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Fig. 1 A hexahedron element with eight nodes and transformation of global coordinates

X-Y-Z into local coordinates &-7-{.
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Electrode array

Muscle fiber

Active potential
(depolarization)

Fig. 2

Cylindrical model that was used in FEM simulation
for calculating the muscular electric field and the
surface potential. In this model, single muscle fiber
and single active potential were assumed.

\
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(a) Whole muscle (b) Two-layer

OC

(c) Three-layer  (d) Four-layer

Fig. 3 Four types of model were used in the FEM simulation.
(a) Whole muscle model that is consisted of muscle
tissue, (b) two-layer model that is consisted of muscle

and subcutaneous tissue, (c) three-layer model that

is consisted of muscle, subcutaneous tissue and skin,

and (d) four-layer model that is consisted of muscle,
subcutaneous tissue, dermis and epidermis.
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80 mm

Fig. 4 An example of the mesh generation for 2D region on the cross section of cylinder.
The number of nodes and elements were 30,149 and 29,646, respectively. The
3D mesh, which consisted of hexahedron element, was generated by splitting
the cylinder model toward the longitudinal direction with 0.5 mm interval and
the calculation of finite element method was executed. Total number of nodes
and elements were 18,119,549 and 17,787,600, respectively.
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Fig. 5 Function for the current source, which is equivalent
to the second order derivative of the intra-cellular
potential, was used in FEM simulation.

Table 1 Variation of the parameters for the model in FEM simulation

IR B I=4;°3 Be I RH il
TTV ws BEx | BER| Bx | HER| Ex | EEFR| PR | EER
[mm] | [mm] | [S/m] | [mm] | [S/m] | [mm] | [S/m] | [mm] | [S/m]
10.0,
Whole muscle | 15.0, — — — — — — 40.0 0.1
20.0
10.0, 2.0, 290 ~
Two-layer 15.0, — — — — 4.0, 0.04 38.0 0.1
20.0 8.0 ’
10.0, (1)‘3’ 2.0, 310 ~
Three-layer | 15.0, — — e 1.0 4.0, 0.04 y 0.1
20.0 2.0, 3.0 37.5
’ 3.0 ’
10.0, | 0.25, (1)'(5)’ 2.0, 305 ~
Four-layer 15.0, 0.5, 0.0005 e 1.0 4.0, 0.04 ’ 0.1
2.0, 37.25
20.0 1.0 30 8.0
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Fig. 6 Flow chart for the inverse analysis of surface EMG.

EREAFIH Lz s vERVT [11, 12],
B0 S, i, (REHEEEHEEL 7., H
(IR % e MU S B Sl LAt B (386 = = — +
vk HBEES, AIRER Y I 2 L —
v a VITK BRMAMELME, W HEL
1o RIAFEEALE 7 VI & 5 RHETFEA & DD
TRENTH B, F7o, REFEMEF VLD
(7497 4v7ORS] OfEEE LT, Kk
@ Goodness of fit GoF

Y. >, (FEM,;—Model;)*
GoF={1—" X100

16 200 .
2, X FEM;

i=1 j=1

(24)

EROWI GERIET7 4 v 7 4 V7 H100%),
CITCFEMB3EMREHY I aL—va ViTk
% RN, Model (15T < 7 KA
fLEF v, (EEPAROSE, 7RIS 50

FHFRHE AT O ST H %,

SR OHEERSRATRICB VLTI, AIRER Y
Iab— ¥ v EETICE T B RINFER €
TIVOERIFE TIVNEIE 5720, HIREZR Y
a2 b= VTR B ERERE AN T E —
A v MITHR L 7, MEtatnicid—ooidE, —
TCELEE D ET B £ O Tukey D STEIC L 5%
HE A HW I,

RS

M7~9IcBREHFEICLE Y alb—va
VAERP & WRITRE R 2R, K7 () 1,
BRI OEE B 10mm OPYE € F Vi L b i
HINRAEMAITOWT, FHEFEGE
16 F v+ ¥ %)V (E&37.5mm), M5 40ms
O7ay b LEbDTH B, X7 (b) (3R
B & O HEE & oW FEEFRIEMED H L
KIMEMITH B, TOPITRENTNS &



LT RFER AT

ST, BEE—MOHUDET v v v VDD

DIZEDBD SN E05, RIS T v
f4V7@Eé@%%%&%@otOMS@)
FERBEOERS A 15mm DVUEE 7 Vit &k b
FmEN, X9 (@) FERFEOES H20mm
DONEE FVICKBERIEMNTH S, TNZT
noM () &, WETERTH L, LbiC
Goodness of Fit 3 98%FEETH D, 7 1 v T «
v 7 DR E O HITE O TR RS RE T
bt EHWITE B,

BI101C, HETIC & DHEE L RS, i,
[EFEOHEESEAEE 7 4 v T4 YT DREAN
D, HRERZY I a2 —va VICBT AERE
DERE DB ZRLTWDE, VIFNITBOLT
b, BRBEORS OEENHFREISGED LN (p
<0.0001), ZEIOFER, £ ToOKIEDRH
THEEWZED OGN (p<0.000D), FES &z
ELRE OHEERA FERE RV IR L/
W, WEET 4 v T4 VI ORESE, BRI
DL 185 3 EHEERERPBRIFTH - 72,

BI11iT, WfgHTIc X D HEE L 7ok s, &R
MR, [REEEORAEL T v T4 VT DRS
D, AREHZY I 2L —Ya Y THOLEES
VDA RS, DITRSENTVWE LI,
WTIc LD 7 4 v 74 Y7ORSE, WIh
b EFMETEMED SN -i, L
L, R, o, (Rl B4 A HEEIR £
SEFABLO fBEFLLE, SBEFLB
LUV E 7L EDRITHEESED b (p
<0.000D), TbL, EX (@) ik O

i3, “BEFVBLOMIEEFVICEK B EH
B S, WIS X DHEE L 7o EDFRENK
Eh ot (HEHE (o TR, HFICeiET
W& TIEE F VT K B ERImENP OHETE L7 E
DREFEISRE I - 1o

M12ICPUEEF VDY I alb—va ViTk

% KIMEENL % HW T T » 7olfifiifs R o 5 5,
HERENNTEBOE S Ic BB L2
1HDITOVTRLTVWS, S EHEEED
HEERRE 13, EROES ICHRICEEELZ T
(p<0.000D) (Xla, ¢)o ZHHKOHER, &b
IZE X 1.0mm & fhORNICE BB SRS S
too —7, HEOHEERAL, HEOEIICH
EICHEAEZ T2 (p<0.000D) (Kb), £E
Hﬁx@%%, 2.0mm & 3.0mm D [E LA D 7K e
fichHERENED SNtz (p<0.000D),

EE

BREFRERCLDZVIaL—YaVvDES
FHHERONHE, 3 v Ea— 5 Ok
ITHMI U TR 2 OFEERFIVMTEDMRE « JIGH
SNTEI, TNHOEL L, EREIEE A1
5 THIIE & A GBIEE L &5 &7
2HDT, 7= ) TEWONIA ) I ET

Tk BT, IR R, PR ERAL
ETI EMRESNTWE [7], ThoOHTT
HEERWT, THIED O EREFNCER D &

LIEMAETH T 28I iR T i,
LI AT, KEMEXGEBEELE L
SUOUIEREIR & KSR T Rt s 5
Z1IcbDTHY, RukbERLEL-TVWAS T
Eh D, A OHREDL BEGETEML, £
T, 1EHE L 2O BT, £F v v R IVEM
Ik BEEDBFR SN, FOFEET 4V
Vv 7B O fE RN SR S i [7],
Bz, CoFHcky, BEES]Y A X550
KIABA AP EIRER, ARS8 2
52 EIPTE, T OFHIRERD AR B
T AR LW~ DIGH A ST & e
(71

PIbo &5 rafigt, sHTES RS 35—



AMRER AW RIFHEL Y 2 2 v— v a v EUET

(a) Result of a FEM simulation (b) Result of an inverse analysis

* Depth of current source: 10 mm * Depth of current source: 13.23 mm

« Strength of current source: 6.64 nAm * Strength of current source: 1.53 nAm
(converted A/m? into Am) * Muscle fiber conduction velocity: 5.33 m/s

* Muscle fiber conduction velocity: 4.0 m/s * Goodness of fit: 94.7%

* Peak amplitude: 0.0052 mV

TR
N

NN

e or muscle fiber direction

Tim
Fig. 7 The surface plot of surface electric myo-potential that was calculated

by FEM when the current source was 10 mm in depth, and the
results of the inverse analysis of surface electric myo-potential.

(a) Result of a FEM simulation (b) Result of an inverse analysis

* Depth of current source: 15 mm * Depth of current source: 22.31 mm

« Strength of current source: 6.64 nAm « Strength of current source: 2.36 nAm
(converted A/m? into Am) * Muscle fiber conduction velocity: 5.55 m/s

* Muscle fiber conduction velocity: 4.0 m/s * Goodness of fit: 97.2%

* Peak amplitude: 0.0018 mV

R
i

N

WD

i
0“53,33\9

?

Time or muscle fiber direction

Fig. 8 The surface plot of surface electric myo-potential that was calculated
by FEM when the current source was 15 mm in depth, and the
results of the inverse analysis of surface electric myo-potential.

(a) Result of a FEM simulation (b) Result of an inverse analysis

 Depth of current source: 20 mm * Depth of current source: 33.86 mm

« Strength of current source: 6.64 nAm « Strength of current source: 3.87 nAm
(converted A/m? into Am) * Muscle fiber conduction velocity: 5.92 m/s

* Muscle fiber conduction velocity: 4.0 m/s * Goodness of fit: 98.1%

* Peak amplitude: 0.0009 mV

Q.

=Y
(s
2
23
%
%
o

muscle fiber direction

Time or
Fig. 9 The surface plot of surface electric myo-potential that was
calculated by FEM when the current source was 20 mm in depth,

and the results of the inverse analysis of surface electric myo-
potential.
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Fig. 10 The effect of ‘depth of current source’ on the estimation error of depth
(a), strength (b), CV (c) and the ‘goodness of fit’ (d) in the inverse
analysis. The significant effects (p <0.0001) of depth of current source
in FEM simulation were shown in estimation error of all parameters (a)
to (d). Furthermore, the significant differences were shown between
all levels of the depth of current source (p <0.0001).
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Fig. 11 The effect of model type on the estimation error of depth (a), strength
(b), CV (c) and the ‘goodness of fit’ (d) in the inverse analysis. The
significant difference were shown between model 1, 2 and model 3, 4 in
the estimation error of depth, strength and CV (p <0.0001).
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Fig. 12 The effect of ‘thickness’ of epidermis and dermis in four-layer
model on the estimation error of depth (a), strength (b), and
CV (¢) in the inverse analysis. The significant effects of the
thickness of epidermis and dermis were shown in the estimation
error of depth, strength and CV (p<0.0001). Furthermore, the
estimation error in the level of 1.0 mm were smaller significantly
in (a) and (c), and the estimation error between all level except
for the relationship between 2.0 mm and 3.0 mm were different
significantly (p<0.0001).
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Simulation with finite element method and
inverse analysis of surface EMG

Kenji Saitou', Morihiko Okada”

Abstract

In order to clarify the effect of the inhomogeneous tissues on surface myoelectric potential
and the results of inverse analysis of surface electromyogram (EMG), the simulations with finite
element method (FEM) were executed and the inverse analyses were applied to the results of FEM
simulation. Cylindrical models with four types in the layer configuration were used in the FEM
simulation for the surface EMG. The layer structure consisted of the muscle, subcutaneous tissue,
dermis and epidermis. Varying the values of such parameters as conductivity and thickness of those
layers, the calculations of FEM were executed 126 times. And such parameters as depth, strength
and conduction velocity (CV) of current source were estimated through the inverse analysis from
the results of FEM calculation. As the results, the error of depth and CV estimated through the
inverse analysis was larger when the depth of current source in the simulation with FEM was larger.
The error of depth and strength estimated from the results of the FEM simulation with the three-
layer and four-layer model were larger than the values estimated from the other two types of model.
Furthermore, the simulation of this study made clear that the thickness of dermis and epidermis had

an effect on the estimation of the inverse analysis in only the four-layer model.

Keywords: Finite element method, Simulation, Inverse analysis, Surface EMG
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