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MULTI-SCALE MODELING AND SIMULATION OF SKELETAL MUSCLE
BIOMECHANICAL PROPERTIESY

2)

Wang Monan ¥ Jiang Guodong Liu Fengjie

( School of Mechanical and Power Engineering, Harbin University of Science and Technology, Harbin 150001, China)

Abstract  Aiming at the problems that there is a certain difference between the muscle fiber microstructure model and
the image observed under the microscope, the microscopic component biomechanical model cannot effectively capture
the mechanical behavior of skeletal muscle during shear deformation, and the high calculation cost of multi-scale
numerical models of skeletal muscle. In this thesis, the mechanical properties of skeletal muscle are studied from the
perspectives of experiment, multiscale modeling and simulation. Curved-edge Voronoi polygons are proposed as the
cross-section of muscle fibers, and the corresponding representative volume element (RVE) is established at the
microscale. A new biomechanical model (MMA model) is proposed, and the MMA model is used as the biomechanical

model of muscle fibers and connective tissue, the MMA model adopts complete strain invariants I4~ Is5+ Ig~ I7, so that
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the shear behavior of skeletal muscle is reflected at the level of material properties. Combine the experimental results of
skeletal muscle, the RVE models, the biomechanical models of muscle fibers and connective tissue to establish a
multiscale numerical model of skeletal muscle. According to the experimental results, the parameters of the
biomechanical model are determined, the multiscale homogenization method are used to realize the connection between
the microscale and the macro-scale, and the macroscopic mechanical behavior of skeletal muscle is finally obtained, four
deformation forms of Longitudinal stretch, stretch laterally, out-of-plane longitudinal shear and in-plane shear are
performed to verify the convergence of the model. This thesis research the effects of model parameters, muscle fiber
volume fraction and muscle fiber structure on skeletal muscle on macroscopic mechanical behavior. Combined with
experimental data, the effectiveness of the multiscale numerical model is verified. In this paper, the multi-scale numerical
model of skeletal muscle can not only be used to study the influence of microscopic factors on the macroscopic
mechanical behavior of skeletal muscle, but also to study the influence of diseases on the biomechanical properties of

skeletal muscle and to simulate skeletal muscle remodeling and regeneration.

Key words skeletal muscle, biomechanics model, mechanical experiment, multiscale, finite element simulation
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Table 1 Geometric parameters of specimens of stretch

experiment

Experiment No. L/mm W/mm H/mm

1-1  28.01 10.07 4.20
1-2 3340 824 4.48
1-3 3359 777 451
1-4 2999 945 4.78
1-5 30.01 10.11 4.53
2-1 3198 1194 6.26
2-2 3625 727 5.63
skeletal muscle lateral stretch experiment  2-3  28.71  7.48 5.77
2-4 38.10 13.13 521
2-5 3374 12.03 523

skeletal muscle longitudinal

stretch experiment
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Fig. 3  Stretch experiment data of skeletal muscle
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Table 2 Geometric parameters of specimens of shear = E )
experiment Lh
Experiment No. L/mm W/mm H/mm Ik EF', F %SQ%EPFEJJD E(Jjj, —Eﬁi’ij\j N: L *D A ﬁ}j”;ljﬂ\j

31 1930 2185 530 BTPAR T X BR K 5 A0 B 5
N i R AT T 2 LA, A4 20 BT D)
I -8y AR i 2, 25 S 6 R 7 s

3-2 18.46 21.79 5.69

skeletal muscle in-plane shear
. 3-3 18.62 18.60 4.02
experiment

0.010 -
3-4 18.07 21.14 4.40 —s— in-plane shear, exp.

3.5 1865  21.40 4.50 0.008 r

4-1 22.84 16.50 4.11 0.006 -

42 20.75 20.16 5.18 0.004 -

skeletal muscle out-of-plane

4-3 26.37 15.81 4.65 0.002 -

nominal shear stress 7,;/MPa

longitudinal shear experiment

4-4 22.87 23.25 3.31 0

0 01 02 03 04 05 06
45 1798 1774 270 shear strain
Bl 6 ST-ifin A B DI 44 SCBY DI -34S h 2k

Fig. 6 Nominal shear stress-shear strain curve of in-plane shear
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Fig. 8 Representative volume element (RVE)?*37)
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Attention: This GUI is used for the definition of a voronoi part.

Parameters Voronoi Geom

Name: Voronoi | A
Mask:

Width(w):
Height(h):
Min distance (dmin): 30

Rectangle v
350 B
350 h
Number of cells: 50
Thickness(ep): 8

s periodic |

A

Lo i

/10 Homtools Z¥ % &

Fig. 10 Homtools parameter setting

Bl 11 SRR Z B RT3 A
Fig. 11 2D Voronoi polygons and its seed distribution

connective tissue
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Fig. 12 Ptimization model of 2D Voronoi polygons
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(a) kAR A
(a) 2D mesh model

(b) =4 kKRR
(b) 3D mesh model
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Fig. 13 Generation of 3D RVE model
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Fig. 14 Curved-edge Voronoi polygons

Kl 15 SFHF R 4 RVE #Y
Fig. 15 Smoothed 2D RVE model

16 ML ZARZ LT =4k RVE #7Y
Fig. 16 3D RVE model with curved-edges Voronoi polygons

17 AT 4 = e Ry
Fig. 17 3D model of the muscle fiber
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Fig. 18 3D model of connective tissue
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Table 3 The RVE model of Voronoi polygons and curved-edge

& 19 frw.

| input the mesh model |

| determine the RVE size |

| identify RVE surface nodes |
T

create polygon
node set
¥

create corner node
set

create an edge
node set

adds a multipoint

constraint to the

opposite node set
T

add a multipoint

constraint to the

diagonal node set
T

add a multipoint
constraint to the
edge node set
T

Voronoi polygons
Volume  Voronoi polygons RVE  Curved-edges Voronoi polygons
fraction model
0.7
0.8
0.9

*4 epIREHE
Table 4 Setting value of ep

Curved-edges Voronoi

Volume fraction Voronoi polygons/pum

polygons/pum
0.7 0.0080 0.005229
0.8 0.0052 0.003 000
0.9 0.0025 0.000 540

y
| the periodic boundary condition is added |

end

19 I S A A IR R
Fig. 19 Flowchart for adding periodic boundary conditions
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Fig. 20 Distribution of skeletal muscle fibers and collagen fibers
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SUBROUTINE UMAT(STRESS,STATEV,
DDSDDE,SSE,SPD,SCD,

1 RPL,DDSDDT,DRPLDE,DRPLDT,STRAN,

DSTRAN, TIME,

2 DTIME,TEMP,DTEMP,PREDEF,DPRED,
MATERL,NDI,NSHR, NTENS,
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PNEWDT,CELENT,
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INCLUDE 'ABA_PARAM.INC

C SRfEF PG J) STREE

C RfEAMERT LA P DDSDDE

C PG5 J) STREE AU n] Lb 4 FE DDSDDE )
Ak

RETURN

END SUBROUTINE UMAT
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) e 321k 3K, (H S UMAT b 75 2 h 5tk ]
Le A FE DDSDDE, FH-F V-5 ) 5 3.

WP (15). K (18) M= (19) 1[5 MMA FAY

(R 5 AN g B - IR TR ok i R R IA Ak

read model geometry information and
material information

generate constraint information and
load step information

generate the corresponding constraint
information

unit loop

[ integrate the overall stiffness matrix

check that the balance
condition

records the current iteration step
information

load step loop

incremental iteration

end

21 UMAT A
Fig. 21 Procedure of UMAT being called
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DDSDDE(1,1) = IT[77/},

DDSDDE(3,3) = IT%7,,

DDSDDE(1,3) = %7,

DDSDDE(1,4) = 7%/,

DDSDDE(3.4) = %7,

DDSDDE(®4,4) = %/,

DDSDDE(2,5) = IT%7,,

DDSDDE(L,6) = I,

DDSDDE(3,6) = %5,

DDSDDE(6,6) = I1%5';,

DDSDDE(4,6) = 1%,
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DDSDDE(1,2) = IT7%,

DDSDDE(2,3) = IT}%/,

DDSDDE(2,4) = IT3%/,

DDSDDE(4.4) = IT%,

DDSDDE(1,5) = T4,

DDSDDE(3,5) = 157,

DDSDDE(2,6) = I,

DDSDDE(S,5) = I,

DDSDDE(@4,5) = Hszz_ljz

DDSDDE(,6) = 1725/,
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Table 5 Correspondence between the subscripts of the Jacobian

matrix
a b 1 2 3 4 5 6
i k 1 2 3 1 1 2
j / 1 2 3 2 3 3

W LA g, PR R UMAT
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Table 6 Parameters of fibers and connective tissue
Ké /MPa c{ /kPa cg /kPa
0.31444 7 160.44
' /MPa ¢ /kPa ¢ /kPa
0.17074 3.84 106.39
¢} /kPa k! 6
5.6 0.0002643 1.5708
¢ /kPa k" o
5.1 0.00132877 0.96
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i, B DR SR, B SO B 4 A5 R
7R

xR7 PEENINALEMBEHEEEMSE
Table 7 Adjusted material parameters of muscle fiber phase

and connective tissue phase

& /MPa ¢/ /kPa ¢} /kpPa
0.31444 7 180.44
Ky /MPa ' [kPa 4 [kPa
0.17074 3.84 106.39
ol /kpa k! /(1)
5.6 1.5043 1.5708
¢ /kPa km (1)
5.1 1.33 0.96
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Fig. 22 The influence of model parameters on the simulation results of longitudinal stretch
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