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Fig. 1. sEMG signal acquisition experiment of one subject: (a) SEMG acquisition equipment and

the position of electrodes; (b) the feedback interface of grip strength.
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Fig. 2. The preprocessing of SEMG: (a) The spectrum of original SEMG; (b) the spectrum of sSEMG

after pretreatment.
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Fig. 3. The time-frequency decomposition results of SEMG of one subject: (a) The results of EMD decom-
position; (b) the results of VMD decomposition.

068701-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

43 2 )}  Acta Phys. Sin. Vol. 66, No. 6 (2017) 068701

S9 REHTHR

S13EFM TR

FDS-FCU IMC

FDS-ED IMC

FDS-FCU IMC

FDS-ED IMC

8 o 3
6t E} E —6— beta
W

4f R =
H o

2t E 1115!(
(=2}

0! I I I I I I L 0 fa) i L 1 1 L I I

1.0 1.5 20 25 30 35 40 45 50 1.0 15 20 25 30 35 40 45 50

i) /20 s i) /20 s

8 o 0.4
&

ol ] £03 .
Z0.2

4 i o ]
Hy. 4
22}
i

5 : . X : . o . . X : .

1 2 3 4 5 6 7 1 2 3 4 5 6 7

Atia) /20 s fifia) /20 s
(a) (b)

K4 Bk 9 15k 13 beta 5 gamma SB35 AR T A I 1] 25 44 i 2%

(a) FDS 5 FCU; (b) FDS 5 ED

Fig. 4. The curves about significant coherent area of beta and gamma band of the subject 9 and the
subject 13: (a) FDS and FCU; (b) FDS and ED.

S2-beta

= %
—— SEETIFUREL =
—— SIAEREL o)
—— -SRI 8
0
a
=
70
O
=
0.4r b I
N
0.21 4 8
oL Ao '#M@&&é - *&7/‘6& =
0 10 20 30 40 50 60 70
BEE Mz (a)
S2-gamma
3 gammalfiBt %
— SR =
— LB =)
N = - Bk 2
0
o]
=
40 70
B /Hy
O
Z
@)
1 n
n
(@
L I
= — 2 S ey .
10 20 30 40 50 60 70
iR /Hz (b)

5 SKITTIRBLS SRR G R B IMC XT EE

S8-beta
1.0 T
0.5
00 10 20 30 40 50 60 70
1.0
0.5 T
NS /! PN
0 10 20 30 40 50 60 70

S8-gamma

g
=)

<
S

30 40 50 60 70

(a) beta SilEt IMC *fLt; (b) gamma #E IMC X LE

Fig. 5. Comparison of IMC between the start period of experiment and the end period of experiment:

(a) Comparison of IMC in beta band; (b) comparison of IMC in gamma band.

068701-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 3R Acta Phys. Sin.

Vol. 66, No. 6 (2017) 068701

*

FDS-FCUZFH T HEHH

beta gamma

6

IR B
[ sl Pty

FDS-ED &3 THifH
[V} w > ut

—

beta gamma

K6 20 4wk Seae P46 B 5 o004 SR BT beta Al gamma SB35 M T THAR RO IME 577 2 (*1R%E p < 0.05)

Fig. 6. The mean and variance of significant coherent area of the beta and gamma band in the start period

and the end period of experiment from 20 subjects(* shows p < 0.05).

a3 BT 98 55 DR 2R L TR) 8 A ) 2 e, k) b sl B8
46 BL 5 9256 45 R B ) beta 5 gamma 551 Bt 7
GRS, FDS5FCU M A L FDS 5 ED W&
A2, X 5 Kattla A Lowery ') (R 57 45 5 AH
1. FDS 5 FCUEMizsh it FWL, FDS 5 ED 1
NIEBNEBUIL, P8 LL IR ) 8 4 1 32 Bl AL
ARV 1195200 Fr DA 1 3R W R WL PR S5 RS BOL I A &
ZE 5, ATRE R B T XA RGENE 5TIRE T
PR AL IVL PR R A [ (42 i) 7 =X

4.2 ETF VMD-HT B sEMG BERTHFE 53 4

NHE— 25 5 M i 08 Bl B b B LR G UL
[ 8 5 R M 1) DT Ak K s B4R, d2 A VMID-HT J7
B BT B HUULI ) R RRAE. T R 8 4
N 20 4 W B 4E R 20% MVCIRZE R 3HLLIA
sEMG ] RMS 5 MIF 48 ¥5 318 & J7 2 b ia 5l i
B Ak, P& 7 R0 ] 8 il R s 18 Bl [R], R 4
TR 70 4EFE IS Bl I R I S5 s, BIDRE A
S SIS HHE 3 40 O 10 B, vHERE— B RMS
FMMIF{E. @R 7AW, FDS, FCU, ED [fJsEMG
(1 RMS 18 B 12 3l F¢ S (0] R B H 1B 386 & 34, R
b5 12 B (A RE K, B BAR LA 75 ZE 5 2 (1R
HRAERIZE). oA E 8 ul L, 3 HVLA ) MIF {8
B 12 2 RF S H) B S, A ED ) MIF A T
B A B, 1 B AR e X

20% MVC #3518 4l 2+, FDS 5 FCU
F I B Aar 3z Bl A LA = A58 Bl M 98 55 (1) 3 B AR
fE 1B MIF $5 bt 8 2h 82 [ R B H B B
Baiadh, TdE LA MIF 2840 3 A8 &, 3F H ED
TE S I8 H 5 I AR R I 35 1) s ML R R 55
S5 G JLIR] R A R M 5 SR UL PAT P B B AR AAE 3R AT 50
Mr &8, AT ED, FCU 5 FDS 1 sEMG [ i 4
AP — B, X ] RE 2 FDS 5 FCU M & L

FDS 5 ED #& & KR B, 3 — D3] 1 57k
A TR R Got U 8] LS 15 50 ULR BUAS 8] 1
W27 2, R B R L A SE N (5] 28 1) 7 200
7y [22]

FDSHRMS% it

H—fk
o W

-4k
oW

EDMIRMSEEit

1 2 3 4 5 6 7 8 9 10 11

H—1k
o W

7 20% MVC T sEMG K] RMS HI3& 540 [/ 221
FHE R

Fig. 7. The variance of RMS under 20% maximum
grip strength.

180

160f -
of P
120} | I

100} | ]

80| B [\J

60 f

Frequency/Hz

40

0 2 4 6 8 10 12
8 20% MVC sEMG [y MIF B ig ) 5 82 i 18] 4 (L4
=Y

Fig. 8. The variance of MIF under 20% maximum grip
strength.

068701-8


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 3R Acta Phys. Sin.

Vol. 66, No. 6 (2017) 068701

5 %

AICE VMD 775 NBINLRIE & o Fr 5
H5IMC 5k Mg &, @50 7 VMD-IMC LA #5 &
Iy MR N T EE N 20% MVC #5285 5 g o
18 )1 2 T SEMG R RS M0 0. 45 51
T AR E SR D 4ERFL R, FDS 5 FCU,
FDS 5 ED K beta 5 gamma #i BERE & 5 [ Bl 12 5))
I () 2358 %, HI% 57 IRE T FDS 5 FCU [Al 4
GARGEE W2 oy AT B UL PR B AT R R AE R IR,
HET ED, FCU 5 FDS fBRI AR BFAE AR L 5 —
;. XA RGOS B FE K R UL 4
WIRE T AS [R5 S C 75X, FE4 il i LA SR
INIEZE B 77 & sh. Rk, AR SCHE H AR 125 4y
i - AHT20 BT 77 92 mT DA i L HL A 5 AR A [R50
JE L REAE, R RRAE AT B LI AR5 1 0 BT 1A 3K
T, NRFZR IS Y ReiE AL & iE 3 D) Re kA -
AE MRS TV

S CHk

[1] Baker S N 2007 Curr. Opin. Neurobiol. 17 649

[2] Enoka R M, Baudry S, Rudroff T 2011 J. Electromyogr.
Kines. 21 208

[3] Grosse P, Cassidy M J, Brown P 2002 Clin. Neurophys-
iol. 113 1523

[4] Xie P, Song Y, Guo Z H, Chen X L, Wu X G, SuY P,
Du Y H 2016 J. Biomed. Eng. 33 244 (in Chinese) [
1, RYE, BTHE, BRBERS, RBt, JRERE, #3GE 2016 4
MBS TR E 33 244]

(5]

(6]

068701-9

Patino L, Omlor W, Chakarov V 2008 J. Neurophysiol.
99 1906

Charissou C, Vigouroux L, Berton E 2016 J. Elec-
tromyogr. Kines. 27 52

Stamoulis C, Chang B S 2011 33rd Annual International
Conference of the IEEE EMBS Boston, USA, August
30—September 3, 2011 p5908

Wu Z, Huang N E 2009 Adv. Adapt. Data Analy. 1 1
Dragomiretskiy K, Zosso D 2014 IEEE Trans. Signal
Process. 62 531

Xie P, Yang F M, Li X X, Yang Y, Chen X L, Zhang
L T 2016 Acta Phys. Sin. 65 118701 (in Chinese) [#{F,
Vioitie, 0K, ¥ 5, PR, TKAI% 2016 YR 65
118701]

Lattimer L J, Lanovaz J L, Farthing J P 2016 J. Elec-
tromyogr. Kines. 30 231

Xie H, Wang Z 2006 Comput. Meth. Prog. Biol. 82 114
Rosenberg J R, Amjad A M, Breeze P 1989 Prog. Bio-
phys. Mol. Biol. 53 1

Kattla S, Lowery M M 2010 Exp. Brain Res. 202 89
Omlor W, Patino L, Hepp-Reymond M C 2007 Neuroim-
age 34 1191

Baker S N, Olivier E, Lemon R N 1997 J. Physiol. 501
225

Salenius S, Portin K, Kajola M 1997 J. Neurophysiol.
77 3401

Danna-Dos Santos A, Poston B, Jesunathadas M 2010
J. Neurophysiol. 104 3576

Gandevia S C 2001 Physiol. Rev. 81 1725

Wang L J, Lu A Y, Zheng F H, Gong M X, Zhang L,
Dong F 2014 China Sport Sci. 34 40 (in Chinese) [k
%, Wz, AR, R, IKE, HIE 2014 K ERE 34
40]

de Luca C J 1997 J. Appl. Biomech. 13 135

Lévénez M, Garland S J, Klass M 2008 J. Neurophysiol.
99 554


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1016/j.conb.2008.01.007
http://dx.doi.org/10.1016/j.jelekin.2010.10.006
http://dx.doi.org/10.1016/j.jelekin.2010.10.006
http://dx.doi.org/10.1016/S1388-2457(02)00223-7
http://dx.doi.org/10.1016/S1388-2457(02)00223-7
http://www.biomedeng.cn/article/10.7507/1001-5515.20160043
http://dx.doi.org/10.1152/jn.00390.2007
http://dx.doi.org/10.1152/jn.00390.2007
http://dx.doi.org/10.1016/j.jelekin.2016.02.002
http://dx.doi.org/10.1016/j.jelekin.2016.02.002
http://dx.doi.org/10.1109/IEMBS.2011.6091461
http://dx.doi.org/10.1109/IEMBS.2011.6091461
http://dx.doi.org/10.1109/IEMBS.2011.6091461
http://dx.doi.org/10.1142/S1793536909000047
ftp://ftp.math.ucla.edu/pub/camreport/cam13-22.pdf
ftp://ftp.math.ucla.edu/pub/camreport/cam13-22.pdf
http://dx.doi.org/10.7498/aps.65.118701
http://dx.doi.org/10.1016/j.jelekin.2016.08.001
http://dx.doi.org/10.1016/j.jelekin.2016.08.001
http://dx.doi.org/10.1016/j.cmpb.2006.02.009
http://dx.doi.org/10.1016/0079-6107(89)90004-7
http://dx.doi.org/10.1016/0079-6107(89)90004-7
http://dx.doi.org/10.1007/s00221-009-2110-0
http://dx.doi.org/10.1016/j.neuroimage.2006.10.018
http://dx.doi.org/10.1016/j.neuroimage.2006.10.018
http://dx.doi.org/10.1111/tjp.1997.501.issue-1
http://dx.doi.org/10.1111/tjp.1997.501.issue-1
http://jn.physiology.org/content/77/6/3401.short
http://jn.physiology.org/content/77/6/3401.short
http://dx.doi.org/10.1152/jn.00583.2010
http://dx.doi.org/10.1152/jn.00583.2010
http://physrev.physiology.org/content/81/4/1725.short
http://www.cqvip.com/QK/93110X/201402/48602823.html
http://dx.doi.org/10.1123/jab.13.2.135
http://dx.doi.org/10.1152/jn.00963.2007
http://dx.doi.org/10.1152/jn.00963.2007

32 % R Acta Phys. Sin. Vol. 66, No. 6 (2017) 068701

Intermuscular coupling characteristics based on
variational mode decomposition-coherence”

Du Yi-Hao" Qi Wen-Jing!) Zou Ce! Zhang Jin-Ming" Xie Bo-Duo? Xie Pingt

1) (Key Laboratory of Measurement Technology and Instrumentation of Hebei Province, Institute of Electric Engineering,

Yanshan University, Qinhuangdao 066004, China)
2) (Department of Rehabilitation Medicine, the No. 281 Hospital of Chinese People’s Liberation Army,

Qinhuangdao 066100, China)

( Received 21 July 2016; revised manuscript received 21 November 2016 )

Abstract

Intermuscular coupling is defined as the interaction, correlation and coordination between different muscles during
the body movement, which could be revealed by the synchronization analysis of surface electromyogram (sEMG). The
multiscaled coherence analysis of SEMG signals could describe the multiple spatial and temporal functional connection
characteristics of intermuscular coupling, which could be helpful for understanding the multiple spatial and temporal
coupling mechanism of neuromuscular system. Furthermore, the coupling characteristics in frequency band of SEMG
generally reflect the functional connection between muscles which relate to motion control and coordinative mechanism
of the central nervous system (CNS).

In this paper, we combine variational mode decomposition (VMD) and intermuscular coherence (IMC) analysis
to propose a new method named VMD-IMC to quantitatively describe the muscular coupling characteristics in the
corresponding frequency bands. First, sEMG data of flexor digitorum superficialis (FDS), flexor carpi ulnaris (FCU)
and extensor digitorum (ED) are recorded simultaneously from twenty healthy subjects (25 &+ 3 years) who perform the
designed grip task at sustained 20% maximum voluntary contraction under the static load. Then, the VMD approach
is employed to adaptively decompose sEMG into several intrinsic mode functions to describe the information about
different time-frequency scales. Furthermore, the coherence on different time-frequency scales between different sEMG
signals is analyzed, and the significant coherent area index is calculated to quantitatively describe the functional coupling
characteristics of the feature bands. And combining VMD with Hilbert transform, we calculate root mean square and
mean instantaneous frequency (MIF) to describe the variations of energy and frequency of each muscle. The results
show that coupling strengths increase with time, respectively, in beta (15-30 Hz) and gamma (30-45 Hz) band between
two muscles (FDS vs FCU, FDS vs ED) during the sustained static force with low load. In addition, compared with
the coupling between FDS and ED, the couplings between FDS and FCU in beta and gamma band under the condition
of fatigue present more significant changes and similar trend in MIF variation with time. The obtained results reveal
that the congenerous muscle is coordinated by CNS in a more synchronous way during the sustained isometric fatiguing

contraction.

Keywords: electromyogram, variational mode decomposition, coherence, intermuscular coupling
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