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Multi-joint torque coupling analysis of fingers based
on SEMG and musculoskeletal model
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Abstract : The internal torque of fingers is affected by surface electromyography (sEMG) signals, muscle strength, hand posture and
other factors, which cannot be obtained directly. To obtain the torques and coupling torque of finger joints in real time as well as
accurately, and apply them to the interactive control of hand rehabilitation robots, a method for analyzing and acquiring the torques and
coupling torque of finger joints based on sEMG and musculoskeletal model is proposed. Firstly, an adaptive finger joints angle acquisition
system is designed. Through experiments, the sEMG signals of the flexor digitorum superficialis ( FDS) and the extensor digitorum
communis (EDC) and the angle data of each finger joint are collected simultaneously. The torque model of the finger joints is formulated
and the torque of each joint of the fingers is obtained. Then, the finger D-H model is established, and the coupling torque of the finger
joints is obtained by combining the principle of virtual work. Finally, the parameters of the multi-joint torque model are determined, and
the simulated torque is achieved through OpenSim software. By comparing the results of the calculated torques and the simulated torques,
the root mean square error of three joint torques of the four subjects are 0. 156 7, 0. 097 425 and 0. 084 95, respectively. Results show
that the method can obtain the torque and coupling torque of each joint of the finger in real time and accurately, which can meet the
requirements of accuracy and real-time interactive control of hand rehabilitation robots.

Keywords : single joint torque; sEMG; joint angle; musculoskeletal model; coupling torque; D-H model; interactive control

Wik H 91 .2022-06- 14 Received Date: 2022-06- 14
* AT H L E R [ IR 4 KA I H (U20A20192) (B R [ RFEILA I H (62076216) L4 H ARl FL 4 5530 H (F2022203079)
Beih



9

WP G IET SEMG RILPY B SR ) T8 22 5515 T R & oA 267

0 3l

T

Bt AN HLAE B A Ok 872 i L FH B R R B
YIGrad Rt Xk AL B 4 4 il $2 T o v A
Ko ARG LA AN R, 456 2R T 28 LT |
BB LB E S L, ANEFIE s 2k
T ONE SR, 6 B AT (9 g i v, A I 5
B RICT I A R T B 2 O JE R R H T R v
KT RS 1 HE AT AT, DI SIS 300KS ff 1 = 3l IR HL,
G TR 1R A DG AT S B kA, SR
ARICTF-FE 4 50 BORS e 32 3 I, IF-48 il Bl = AL 2% it
i Bl SR AN S Bl ) X R T AT R AR ) ) 2R 4T
AP AR H 2 —, X FREE EYF AL
AHY BT SR R X,

JULPR B B ABE B A O — b 6 1 AR W ) 2 ST B
SRR S5 A RS 5 O A R A N A S
B RENE X R iz st 9 563 ) AT A R0
Peng 452 R T —Fh 3L T LA A5 5 3K 3 A9 UL P8
TS SR A R A AR b LR R AR R O
DA 0 B A s o St 42 1)L 5 B 52 AL 2 N J H 4 B
B, Li SRR T — R AN LA LAY 1 R R
Pras il s, 2 07 R FH LA - A R L R A 5 T
W iz 2l B B G 45 R, DT 8 0%t JBC A1 1 i AL
T NIZENTA ] . Zhuang 55 ) FH DU % ARRLR fif
BROCT 15, g5k AW B M i Rl 264 Lloyd
SRR BT R LA S, A Bk
ARSI v X S0 I I ST ) R AT T A I, e
53] T R2 {H AF 0.91 B 3 09 UM 45 2. Rajagopal
VO R AR AT AR R B 4 M, [ B X O R B AT
T IR o 5 B O DR S TR R S A AT T A A
fliF . Han 2507 58 2D KE 1E 17 86 77 2 Bl LA 1 % A 8
SRAG T AN E BN OG5 A Bl A B 45 5 vk
DR SCAT Y i%ESis g,

H AT T sEMG FiL A - #5185 580 35 47 77 6 A 1 1Y
X5 22 M VR ST, fE A X T 25697 . 2 A /N
RATHAT AT B . Sy AMERE R b, B
JRF G TR RS OG5 14 B 5G9 7 B A XoF I RS AA 1
S AT DAL R R SRR B OGN 1Y ) FEAE S AR
PLEF AN B4 A S50, 1O BOC T 1 B i LA G
TARFRECR T AT WLHLAE 5 OGS A B A5 A0HE R
EREN L) S Rk VAL IS S s SR E AR =8 (3 TR SR
o WX TR S EEA LT AES 1)
TFH5 HA 51 (MCP) 3L v 48 [8] 535 (PIP) | 3 ¥t
FREOCTT (DIP) 3 ANy, H G [l B/, i LA [A] 25
KA A T A B 2) T 48 & 000 A AE B 1 SR IX

P RN RS MR RS %L
P, T4 45 50071 0 i A M B K, 3 2 561
FEA 1 W T BT T

BT LA EAF O, A SCHE i 6 T 3B A7 A B 50 T
WITHIEN T AERERS, Y T2 X
F B Iy ARG T AR AR 8 08 S B AT 4R
MCP PIP DIP 3 /NG5 (350 IR R0 3 081y
LR T A S 0 1 RSB 04, e T T 48 R
Tok AR B [ R Ry 358 B AL 8% A28 B3 i B 5
PRAE TR I S %, T RE AL I 22 B 45 B
PSRRI TR

1 ZEXTRENERENSTEEL

1.1 FEHEEBEIHSH

FENT THR LA B A AR 5 B 4 ) 4 S E R AL
AL E, R I 75 % =350 09 A B 5 4 2R A7 50 4 1,
B 12 s, AN RORTs T Ui,

B PR LA A

Fig. 1 Anatomy of arm muscles

MCP  epci

R
K2 oRdgfElE
Fig.2  Anatomy of the index finger

FDSHLE

NET- B /R8T AR R - MCP \PIP DIP 3 K7,
XIS 1 Je A B 43 0 B S R UL P 3K 2l 48 1 UL
(FDS) K Fh7~ 45 H9 MCP A1 PIP &35 47 8 th 3h 7k , #6 1%
JENLCFDP) 3R Bh7R848 1 DIP 565 #E47 Ji i s 1, $8 4 L
(EDC) 35 8h7x 48 ) MCP PIP F DIP G5 #-A T R sh 1k,
HerfoR T8 S s, 352 P9 A L 8 1R LA 20 4 Bl ith
MCP SCH5 A PIP SC fE . 3K 3hR 4818 3h i &=
B A FDS 5 EDC, FDP JLE A T FDS )2, A xf



268 f# £ ¥

43

DIP i B EA IRSIE . AR SCEERFS R 48 i A sl 1R
AP i FDP SR, $EHL FDS 5 EDC M4k i 3=
T LS S 2T 5E

1.2 FIENASREINET

HIEA T F-4512 sh AL AL AR 5 2R B 7 5, vl
DLt —25 57 FH8 LA E- BB AL T T 48 BT i )
().

(1) = F'(1)r(1) (1)
K r(e) HIVEEF'(0) AU DT, 2 LA 2% B 8
WG, WU Retgm st (2) X5 H .

F'(t) =F"(1) - cos(d(1)) (2)

Hodr, Fr(e) JRULE 4095 J1,0(1) B FRAE W
KA,

HY Hill R0 £5 s — et ) = e R LA 4540 12
PR AP 3 i,

K3 =R NUA ST AR

Fig.3 Three-element muscle structure mechanics model

75 Hill BRI LA B o o 3 FhoT R, BRI foc
(CE) , IS BAIT (SE) MIFICBPE BT (PE) . 2L
WHEFT 32 3 W46 B, CE 2 7= A WLEF 4k 3 3 I 46 T
Fep(t), SEAVERTE 4 sibE ik HOR 2 ) £ S /E 1. PE H
F VT 2 1) K B AR AT = AR B s g F (1) o

S ZTTRE TR L T LUR R A 1) K
ETHEERINLA A CE SE Fl PE IZL4 B WUIERE N
MIvERATG, 2) #ikEA KA pas sk A4S, LA G 3
a(t) =1,

Fr(¢) TR FL(0) 5 Fp(0) AT

F(1) = Fi(1) + Fp(1) (3)
/ﬂ\:EF’, F':L(t) ﬂbl%%%jﬂ
Fe (o) = F™ - f(Im(1)) « flom(1)) - a(t)  (4)

Hor P O R T, f(Im (1) ) A Fo () ek
WU 2B I AR T (1) PIRREE R f(om (1)) A
Fr.(0) SR 2805 LT SR e o o™ (0) 1 BRI
F2 0 fm(e)) f(om (1)) Fa(t) HFEM Fr (1) FEA
IRE] P R AR [0,1] 0 1 i KA 4K
B om LA S R AR, 17 (e) yom(8) 50500 17 (e)
o AR EAL R

- " -
=" -

’l}m( t)
Um

(5)

Fr(t) SR RECS1 (1) MBRBOCR Y TR
A

FUm(t)) =sin(a,l"(1)* + o,I"(t) +0,) (6)

H W% o o, 0y ZHUE T LAVERCA [E] R ALY L
W,HHo, +0,+0,=7/2,

Fop () BRI RS (1) BIREBOCR AT RR A

10sm(n ) <0
N 10 — 4om (1)
fom(n) =y " (7)
M, wm(t) > 0
vm(t) + 1
Fo () W LAR N
Fo() = F™ - f,(1"(1)) (8)

Hor, £,(17(0)) R F (o) RN RS (1) 1Y
BRECE R, FIFH Gordon 75 3] (1 IILET 4 K B 5 L J1 4 56
22 (1)) TTUE R

eIO(im(l)fl)

L") = - 9

WU VAR 2 K 2 EAT HES & 5 — 3, 3
H1 T EDC 1 FDS PRI, B LUNLET 46 5 JURE =22 (8] 4775
FPIRA & (2) , IFELIPIRA & (1) 2BEE DA B #5225
WLEF e B A AR T AR A SRR A T AR Ny

(L5 *sing,

d(t) =sin ( 0 )

Hr | o, Rl EAE LA 44 B i B9 PR A, 1 (1)
KEEH .

I"(t) =

(10)

- sing, )’ + (1"(1) = 1(1))?
(11)

(Lg (1)

o, 15(T) 5 a(t) WIRZ .

L) =15 - (A - (1 -a(r)) +1) (12)

Hrr A R A T,

AT IRBUNEF 4 B AR LRTE B () , T
BRI H B i SEBELE ZR G0 g7 ph 2805 A3l ) 2 A
dhz(zz) B dh (1)

u(t) =M

Hr, w(e) MG () AREILHE SR
fH;M,B,K 2% L Rl J1#545

ZAERIEER h(t) RS BRGS0 TR
[P SR A T SR B 1 B WK , 75 B, — R
B oy AR R AL B BB A () o AU NG 25293 W7 ik
fiff B3Ry BRI — AN RO R AT DL 3 UH R I A R
NN

u(t)=a-h(t—-d) —b, -

+K - h(2) (13)

u(t=1) =b, ~u(t-2)
(14)

Hop, d IHLHBAEIR o, b, ,b, MBI REL, AR UERL



9

WP G IET SEMG RILPY B SR ) T8 22 5515 T R & oA 269

RIRS e HA M &G s B S E XA [0,1], 3 0 R
ORI CR.

la —b, - b, |=1

H,by=yo+y, by =vyys 7o I<1, [y, <1,

WLRTE sh E M &G s E L R R FRERX
wr.

(15)

eA'u(t) _ ]

ale) = e' -1

Forp, A S ARLRAE IR Y 250 BUEVER N [ -3,0] .
T r(0) S BEWUA B FIOC T ) 2 A2 AR pR K,
AR g T SRR, AT LA

(16)

T(t)AO(t) = F'(t)Al™(t) (17)
o 1™ (e) A 4RI SR .

I"(6) =1"(t) = cos(Pp(t)) +1'(1) (18)
Horb, () AU,

PR (1) FI(17) AT RAAS

r(1) = L)) (19)

a0(t)

B 1) ARARK (1), 858 v ) S UL K
J&i A B AR BT SR, 8 TR BT LA B AR AR
RIS
1.3 BXTHHESTSEE

TFHE WA BE A H R 1 A& A9 £ B AT 1z
WLPIFAL A LR 5 (i SR T 58032 56 19 9 0, i =4 2L
3 AFEFSEY MCP .PIP \DIP, 58— 47 3 %
WHAERIREG BT, X BURE MCP AN PIP f &5 ) R AR
A8 DIP 4 1E I FH RS M, b T b
i, AT T3l AT 54, 3EH D-H S50k %t
T4 T P T A

WE 4 s F48 D-H BRI 4 N ABFR R S Ak
PR (FRERTF WY, 3k O [E g A bR R ), MCP ARAR 3 |
PIP AL F75 221 DIP A845 5 o ARG RIALA AR MR MCP
KATHN PIP &5 B 57T S AR A 3 DIP 5677, A S it
F-48 D-H BRI K MCP 5 AR & AN PIP SCHT AadR &R
IR ) T AR B DIP ST Ae bR & rf, NI AR 2IHE G )
M, BRI BRI A S B AR T
DR BTN G 15

K4 F45 D-H HA
Fig.4 Finger D-H model

A Ty S

OW =1,A0, = 7,A0, =1,A0, (20)

Horr, 7, 7, m, 4801 MCP PIP DIP G5 Ji46
A6, (A0, A0, g 3 AL R LAY, RS oY B B
M4 AR AR 2 B4 i2 3 A6, #E DIP S5 (1 1 17 7%
G, W

d, ]

d13)

d. |

0. |

0.,

It
n, n. n. (pxn), (pxn), (pxn)|[d,]
o, o, o (pxo), (pxo) (pxo0) ||d,
a a a, (p xa), (an)) (p xa).||d,
0 0 0 n n n 0,
0 0 0 0 0, 0 0,
L0 0 0 a a, a. |6,

(21)

Hr, n,0,a,p 570 RS e bR AR S R S R L d

d,,d_,0,,0 ,0 53N HARTE X Y Z fiJ5 T (957 3
D X BER 6 SN H B2 0, EXWATLIRR A .

A6, = JAG, (22)
J HERT LU AR R .
J=
(n, n, n. (pxn), (pxn) (pxn)]
o, o, o. (pxo0), (pxo0), (pxo).
a, a, a,  (pxa) (pxa) (pxa),
(23)
0o 0 0 n, n, n,
0 0 0 o, o0, o,
10 0 0 a, a, a, |
RERLRS 6, ATHIR I e kg Zh I B, LA,
T,40,, =7,A6, (24)

Horp, 7, N o VEFITE DIP MOS0 10 BT 1
EVCIE

T, =J"T, (25)
[RBH, 7, YEFIAE DIP SRR J15E 7, M
7, =J'7, (26)

Zi b, F45 MCP \PIP X YEAHF DIP X5 RS 71
HiA .

T = JTTI + JTT2 + 7, (27)

409 3 AT LR U B A6 F-48 JE A
A B B e, WUBEAE 3 /S5y () 3 1 g 4 An ) A7
T WURETE 5 N W sl 22 51 51T 2 30, e DAL X



270 % & L F ¥

43

3T RYVE I T A A AR SE
Fluep(t) = Fou(t) = Fip(t) = F'(1) (28)
Hr, Fluop(0)  Fop(0)  Fyp(0) 535 HILEEXT MCP |
PIP DIP 3 ST RIFE I T, ARA R T-45 WL 1 # 5 5Y
o SR R G 1A
P = [T+ (1) + (1) + ()]« F(1) (29)
K (29) SBASCHENT (1 48 2 RS T AE AL 45
BTN B #A AL Hh 1 BAS 5G4, ) 22 G 1 4
BIH IR N
(1) = F™ .
{JT(GA”W]U)) RO al;"”(f)}(z))) } .
30,(t) 30,(t) 360,(1)

LA () = flom (1)) = a(t) +f,(I"(1)) ]

s cos((1))
(30)
T AR AT AR R AR ) OCT A B R T LR

T LA B IO 0 A B B T 2 T S T

2 EBESN

2.1 FEXLTAERERFIELIT

ST YE A SERVER ENIT & T 4R
FIERIERE RS, T RETFH8 MCP PIP DIP 3 ~%
TR RERE . Hess 51 755250 vh W28 21 76 T 48 25 h
Ff R A PIP X 1 FFEHE 0.06 ~0.73 mm 2
], 7EXFIEOT , F 2058 A 5 B FH T 1ER
AR S OGS O DRI P i 2 A R ol e T
B O AR AR

1) R R G R

e 5 Jes , BB 00 R B2 256 B W B AE A2 T 1 48
R T AL AR R I DG A B IR RO R R, U
TR P A IR 22 EAT T 3D HEAR, AR R i ARC
5 A SERHFBRLL AR, BESNG FA A% AR 0 1 i TR
T4 AT AL, FZAE R ] R U5 1 1 P48 R/ ey
BT IR

SRR spfappes AR RS

BlS R85 f BER A B R

Fig. 5 The device for collecting the angle of the finger joint

RGEEHCR A B A MM32spin27ps, % A 8
fF PERERY 32 AR AS 5 2 4> 12 (/9 ADC, RS
A 1 MHz, 8 0% W 2 R 42 OG5 /R B A 9 10 75 oK
(100 Hz) ,iZ R G5 it AL & A ALPS Ha B =X e #% £ i
RIS AR AR AR 5 NG & T 48 2 — M i T
JFERRETIOR A . FR G0 i W AR R A B A £ 1 A de
SR & AL TR A A B R

2) F1 B AL AR A A i B )

TE S BEAEIRAR IR 6 (a) i b R v, R TR B A5 IR
Shy e BH CE % A% It | T L SR 46 31 1) 83000 A% 20 o i 2
RMESE R, 1 JCAI R A R L U B A A% RS e it
B A B S IR A R R I A5 A A B RO N A AL SRR
SRAE BN AR A T X B, 0F 1T A5 2 A B A% TR AR A B a2 46
TR AR e A 1 X £ B A IR IO T ek 11 7 'y
0°, TR fhad B b O 1 M B, T8 R oL A2 v ol £
A,

(a) LIRS

(a) Angle sensor

K6 AR e s Rl R R 14

Fig. 6 Schematic diagram of angle sensor and measurement

(b) AN E

(b) Angle measurement

IR, ARG S0 A B AL A (A I B B 0 % T AR S AL
RS IAE I & 00,300 ,60° ,90°  110° 45 £ J3 I 4 iy
{8, B BE Ao 5 U, B 6(b) hy F B A B A
AN 60° I /R IR, SE IR A B an g 1 TR,
SEILJT A AL AR AR DI 0°,60° LA K 110° i A 4 Xif
TR AR XA, (H BN T 1. 40 K B BE 0% I 5256 Y
2.2 SR

AR OpenSim 5 EUEE S XS R BEAT T 56
WE, E IR A S8, R i e S IR o, W) R 4
FREAURE S MFR T AR, R RERN
Bl AR FH8 2 KT R Y JRR R Y
OpenSim 15 ELPE 5950 H fY J JE 25 SR E AT Ho A, Dl 16
TR Y E R

ARSCHEST TR 2 T WL B BRI 17 AR A
Z B P ot 0 A a0, ALy,
Yo, ¥, XEESFORYE AR T 3 FIZORL 55 1 Rl
R SHUE S IR C, ECR R , S5E th &%
2R S L (1 I Y FO IR § 1B 3 o B e £ P ]



9

WP G IET SEMG RILPY B SR ) T8 22 5515 T R & oA 271

x1 NEARAERERSFIHHE

Table 1 Sensor output value when measuring different angles (°)

4y fA B — R 5 N 5 = 5 DY YR ARy el W75 F B 44 2%t iR 2
0 1.233 6 1.023 1 1.336 2 1.6325 1.352 4 1.315 56 1.315 56

30 30.723 6 30.953 6 30.353 2 31.1225 30.512 2 30.733 02 0.733 02

60 60.913 2 61.122 3 61.272 1 62.354 2 60.532 6 61.238 88 1.238 88

90 90. 963 2 90. 564 5 91.233 6 91.193 9 90. 856 4 90. 962 32 0.962 32
110 108.932 3 111.853 2 101.955 6 108. 663 6 112.018 5 108. 684 64 1.315 36

fif ) S SO E . 5 2 RSB B shad B, vl LA
I A W) 125 B A OpenSim SE3RBUE AN iz 3 f v
wy Lm0 ERUE, A 3 PR S A a0 o,
T3, Y0 Y, 5 AT DM AL SR A U E S N A TR
WANAE A 5 L AR AH B S50 4, % iR
40 ms, A —fREL15%
2.3 XKBFEAH

P A8 ny e AR R 250 g AR X 4 & B RS
BZIRE (4 4 B AEIRTE 22~25 %) 847 FDS 5 EDC
WAL ) T LS 5 FN7R 48 3 A4S 5671 A B e 1 R 46
BRI LT TR I 55 S RS R Ar, #
T JULHEL {5 5 R AL A8 fif 1 5E [ Delsys JCZRWLHLR 5 R 4
ARG, DR AL AN T, i &R AE SR
BEAL AR 75% MRS BB Ik R i 7 8 AR5 4
IHEZARE A 1) FDS FIEDC JILIE 057 kG G LR 55
RAEAGIEDS IR B AT I 1A 48 O ff B 4 R 4R 24
BRI Fonts b, LRt B, 3208 s i
A FE WA, FH A, AR AT TR, L85
EERSZ A E 2 T3 . 1) T4 O RS2 e ith
AR, 2) FHR AR B (e il FRARAS | SRk 7 i
PREEBRFAa M E B ARTA [E 5 , I 48 e WU 217 30
1B, Rkt WLIAE 57 , B 9 R R ShAE R BR 3 s, 32 B T
WAL PRIC SR 4 24 32808 1 LR AL kT 20 IRER
i, FEEA IR 7 R,

7 AL S R AR e B
Fig.7 The device for simultaneous acquisition of

angle and sEMG signals

2.4 IR

TSI AT DASRE 3 A& 1 5615 f AU (K1 8)
FIFHUAL P I 1 [ 20 LR AR 5 28008 (181 9) o 3l i
Fep(0) BEENHRT) Frp (1) S RN RS WLET 44
LR f(0" (1)) FTTRIRZOCT R S5, 45
A WU A 2. 2 th R AR S8 it 5 (4) AT RAT
B R A E s s h FrL(o) (10, BLOF, EOR
Fr(t)), iFes i #e v Rk AT 48 A R A, Rk
RS VAR e AR R AR R B B 1" (o) < 17, BT LIAR
= (5) Bmin(e) < 1, k@ (8) AI(9) AT LIAHF
Fr.(t) WEKMENR 1077 9,883 F 0,858 (7) aTRAF
B REEE f(om () (B 11, LLF, 2R f(om(1))) .

1207
——MCP --seeee:PIP====DIP

100+
80f
F [/ ;
60t ; ﬂ
: i
40t

AN

0 2000 7000 6000 8000
15} ] /ms

K8 stk Al

Fig. 8 Diagram of indicator knuckle angle

—

B

B 12(a) . (b) . (c) 4> R7R%E MCP PIP DIP 3 4>
K B E R AR BT R, & T
TR B AR A AR R, (H 2 R 12 2 k]
DI 1) = A E IR o R i, S F4E A F R EBUR
TS 84 ST T R s B e KA, T DA S T 45 Ak T i il =k
2P MRS ARG IRES, A TP AT FE R
JE IR B B ] e KAE, PR A R RS S (48 O R S AE 7
KA XA S IRATH AR —3, 2) MIE 1A
Jeth PR AR FR A B , 2 A I e Ak o B D R AEL 0 T T R SR IS
MPFA RN PN BRI L A 12(a) , X—HEZEH T



272 % L FR ¥ K a3 %

0207 T T4 Jei it 56 U ¥ A7 02 S B, 75 2 S m) ) FE T
I —-=-FDS —EDC e il 1 o oy
ol TEHEATH BN, SR 5 78 T8 58 U i I 588 DR 4 I SR &
16 i S P (R 00 1 Bl B G At A T4 i 20 AR FR
0.14 nI ! A7 {H R T T R I A B A7 A R 1 S 1] J1 5
2} n H 2 N - ¥
Sonr i i i BN 7 A B L AT 6.
2010 -'!, i 0027
[Z2] 1 1 4 —_— _-_-\
0.08 |I i ' : ok ) iR JIE -~ H %
il ] { i
0.06 H il ! i -0.02
. iW . i
.04 3/ ! i E -0.04}
00} Wl v d &
er @ -0.06 |
oL— . . . . . . ) R
5 10 15 20 25 30 35 40 i -0.08
Y EI K
& -0.10
o =
K9 FDS Y EDC RN FZRE -0.12
Fig. 9 The sEMG signals diagram of FDS and EDC ~014}
0165 2000 2000 6000 8000
442 I} []/ms
(a) MCP&H5 A fxt bh s 7 P ]
44.0 (a) Schematic diagram of MCP joint torque comparison
0.061
438 — R
43.6 0.04F
%,_, 43.4 ’é\ 0.02F
~ 132 z !
= ¥ (]
43.0 ﬂkg
£ -0.02
428 K
o,
426 & -0.04
4244 2000 4000 6000 8000 -0.06r
H 8] /ms \
~0.085 3000 4000 6000 8000
& 10 JLIRIEF 4 3= 3k 77 18 Mllms
Fig. 10  Diagram of active contraction force of muscle fibers (b SChemaélc’)dﬂgﬁﬂ?p%ﬁ%ﬁﬁg comparison
0.04r
— R H I
1.0101
0.021
1.008
1,006 E ol
1.004 E i3
1,002 e
S K
1.000 = oo
0.998
-0.06
0.996
0.994F 008, 2000 4000 6000 8000
0.992 - . . . I [8)/ms
7770 2000 4000 6000 8000 (c) DIPETS Jy % x bos &
i &) /ms (c) Schematic diagram of DIP joint torque comparison

F12 RARA T R R &
Fig. 12 Schematic diagram of DIP joint torque
H1 T OpenSim JGIL {7 BB G 14, T LT 13 00 5
TERAHRES T BRGS0 E, W

SRV FNIWIES S ec) Ikas T ey S
Fig. 11  The relationship between maximum muscle strength

coefficient and muscle fiber contraction speed



55 9 1] WP G IET SEMG RILPY B SR ) T8 22 5515 T R & oA 273

E 13 fion  #E S 5K 12(a) MCP 695 J14E I EI LR

A AVEUEALRE e, 7T LAAS SRS 14652 MCP 2675 7
SEMA R K, BT DAAE -3 B S LA N OR sl & 1 458 |

Pl bR 2 R MCP 575 J1AR R4

0.051

JIFE/(N-m)

0201

-0.25

0 2000 1000 6000 8000
I 8] /ms

K13 RdEREE R

Fig. 13 Diagram of indicator coupling torque

2.5 RESW
2 N2 H P T R S AE A5 A 20 Yk CSE 5 i
H T T 145 OpenSim )5 2L /1 5 19 RMSE 4: i

45

*2 ZXEXTHEITEM RMSE &

Table 2 RMSE value of subject joint moment calculation

(N+m)
) RMSE
*Hb?édﬁ S p 5V, ) S, ) 70—
ZRHE1 ZRF2 ZAFE3I ZAF4 TPIHE
MCP  0.1560 0.1603 0.1532 0.157 3 0.156 7
PIP  0.0973 0.1027 0.0933 0.0964  0.097 425
DIP  0.0849 0.0936 0.0801 0.0812  0.084 95

HER 2 45T, 4 Z9/nds 3 A 1R
RMSE {EAFAER R ZE R, MCP 35 J14E 19 RMSE 15 AH %
BOR, X BT MCP 63T — i i 1 2, A HiAth
PR S TME ] 2 £ B s, i FL7E i i R T A )
FEAE A S, FEMCP & 1A R 25T K 1 S
£ RMSE {5k,

3 & i

AR SC AL X LA B B A SEMG )2 A, S T
TR AT AR | AT LS SR TR 3 06T 15,
FPE T — R4S D-H S 808 40 ke 2 J B A 22 5G9
JIFERRAS Ik ESL TR AR AR I AR AT LS

W2 MG I, ARG RO TR k1T
SR AL I R S G Y T 2 T B e A HLAR N AR
LHAEHI ) R EES %, BB LD sSEMG MU AR
SOER A AT LAE LR WCT AR BOC T I HER =0T
BN 4 2P iR A5 20 kOSSR AR
MCP (PIP  DIP 3 A 5CH5 f F 2 35 J7 AR 5% 22 43 3l by
0.1567.0.097 425 .0. 084 95, F 115 J14H 5 OpenSim
DAL RANG By, BB RO ™ AR E
A XS LR 22 UE B T 7 IR A R0t . AR SO 22 5671 #
B SRR FEALER T e 3 5G9 19 () 1) Ji A 3z 3l 75 %
TORMWTSE R, AR 22 S AR IR JFIRIR & G Y
FIFEVH AL | LA T 48 1 i 55 A1 J Sl AR TR 5 I )
B ORTT TR NG BE % Xk T3 BE A2 ML A% A SE
R N 2 I 1) g AR R RICR,

Sk

[1] IR, MEGERN SR AN E[)]. AR
24 ,2017,38(6) :1305-1306.

MING D. Human information detection and intelligent
human-computer interaction [ J]. Chinese Journal of
Scientific Instrument, 2017,38(6) ; 1305-1306.

[2] ERHART-HLEDIK J C, CHU C R, ASAY J L, et al.
Longitudinal changes in the total knee joint moment after
anterior cruciate ligament reconstruction correlate with
cartilage thickness changes[J]. Journal of Orthopaedic
Research, 2019, 37(7) : 1546-1554.

[3] TR, KEH, Z¥H, 5. ZT Unity3D 5 Kinect

MRS IR N R TR GE[ T ] XA AR
2017,38(3) :530-536.
QIN CH L, SONG Al G, WU CH CH, et al. Scenario
interaction system for rehabilitation training robot based
on unity3D and kinect[ J]. Chinese Journal of Scientific
Instrument,2017,38(3) :530-536.

[4] ZHANG S, GUO S, GAO B, et al. Design of a novel
telerehabilitation ~ system  with a  force-sensing
mechanism[ J]. Sensors ( Switzerland), 2015, 15(5):
11511-11527.

(5] THN BRI sk, HTHHE SR ERE
HEBGE AT T]. HLEE A ,2014,36(4) :469-476.
DING Q CH, ZHAO X G, HAN J D. Estimation of
continuous motion of upper limb multi-joint based on
EMG signal[ J]. Robot,2014,36(4) :469-476.

[ 6] KB, SBERE, A0, AN REUMFITE BT B AL
NGB T[], AR A 3R 2 4k, 2017, 38 (10) -



274 RO O 43
2373-2380. [16] RAJAGOPAL A, DEMBIA C L, DEMERS M S, et al.
ZHENG Y, JING X B, LI G L. Application of human- Full-body musculoskeletal model for muscle-driven
machine intelligence synergy in the field of medical and simulation of human gait [ J]. IEEE Transactions on
rehabilitation robot[ J]. Journal of Scientific Instrument, Biomedical Engineering, 2016, 63(10) ; 2068-2079.
2017, 38(10) : 2373-2380. [17] HAN]J, DING Q, XIONG A, et al. A state-space EMG

[ 7] JOSHI D, MISHRA A, ANAND S. ANFIS based knee model for the estimation of continuous joint
angle prediction; An approach to design speed adaptive movements[ J]. IEEE  Transactions on Industrial

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

contra lateral controlled AK prosthesis[ J]. Applied Soft
Computing Journal, 2011, 11(8) ; 4757-4765.

RUPEREZ M J, MARTIN-GUERRERO J D,
MONSERRAT C

, et al. Artificial neural networks for
predicting dorsal pressures on the foot surface while
walking[ J]. Expert Systems with Applications, 2012,
39(5) : 5349-5357.

DOWLING J J. The use of electromyography for the

prediction of muscle forces. Current

issues[ J|. Sports Medicine, 1997, 24(2) ; 82-96.
BUCHANAN T S, LLOYD D G, MANAL K, et al.

noninvasive

Neuromusculoskeletal modeling: Estimation of muscle

forces and joint moments and movements from
measurements of neural command[ J]. Journal of Applied
Biomechanics, 2004, 20(4) : 367-395.

SARTORI M, REGGIANI M, FARINA D, et al. EMG-
driven forward-dynamic estimation of muscle force and
joint moment about multiple degrees of freedom in the
human lower extremity [ J]. PLoS One, 2012, 7(12) ;.
€52618.

PENG L, HOU Z G, PENG L, et al. Robot assisted
rehabilitation of the arm after stroke: Prototype design
and clinical evaluation [ J]. Science China Information
Sciences, 2017, 60(7): 1-7.

LI ZH J, PHILIP C L, CHEN W H. Guest editorial for
special issue on human-centered intelligent robots ; Issues
and challenges[ J]. Journal of Automatica Sinica,2017,
4(4) :599-601.

ZHUANG Y, YAO S, MA C, et al. Admittance control
based on emg-driven musculoskeletal model improves the
human-robot synchronization[ J]. IEEE Transactions on
Industrial Informatics,2019, 15(2) . 1211-1218.
LLOYD D G, BESIER T F. An EMG-driven
musculoskeletal model to estimate muscle forces and knee
Journal of Biomechanics,

joint moments in vivo [ J].

2003, 36(6) : 765-776.

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Electronics, 2015, 62(7) : 4267-4275.

YANG J, XIE H, SHI J. A novel motion-coupling design
for a jointless tendon-driven finger exoskeleton for
rehabilitation [ ] ].
2016, 99( May) : 83-102.

SCOTT S H, WINTER D A. A comparison of three

Mechanism and Machine Theory,

muscle pennation assumptions and their effect on

Il
Biomechanics, 1991, 24(2) . 163-167.
HILL AV, BP R S L. The heat of shortening and the

isometric and isotonic  force Journal  of

dynamic constants of muscle [ J]. Proceedings of the
Royal Society of London, 1938, 126(843) : 136-195.

GORDON A M, HUXLEY A F, JULIAN F J. The
variation in isometric tension with sarcomere length in
vertebrate muscle fibres[ J].
1966, 184(1): 170-192.

Al Q, DING B, LIU Q, et al. A Subject-specific emg-

The Journal of Physiology,

driven musculoskeletal model for applications in lower-
limb rehabilitation robotics [ J]. International Journal of
Humanoid Robotics, 2016, 13(3) . 1-22.

GORDON A M, HUXLEY A F, JULIAN F J. The
variation in isometric tension with sarcomere length in
vertebrate muscle fibres[ J]. The Journal of Physiology,
1966, 184(1) . 170-192.

ANTMAN S S, OSBORN J E. The principle of virtual
work and integral laws of motion [ J ]. Archive for
Rational Mechanics and Analysis, 1979, 69 (3):
231-262.

AO D, SONG R, GAO J. Movement performance of
human-robot cooperation control based on emg-driven
hill-type and proportional models for an ankle power-
assist exoskeleton robot [ J ]. ITEEE Transactions on
Neural Systems and Rehabilitation Engineering, 2017,
25(8): 1125-1134.

HESS F, FURNSTAHL P, GALLO L M,

et al.

3Danalysis of the proximal interphalangeal joint



559 il

- AT SEMG FULPY BB ) T4 22 5515 J1 AR & A 275

[27]

[28]

[29]

[30]

kinematics during flexion [ J ]. Computational and
Mathematical Methods in Medicine, 2013.
ZHANG F, HUA L, FU Y, et al. Design and
development of a hand exoskeleton for rehabilitation of
hand injuries [ J ]. Mechanism and Machine Theory,
2014, 73. 103-116.

BATTEZZATO A. Kinetostatic analysis and design
optimization of an underactuated  hand
exoskeleton[ J]. Mechanism and Machine Theory, 2015,
88 86-104.

WFE, B EE W, %, FT OpenSim AHLFEA 15
FSME BT D7k [ 1], HUARETT, 2022,39(3)
123-129.

FAN Z ZH, LUO R M, DAI R, et al. Design method of

n-finger

exoskeleton based on OpenSim man-machine coupling
simulation [ J]. Journal of Machine Design, 2022,
39(3) :123-129.

ERAT AL SGH, E3, 4F. BT SsEMG (19 iz sl i i
JrkrgE (1] AR, 2018,39(2) :30-37.
QIU SH, DU Y H, WANG H, et al. Research on lower
limb kinematic analysis method based on sEMG [ J].
Chinese Journal of Scientific Instrument, 2018, 39(2) .

30-37.

fEEE N
18,2006 4F FHE I KA R L2

= A, B R TR e B 42, %
""3 WFFET7 1) g B AL 1 R BT RR ML A 42

il AR S A
‘ j E-mail; pingx@ ysu. edu. cn
Xie Ping received her Ph. D. degree from Yanshan University
in 2006. She is currently a professor in the Institute of Electric
Engineering at Yanshan University. Her main research interests
include brain computer interface technology, Intelligent robot
control and virtual rehabilitation technology.

R AR ) , 2012 4F TR
SRR 2, UL R i TR
Wem U, T BRTTE D5 W R RS T S
AbFR I RENLAS AP AL T B S
Tk
E-mail : duyihao@ 126. com

Du Yihao ( Corresponding author) received his Ph. D. degree
from Yanshan University in 2012. He is currently an associate
professor in the Institute of Electric Engineering at Yanshan
University. His main research interests include biological signal
intelligent robot control, design and

analysis and processing,

development of rehabilitation manipulators.



