28 5% F¢ dlojele} nf 5& wlr}e] d|o]
E}S vl mate] 27]2 9] 50% o|sr) Hw 29w} 2
Asloicta A s, vhel A} 222 Qe T
& %A 4A 9 ANASAEE 8031 vlelzg =
2AM A AEA o2 WA Y =F A ssict

HE % oo
NELTE

B =Rol A 3luAl vl Exlel| Al FES 2 2-4-317] ¢
GA A A2 AL 7 SuE e FAE E)
AR S A2357] 93] AAFA (175em, 65Kg)e of

Ao 2 Algslgct A9 241E Q14]7] 71 #xle] o) o)
2 71555 At #ads] A8 7 A 715 (R
EE AL AF F-5)dl WA AHstedok . '

A9 24155 e o g S 3Eistelch 39
AT &3 fA2H 24501 7R gl = o)
A7) 7HE A E R EFFol FAA o) w2 S 2E 3
A3157] S HFEF TS HY F oS AR E Yl
Ak A¥E 10Y F9F 317 1F FaF AF5HL 103
B AABIAL 3~54]7 9] 2R FA T 1 w-Eqt &
2 452103 A3l A3 E A5}

A9l ZAEEHE QIAE 7% wEtA sdEH = 2}
T2 I3k, Q7 AVIAF 2R ds|A A7l EA
=829 23 2.5 response-EMG 2828 &As)qir}. o]«
n2tA A7) 2 Zdert 2AREAE A9sta, Rt
ZAY o] ¥ response-EMGE &3 3}e] A= FES 4]
£8 8] F2-& Al

o] wf Z7]9) AT el-& A= 300sec, 23ppsE A
A1 ARG AARFE FEAR e A5 CAE
QAR SER ZAF AT} 8031 o)A B 4 EFE
A T ALt 25719 AT A AV 2R &
715 B w=} [0, 112 d9FE-S, [1, 012 LSF7 5
gtie] Aosh, ¢%r)7F5& A3 B AL 127}
A7) A& A7V EE AAE Aol A] A8 st ).

2 A T

Al whelgAle) 7] 5elal 9 ol F2el A B
Foz ¥el AD H#so] $3¥ 2 Mg vy
A Zolt} o1 -2 X7} sk TS adsle g 3t
A SAE A5 wishr) defviA H o, vk Al
T} #EHe2 Yaoleke Mg stel] A 7] 2o
daE] E2 A o] P} & =Fo A= ujAA A 4l
A71E AHgste] Bx1e) 7158 1A s

B 13} ¥ 2 235 A2 4% Aol ds) 214)7)
7} #33 ARATE FENL w9 gheolc}. oIz A
TR T4 Z e dsjA] AR A} 250 8] P Zo]Fel
shetuleigre] QR SIRE o] uf 9] ghg 4o Al-gaheo
o R 13 & 25 2500A AZeM e sejulg glelr),
ol E& A RH 2} 7)ol shetu]elg] gho] h2
Z, 53, @9 Aelsl AR & 5 vk olT #
ol dAE 7% A3 L7 Hed A I
& st FAA01E & qlch

3 X 13 % 29 gES IR gel 74 715
THEAS ZTEAANGS BoFa ) o] 59 RAA

—170—



T 9) - ¥ 2EAM ] FESA| A

H1. 2EZ AIYM F=HE AR ATt

A% L .
LE2E AR A E) AR A(2%F)
4 & a a a; a a a a as
DATAI 0.859 -0.555 0.254 -0.151 0.691 -0.288 0.022 -0.135
DATA2 0.825 -0.844 0.264 -0.206 0.480 -0.356 0.032 -0.221
DATA3 0.627 -0540 0.250 -0.140 0.688 -0.227 0.012 -0.041
DATA4 0.719 -0.717 0.263 -0.123 0.548 -0.437 -0.151 -0.042
DATAS 0.503 -0.629 0.227 -0.304 0.716 -0.225 -0.086 -0.067
2 9F AU FHE AR ATut
T E
4 = AR A5(9F) AR AG(LEF)
4 & a ) a a4 a a a ay
DATAI 0.618 -0.253 0.253 -0.319 0.859 -0.501 0.050 -0.168
DATA2 0.551 -0.147 0.363 -0.244 0.887 -(.589 0.166 -0.253
DATA3 0.651 -0.055 0.009 -0.321 0.927 -0.646 0.261 -0.181
DATA4 0472 -0.078 0.126 -0.332 0.963 -0.631 0.251 -0.214
DATAS 0.465 -0.033 0.070 -0.269 0.803 -0.607 0.181 -0.157
B 3. ARAISSEMGAIZS| EEMAL |
7l * AR A2 AR AlF(L2F

a a a3 a 7y a a a3 a, vy
RS 0.707 -0.657 0.254 -0.185 0.506 0.625 -0.307 -0.034 -0.101 0.349
LS 0.551 -0.113 0.164 -0.297 0.320 0.888 -0.595 0.182 -0.195 0.546

A& 9% 7155 = fuzzy o] 25 o] 43l e sty
10, 1)’

Fuzzy ©]2& A43t7] 44 7+ 7154 AR AlcE
223 (membership function)® HEgiv}. o=z} 9
AL 3t A2 AR AE AFEES 3t F57
FE F (bel)F e 2 3t v} o] ekl gich

pua(x) = exp(—(x—X)* + 269 3)

o714 X& 7| AL FAgtel L, o2 FAtgte| o)

(RS :Right Step, LS : Left Step)

2% 62 Al o)A A2 7|l oz gkEeizl
FEggo|t)h, T 757 ] AR FE5TTE LA
uh g 5= gl Fio) x4l Fuzzy o] 24| 934 AHxr}
=2 £ 715 & Adsnzy 25 F4vt 1 60l
A DL LEZELLY 9 Q¥ Qv LEE5E LY
2EZ QFT @2 dAFH LY 9F i FT O AT
AE9) L% g F2ol4 @& AR Alrelrt

AA 2 Al wie) g A 2 4-517] 982 FES o
GAA AA AT HEE F3 (training)e] A8 = oo} &}
o Q122 27 AR|9] FHEAF sl 7RAA}

—171—



1.

- BE+D0E

g)zeaA A 154, 2%

I Il Il
-0.657 -0.585 -0.307 -0.113

a8 6. 2t 7|se E&58s
Fig. 6. Membership function of the each movement

A8 2 FES & 437} s #ale] 715 wd 24
FE A=A A8l et o] FFRES 1479
Z22 33 W2 He]ER ARt AR FF A
e FEL o] 83l #F Ao 7T E & 5 9
o} AHQl FES 9] A4l ¢4 o ale 24135E 74
sled 7)5F-2l & 3 s of gt

SR 2ol A7) A F s a2 Fag 29
AT A AL response-EMGE <4279 $-F34 (mot-
or unit)Eo| 5 E7|3} (synchronization)® $]9] o]
™, FES A}l gk 2542 2 4 deterministic function @]
v} o] AFE 459 A2 E Vel AR AHEE
T e, 489 A2} FrlEH Hd #Rle T8
U 2H A= AZR G E o 5 o= fkle] #
o} ety 289 W24 deby AAdsA A5 xS
HER] A Folof sl AA| FAtN A A4 = A
o2 225 E 273l Holl3} 83, &) response-
EMG2] 2 % 7}A] 34-% 5 d=AE AYs), i3
Z}2] FES Al2#’lo) look-up table (LUTE A A 3o}, &
Ay 271314 50%d o 29271 $Agca 7}

EECELER DS P

23 7 AZIASAEI 40mA A o] REo] W3}
£ RojFm gk 29 79) ()& YolAY) $2He AgH
52%2] response-EMGAlZo| 3, (b)e 227} A3
Azt o] @717} E¢1E response-EMGAlZ 0|t} o|mj=
A5 @77} 2729 50 %) st BB AT HEE A
A shofof dhet. AT B} A 2R 24L& FAbe)
ES AYY $ 9lE ARR 249 52 /MAA H
Z, @A YL FAH & 5 A

A7) A= 7Axrt 7% 5 SRt 443 A8
Hog A3 274575 AEE dofilivl

3% 8 A7t 2 F9 response-EMGE 2

1994

240 ’

1.5

T
|

1.0 4
0.5 ¢
0.0 ¥
-0.5

Amplitude

-1.0 -

-1.9 F .

—2.0 ! | ! ! |
0 50 100 150 200 250

Sample number

(a)

Amplitude

i I

N

& Ln [ o L& [ [
T

1 i |

!
-
U
|

|
P
o

[
on
&

Sample number

(b)

a8y 7. 2oiM7| SEoIM2l Response-EMG T+

Fig. 7. Response-EMG waveform during the standing oper-
ation.

(a) 5 seconds after stand-up (b) Effect of fatigue (Stimulus inten-
sity: 40 mA)

—-172—-



g 2 B8 2EA o] FESA| A

g
o

o
i

7 (a)

Amplitude
IO o O
oy O

b
v O

] | I

0 50 100 150 200 250 300

I
ra
O

Sample number

2.0 q , T

1.5 § .

1.0

0.5

0.0
-0.5
-1.0

—2.0 ! ) ] ! |
0 50 100 150 200 250 300

Amplitude

Sample number

oo = =M
o w o o
I
1

Amplitude
|
o
{h
1

| I
o o

T

|

1 I i ! |

50 100 150 200 250 300

|
N
o

<

Sample number

a8 8. A=t MZHE £2| Response-EMG

Fig. 8. Response-EMG after re-adjustment of stimulus level,
(a) 5s after the first re-adjustment of FES levels (b) Effect of fat-
igue after re-adjustment (c) Fatigue required the second re-ad-
justment of FES level

53 gk 29 89 (a)v A7ATE) 80mA R A
Z2AE thg 5252 response-EMG 3 o)ch 29 7(a)
o} 289 =& vl EH AVAFHRE) o 7
ol Z88Hol o ARNE & F Ak 2™ sy 2
271 A717] AlEFsle Aol v, 231 A7) A7 A 2A o)
423 7397} (el

4 £

B A7 e sural v gate] 8-S F7) 98k
Y 25§ F27 FES Al&d& AA g ch o] A~
2 & A4l 4] Al FES sh=9o] A|A"E 7]
2o ste] ZH 25 E w7l A2 Ao},

A¥A QA7 = 8271 Asle 715S Ags 257
) o Ar|AlFe] LAt ertgd we} 2]
=l AYEE AL $AY At o2 Y2 ss
AAZ Ao 243 oo e 3L A" 5 s
Lot 4} YA 252 7)ebd HAte 242 2
27} s E 2, 3L 43 28A 4 gl g
A o]# g Zu] 2ol HA3A A Fle] AFHEE Wl
AR, AF7EE7 v E 280 sEeo] 7lalR] re-
sponse-EMG 7} A4bd .2 383 gic). o]ad 7|5e
AA BAlo] HgAlel wl$- 22 AL 3 4 9l
o},

AAE A|2g 3o AAleA 7rdslA FRY
T lomz, Al vlu)ghatel Ao} A3 B 2
Ege] & Ao A} w3l B =T A3 A
AlolAl o glomg gho 2 AT Shale] M4
gt ST wE 2R uAYEAE Ag S
= whehat 29 E7F B s A Qe Rk L3l
7} 9 g5}

H#ogd

1. A. T. Moser and D. Graupe, “Identification of Nonstationary
Models with Applicatiion to Myoelectric Signals for Controlling
Electrical Stimulation of Paraplegics,” IEEE Trans. ASSP. vol.
37, No. 5, pp.713-19 May, 1989.

2. B. D. O. Anderson and J. B. Moore, “Optimal Filtering."
Englewood Cliffs, NJ : Prentice-Hall, 1979.

3. Laurel A. Benton, R. P. T., Lucinda. Baker, M. S., R. P. T,
Bruce R. Bowman, $c. D., Robert L. Waters, M. D., “Func-
tional Electrical Stimulation”-A Practical Clinical Guide-Sec-
ond Edition.

4. D. Graupe, “Control of electrically-stimulated walking of para-

—173—



e < A

plegic via above-and below-lesion EMG signature identificaion,”
IEEE Trans. on Automat. Contr., vol. 34, No. 2, pp.130-38,
February 1989.

. D. Graupe, “EMG pattern analysis for patient-responsive con-
trol of FES in paraplegics for walker-supported walking,” IEEE
Trans. on Biomed. Eng., vol. 36, No. 7, pp.711-19, July 1989.

. D. Grape. J. Magnussen, and A. A. Beex, “4 microprocessor
system for mulifunctional control of upper-limb prostheses via
myoelctric signal identification,” TEEE Trans. on Automatic
Control, vol. AC-23, No. 4, pp.538-44, Aug. 1978.

. D. Graupe, K. H. Kohn, S. Basseas, “Above and below lesion
EMG pattern mapping for controlling electrical stimulation of
paraplegic to facilitate unbraced walker assissted walking,”
Biomed. Eng., vol. 10, No. 5, pp.305-11, July 1988.

8. G. Hefftner, W. Zuchini,and G. G. Jaros, “The EMG as a con-

154,

10.

11.

—174—

A2 E, 01994

trol signal for functional neuromuscular stimulation, Pt. I( Aut-
oregressive modeling as a means for EMG signature discrimi-
nation), and Pt. II ( Practical demonstration of the EMG dis-
criminat-ion system),” IEEE Trans. on Biomed. Eng., vol. 35,
pp-230-37 (PtI)and 238-242 (Pt II), April 1988.

. P. Strojnik, A. Kralj, and I. Ursic, “Programmed six-channel

electrical stimulator for complex stimulation of leg muscles
during walking,” IEEE Trans. on Biomed. Eng., vol. BME-26,
No. 2, pp.112-16, February 1979.

ASA, AFR, e, 48, 245, “sigkM | ERte|
275 HOE 28t FES SI=SIo] AlAg] MAjo| 8t g7,
2]F%+5] 7], vol. 12, No. 1, pp.1-6. 1991

L. A. Zadeh, “Fuzzy set”, Inform, Contr., vol. 8, pp.338-53,
1965.



