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Abstract: To address the problem of prosthetic limb control for patients with physical disability, an SEMG (surface elec-
tromyography) based intelligent prosthetic arm system is developed to achieve coordinated hand-elbow control for patients
with a higher degree of arm disability. Firstly, the non-negative matrix factorization (NMF) method is applied to extracting
muscle synergy based on the muscle synergy theory, and hand movement recognition and continuous motion estimation of
the elbow joint are implemented. Secondly, a “feedforward-feedback™ control framework is constructed based on the inten-
tion recognition results, and feedforward supervision and feedback detection are performed on the subjects to improve the
comfort and robustness of the prosthetic system by adjusting the desired control input based on the feedforward-feedback
results. Then, an adaptive grip force adjustment framework is constructed for hand movements to achieve adaptive grip of
objects of different stiffness and shapes through alternating force and position information control; for elbow movements, an
impedance control algorithm based on recognition results is designed to achieve stable human-machine interaction control of
the hand-elbow integrated prosthesis. Finally, the above control strategy is experimentally verified by 6 healthy subjects and
an arm handicapped subject in order to achieve more accurate intention recognition for the overall arm motion, and the result
indicates that the proposed approach can complete stable elbow flexion and extension as well as hand grasping function to
achieve coordinated control of the integrated hand-elbow. The system was realized in the Beijing 2022 Winter Paralympic
Games for application demonstration.

Keywords: intelligent prosthetics; SEMG signal; impedance control; HMI (human-machine interaction)

REEWH: ERESHRITR (2021YFF0306201); X BRI S (61821005, 62103406); 1L T4 HARBI#FES (2021-MS-032); L T4
COGTHA TR (XLYC1908030); HHEEMERE “ KK EHHEE " (2021-004) .
WEME#E: BHNI, zhaoxingang@sia.cn  WHa /A AMEE: 2022-05-10/2022-07-14/2022-07-18



944 55 5 W ZROOME, S5 TR REBURC TR MR NLER 1 R G0 2 P Rl 42 ) 547

1 5|5 (Introduction)

P28 A E R NS A A, JRIE B
BRI N ORI 2400 7, JRARBR AL B K T
AL EE B ARE s W AR N B AR AR B i e
W S I ARIZ B8 7, AH 0 IR S i #
O A RN, I iR ik e 2 v O 2% AR
PINEAN 90 /5B, X EBUR h T G BR A7E/E 2
Reth—. AT, &M IR K S sk
i 131

AT P AL R B BB 22 42 FEAL o — A AL
MW, B BUR. 0 B A SRR AT RE
ME IR T K 5 iEE F=Hi LB E R T RA S
A~ FH5 ¥ HIT/DRL B 39, BF 5k 1 1AL
BRI, v LLSEI ) — AR A A i & ) = e
%o JZ[E Touch Bionics /2 F W & ] i-LIMB Hand &
S5AFED, BT EEET BN BECRER
MALEES EMG), AEiHnizsiEE, w60
AEFPATHRPBIENE. 56 EPH# K ¥ Krausz 5519 &%
T =3 ETEEE 6 | BT, BT R
MFIRW R i KR 1298 10N, FHR1T/ &
AR EREIAS] 3 rad/s. Smit 25 7 W TE T —KiE I
VSELIR B ST, 2T EE. b
fa. BRI HIE 2 AEEBEE, MEF 1A E
FIHEBEE, 3 fIHE /118 60 N. Gu 55 B & it
TP T, @ 4 AN TE LA R
KA SEMG, 2R 5 £ B AL R AT IR 0 &,
FEATE F RIS s T it S i, AR R IS T AR TAR
SN T B AT BN E AL AR IR R IR
by HRGHIFENME /) 24 % SEMG FIHE PRt
I AR 1 s e AR K P,

FE I EL AR B P S B 2R 1 2 dl UL A 5 R
HH AR RE s K, 8w S S BEh R 4
KA ES s EmAG Y, Englehart 55 M1 X} H
ANTE ) SEMG R AE XS TF= 5B BN AT 73 S i 22 1R 82
m%%@ﬁﬂ%ﬁ(um)ﬁ&ﬂ%%ﬁ%ﬁ At
WRFAE AT SE 25, Rets HERR IR ) 6 FP T i 3)
1. uw&@mﬁ%%ﬁW%ﬂ%(®m>ﬁﬁﬂ
B2, DUBRMRRFIRIRA, v DT — 2891 2k
A BB B F . Zhang 55131 $2 I —Fh
R LA 5 5 BRSO A FE 2 B S8 R m B dE
PR, NPT, AEE S, FIH
AR AR 3] % BP R AEHE) #4245 11T
BERETF, R R I (€ . Han 55 1M $2 H
—FhAE T Hill B BR A A AE A H T AR 2Lz

i, AU R A S B R, i A
RIULPAIRE R A SRS 2 (L, IR $ th—Ff sEMG
A — AT BR AN R B . DL A WF T R
®W], sEMG Refsxt AR BIEAT . (EHfR%

WE RN OL S BRI SR AP AR BN 20, FH
5 151 g o LS 5 I AR AR SR AR AT 0 i, OF e

A QIR S THT A S AR B i T B PR A2 AR 1
Bl X 3pe e WIS 535S, B TIRsAmEEr
— R, R, ARG T RRAEE 0 T VR AN R AR
RER I g, TR IS B 2
il R N AR R T

MARZ R T TR B, LA P A2 — Pl AT 2%
JZ TH 138 31 72 B AR AR KT 10 DL PR B0 55 X
AL, T LA B R4 F R BN — ZH LR TE =5 ]
SR B) b TS U, T E S AR A
AHEGEmEE, Fn UG AT ARz E
At it Jiang 55 U8 F 55 LR 5 3008 3l 2 (1 i
FERE Sl MEREI e &R, IUE B R U A7 2 UL ER 2 il
eI FH 5 UL E A ) U R R 4 A8 T Y R
SEHL. Luo 5 U9Vl JE AR RE 4> i (NMF) i
AT FIRRAESR I, XF 5 A B8 A G b L A 01
PR RARFFLE 96% LA E, AEB T LA P 1A 1 5
TFHRNHA M. Antuvan 55 PO B R 52 5]
Bl (ELM) JEATENE 53280, R ILE RIRFAE (1 7E 28
B ZAR T SRR, 1A% 91.79% A 4. Liu
S5 20 ok T dE R A UL R A IMU - (R
FAIE) R HET LY R Sk A iz 2h & B 7
5, BRI RIEHZRIL R 94.5%. Kk, WA
W AR F FE A e s IE B e e B AR s sh & i, E
X BARER R 23, Rl B F — s &l
fZHIE DL, I8 B R E sSEMG 1 55 T01ER
B RIS alE B, LU % A RS e
WSS R WUABRIVE A 3 Bt 2 & T
TER4EE . DUBRE BAA N TG 5T
g, 5548 HEM.

NG RE SRR E R, —
5 TR B RS DU F R R 45 BT Ik

T, R i A A8 A A P BB I 0 IR A )
k1. D’ Anna 45 P2 3@ 5 7R # 28 oo\ 2 0 08 R,

A5k P 428 PR R ) 7 92 S A AT A7 B R f i S 5t
fE#E B FH X TR FHROMLERR /\ﬁﬁﬂuiu
SN ELAER ST, Zollo 55 231 EAT 47 A= 18 Bl Aar M K% i
E% K T3 RTE B A5 B E o A A R R P R RS
o fARR T 52K TR BIPRS00 T R AN B A5
jj Furui 55 24 ML 5 SEHOUL P B[R] 15 9



548 I SN

2022 £ 9 H

BATALG, BT O ST A SR TR 5 5] (4l
B, RJE AR UL O R AT REAS 2 42 1R
ARSI AT AR BT, SRR AR
il DAERT T RO e S SCELBUR B E S BB R
JEE S A, R E ST AEEEAT RN SR R B R T A
T, ST PAREAMEE RS 5EME R
PEFRPRNL BeAh, BTN IR TR HR 3 T Se BN
BINRE, HNBATH RE B B E BN A B = 1
Rt = AT A RIE TE R AN 1 5 (3 365 27 SUBUR R 5t
HIZR, AR 2R AR T AR R &R B 2 ) e
KIETF R A B St 2% AF

DX T B 1) sSEMG A2 HAZHiIRE K, AL El
WET MR TIEM T AR AN R O R
gi, Bt TEE R -EER - WEE - UT
27 WPERIZEN, $R-T T AN H R G R E T
HARTAEEIELLT 3 & 1) B b F) UL o 5]
MEHEAT . s e AT, o0 M AN R R 0t
TR RN 2) M R — &7 XUZ
B, BEAT 32K B A AT S UL AR 57 A
W5 W BT B2 A 24 B PRAS e 47 ) SR s A 475 1]
S8 3) MERTEE . AL AE B i R A BE R
G, SEHLE G NIAR DD RE,  $ i IR A 22 i SRt
o _EIRTTVARENS Se AR RE B BB 48 i Aok A
IAThfE, BT — B — AR I P ST A
SCAZ HAE R RE BB P IE AL AL B AR B 2 KB
Fo BRI E A B R R UL, I RET
B 32 i BN 58 K AE A% AT 55

2 SHHE—FUERRRREIT (Design of

the biomechatronics prosthetic system)

AT EAN AR e R B L(a) JB
N TN — AR R G B AR S5, el
BN, IR, FEgIn. RITF 4 #Ha5A
B BB I I A S e g e B AT R, R
7 FEG U UL P, PR S P 5 R fR B 52 s o SR mT 4
Bz

D) ¥R ITTlE R BB R H Rz O, KB T
RV B, AR AR AR PR B ) A
fThRE. HTEERGNEEEAR, HT R85
BAGHIERE, TR kit SPTEEHER
7, BOR#E T EiE T AR Hodr, Pl
oy TR Az 25 STM32F407VET6 1E K
ol i, T 5 RUE B 2. 18] 1(b) B
A FEE R ITREESE Y .

2) B RG24 V B it 4 AF v HL I,

FeIEJa 4> M oM B AL EER. RI5FHAT
e, HYEAH AT IE B TE B R AR, R VI LR
3.4~42V, I 4 4 DC-DC MK, 27k
ERIH +85V. +5V. 433V LK -5V HitH
JEo Zeidiilat, Hh g n] DR R RS AN ) 4k
5h, R KIEFEIBIES 7K.

(b) FEFEHITREAFAA AL
B AR B R 5t

Fig.1 The biomechatronics prosthetic system
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Fig.2 The hierarchical neural control system based on human-machine closed loop
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Tab.1 The average classification accuracy of hand movements

based on features and muscle synergy

Bane LIPNE S LDA  SVM k&R
REIEAE 82.6% 87.3% 89.2%

WA EER  859% 88.1% 90.3%

5 FRAEE 90.9% 91.6% 92.4%
WA EER  91.4%  923%  93.0%

; FHEME 84.9% 86.9%  89.1%
WA EER  86.5% 89.8%  91.2%

A FEIEAE 88.1% 91.5% 91.7%
WUAHBEER  904% 91.1%  92.5%

s FHIEAH 85.2% 89.2%  91.1%
WA EER  879% 90.1% 91.5%

6 RFE(E 83.6% 87.3% 91.4%
WA EER  842% 89.7%  92.3%

S, FEIEAE 85.9% 88.9% 90.8%
MR FEER  87.7% 90.1%  91.8%
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BRI ERZ E T SVM, 117 SVM [ 1E 7 235 i
BT LDA, MERJEFE FoR UL £ AR,

Gh, T3 MR, i 2l R TR
(19 °F 451 73 2 IE A R 43 ) /& 85.9%. 88.9%~ 90.8%,
TE VA B TR F 7 3R 11 38 43 95 TR 1 26 43 Sl o
87.7% 90.1%. 91.8%. HA HAEZRE 4, B
SVM %3 250F, FEHRRAEAE 755 P35 IE# R LLAE L
PP EE P 732 R i 0.4%; w2, T
PRI R4 FH B 7 32 D A B 2R 2 e T 6 T RR AR 1
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ARICH, BT R T Al T S5 1 S Bk B a0
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EFE 10 D RERAE 5550 K 4% BP BEH{EA
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KR 0.09, HRKIERZESJIRECH 200, RVFRZEN
1x107%, — O T, BWHRRE (epmse) FI LA
VB PEAS D% 1 A8 BEAG VRS BE 48 45 B2, T8
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Tab.2 The ermsg of elbow angle based on features and muscle

synergy (°)

anea LIPNEFit] KNN  RF BP
FHIEE 1053 10.17  9.94
MUABFEIER 1005 989  9.13

) FHIEME 1139 10.63 9.73
WL E/ER 1046 1018 9.58

3 FRIEME 1142 1021  9.50
WA FEIER 1065 1003  9.37
A FHEAE 12.01 1097 10.87
MAMFRER 1139 1015 9.71
s FHIEAE 11.74 1079 10.48
WIAHFRVER 1016 9.94  9.47
6 FHIEME 12.89 1171 10.67
WA EMER 1136 1083 9.15
T FRIEAH 11.66 10.74 10.20

MW E/ER 1067 1017 9.40
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Fig.14 Angle curve and force curve of the dexterous hand when grasping a large stiffness cylinder
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Fig.15 Angle curve and force curve of the dexterous hand when grasping a small stiffness cylinder
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Fig.16 Angle curve and force curve of the dexterous hand when grasping a small stiffness sphere
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Tab.3 The task completion rate of different subjects in different
conditions (%)

ZRE W1 B2 B3 R4
1 82 89.5 91 97
2 83 87 88.5 96.5
3 85.5 86.5 90.5 98
4 85 88 87 97.5
5 84 86 89 95.5
6 83.5 87.5 90.5 96

6 NIEFRIEBLELIE (Adaptation experi-
ment on a torchbearer)
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Fig.21 Measurement of SEMG signal of a torchbearer
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Tab.4 The classification accuracy of torchbearer movements

25 LTPANE AT LDA SVM  Hedfm
FEIEAE 75.0% 78.5%  81.6%

WAt FEEM  763% 802%  82.7%

5 FHIEAH 76.8% 79.6%  83.8%
WAt FEER  782% 81.7%  84.6%

3 FRIEME 772% 791%  82.4%
WA EER  77.9% 80.9%  83.9%

T FEIEAE 76.3% 79.1%  82.6%

WMAHEENE  775% 80.1%  83.7%

RS OKIETFHINRATE ermse (°)

Tab.5 ermse of the elbow angle of torchbearer (°)

450 LTPNG it KNN  RF BP
FHEME 1496 1435 13.87

MW FRER 1374 13.88  13.10

) FHIEAE 1521 1453 1422

WA EER 1485 1394 13.93

3 FHIEME 1534 1462 1401

VIR FEER 1478 1413 13.79

T FHIEME 15.17 1450 14.03

MW E/ER 1446 1398 13.61
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7 %52 (Conclusion)
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