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ABSTRACT: Understanding the process of muscle tissue growth is important to professionals who
are involved in curing musculoskeletal disorders, physical medicine and rehabilitation specialists
and orthopedic surgeons. This article investigates the development of a musculoskeletal cell and also
determining the vulnerable areas of biceps femoris muscles due to passive strains applied on it. By
decomposing the deformation gradient tensor to two parts, the elastic and growth, the finite growth relations

have been applied for an isotropic hyperelastic muscle material behavior. Consequently, the continuum
relations were combined with the growth evolution equation whrer a series of mechanobiological ~— Keywords:
relations were obtained. To solve them, a FORTRAN user-defined material subroutine (UMAT) for the

finite element Abaqus software was written and executed. The biceps femoris — long head muscle was

Soft tissue growth

Finite element analysis
simulated based on a 6-week period assuming as a cylinder with 10% increase in initial length. Results Hyperelastic
of the simulation indicate that maximum strains occur in the surfaces, not inside the muscle. They reach Musculoskelstal
1.045 near the proximal muscle-tendon junction in the posterior layer and 1.06 in distal muscle-junction

in interior surface. Also, these results can help a correct and optimal treatment, patient’s rehabilitation Simulation

and orthopedic surgeries.

1- Introduction

One of the most common musculoskeletal problems is the
shortening of hamstring muscles, which can be caused by
various factors such as inactivity, chronic neurological
diseases or spinal cord injury. This muscle shortening results
in the patient’s limited range of motion and numerous clinical
problems [1]. To treat this disease, the muscle must be
stretched in accordance with physiotherapy method to grow.
The key question is how much and where are the maximal
stretching locations during muscle growth? What is the
process of muscle growth over time? The main unit of any
muscle tissue is the sarcomere, which consists of two groups
of actin and myosin. When the muscle is stretched, it results
in a gap between these two groups. In this study, by applying
soft tissue growth simulation, in addition to identifying the
accurate location of the maximum stretch during growth
process, the optimal time duration care of the muscle has
been determined.

2- Methods

In order to simulate the growth of muscle, a single cubic
element was considered as a skeletal muscle cell. Then the
governing equations obtained by combining the continuum
mechanics and growth evolution, were coded in an User-
defined MATerial (UMAT) subroutine written in FORTRAN.
The numerical simulation was performed in Abaqus/implicit

*Corresponding author’s email: jaami-a@um.ac.ir.com

software in conjuction with a UMAT for soft tissue behaviour.
Finally, a cylinder was considered as the Biceps femoris long
head, which is one of the hamstring muscles, and its growth
and severe strains were investigated. This simulation is based
on a continuum model developed by Zollner et al. [2]. Hence,
the basic equations of this model are shown below.

One of the most important assumptions required for finite
growth is decomposition of deformation gradient tensor,
Such that

F=F F,

_ -1
\F, , F.=FF, (M
In this simulation, muscle growth is modeled only by
increasing or decreasing the sarcomeres along the fibers,
therefore, an inelastic deformation gradient proposed for this
growth type is as follows [2]

F,=I+[9-1]n,®n, )

where I is the identity tensor, n, is the initial material
direction, and 9 is a growth variable that represents the
relative serial sarcomere number. In order to extend simple
equations for soft tissue, it is assumed that such growth to be
homogeneous with isotropic properties. In addition, a strain
energy function of Neo-Hookean type is adopted, as
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Fig. 1. Finite element model of the assumed cylindrical shape
muscle
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Fig. 2. Dynamic changes in the sarcomere length.

% =%c1 mZ(Je)+%c2[ce:1—3—21n(Je)] (3)

where ¢, and ¢, are the Lamé constants, C, is the
elastic right Cauchy green tensor, and J, denotes elastic
volume change. The second Piola-Kirchhoff stress tensor
S =20y/oC and the fourth-order Lagrangian elastic
tensor L = 49%/6C ®C are derived from the second
law of thermodynamics. Furthermore, the Kirchhoff stress
7=FS F' is obtained using a push-forward operation. In
this simulation, the evolution Eq. (4) is adopted to calculate
the relative serial sarcomere number [2].

9=k, (9) 4,(A) “

where £, =1/7[ 9™ - 9/9™ —1]7 is the adaptation func-

tion and @, = (4, — A4, is the adaptation criterion. To solve
the nonlinear equations, a finite element computational model
was implemented in conjunction with an user subroutine by
implicit solver of the Abaqus/standard version 6.13. The rela-
tive sarcomere number ¢ is introduced as an internal vari-
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Fig. 3. The longitudinal-section view of the muscle after stretching

9

Sarcomere number

0 0.2 04 0.6 08 1 12
w0 Nomalized time (for six weeks) w6

Fig. 4. Dynamic changes in the sarcomere number

able and then its evolution Eq. (4) is solved using a finite-dif-
ference approximation method. After determining the amount
of new sarcomere 4, the growth gradient deformation F,
is calculated from Eq. (2) and the elastic gradient deforma-
tion F, from Eq. (1), too. Finally, the true Cauchy stress
o ¥ = ¢/J , which the user-defined subroutine in Abaqus/
.standard utilizes, is calculated to be applied to the muscle

3- Cylindrical shape muscle model

A cylindrical shape muscle finite element model with a
height of 400 mm and a diameter of 20 mm is illustrated
in Fig. 1. After a mesh sensitivity procedure, a model
with 53487 elements including 38556 linear hexagonal
elements of type C3D8 and 14931 linear wedge elements
of type C3D6, was generated. For increasing computational
efficiency in modeling, because a tendon is much stiffer than
muscle tissue, it has been assumed as a rigid member [3].
Biceps femoris’s fibers are drawn from distal to proximal in a
closed and parallel manner [4]. In this study, this direction is
aligned with the stretch axis. The head of the muscle which is
attached to the Fibula bone are considered as a movable and
the head of the muscle is attached to the ischial tuberosity
bone as a fixed boundary condition as well. The boundary
conditions and the material parameter are shown in Fig. 1 and
Table 1 respectively.
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Table. 1. The material parameters

¢, ¢, T % g A

crit
16 kPa 4 kPa 0.5 2.0 1.1 1.01

4- Results and Discussion

The simulation results of the dynamic changes in sarcomere
length for the element with maximum amounts of elastic
stretch are plotted in Fig. 2. The graph was drawn in response
to a 10% increase in muscle length for a 6-week treatment
period. According to this graph, the elastic stretch 4,

decreases from 1.06 to 1 after this time duration. Furthermore,
a significant decrease in the elastic fiber stretch during the
first two weeks not only does ease the pain but also indicates
a high chance of injury at this time.

Fig. 3 shows the cross-sectional view of the muscle after
stretching. The red circles represent the maximum stretch
location and the blue circles indicate the minimum ones.
As can be seen from this figure, these points are the closest
points to the myotendinous junction and are located on the
inner and outer surfaces of the muscle. De Smet and Best
[5] applied magnetic resonance imaging to 15 athletes with
hamstring muscle injuries. They showed that all of these
injuries occurred adjacent to myotendinous junction.

Fig. 4 shows the dynamic changes in the number of sarcomeres
that were normalized versus to 6 weeks of treatment in
response to a 10% increase in muscle length. The growth of
sarcomeres was high in the early weeks, leading to a greater
flexibility rate than the last weeks.

5- Conclusion

In this study, a biceps femoris long head muscle considered as
a cylinder with a model of soft tissue growth was simulated
numerically.In this study, a numerical model of soft tissue

growth was simulated on a cylinder assumed as a biceps
femoris long head muscle. An isotropic behavior and a Neo-
Hookean elastic model were used for the muscle material.
The results showed that the rapid growth of sarcomeres,
which lead to severe pain, occurs within the first weeks of
treatment duration. Furthermore, the most critical points that
tolerate maximum stretch are located in the proximal area on
the posterior surface and the distal area on the interior surface
of the muscle and on the myotendinous junction. The results
of this simulation are in accordance with the results of an
investigating of clinical magnetic resonance imaging for 15
athletes with hamstring muscle injuries.
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Fig. 1. The structure of the musculoskeletal system that is made up of the sarcomeres. In a muscle shorten-

ingstage, all the muscle components including sarcomeres and muscle fascicle are shortened 6]
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Fig. 2. The constituent structure of the sarcomere consisting of thick myosin filaments and thin actin filaments. This figure

shows the optimal overlap between myosin and actin, which results in maximal muscle power [7]

|.\’.'.3| cJSw Javey) ol.pl)f YgS (A 350 L;o.xg.l 39“"&" d)ﬁfa).e(g Ji.w
> 4 4298 b ojgpel Lol 0 ooliial dgaoe Sl sl S sl
Sl by (osas 3 pal cdnd 9 b a8 S sl gla yimg s oL
Cawlio d)lfo\) O‘?‘." L boi ‘.xslo.s)f odlaiwl o) O:{‘ )‘\ Lo?o& LY o)
Sy open ka3 pl Ll pd 055 slacdl 0D (ledde <l
O &S Cuwl 48 )5 Cjao (SiialS” Slaalin glie o (gyloms Sladss
Jlail Joeo Sonp calises (sl 0 clblyy diuiy (oo pp bl oo
O ygo gy Slidss of yule [YV-YF] aiil oo cdounle 4 56 8l
Ao 35 o3 (385 Jomo et Gz (25 (ol (2,8 g sl 485
Gl 085le (Bl Japome baayg, U alae Bb slg il ool b Sass
L;iLo)' o5 O 4 ¢‘_;>|93 Og.] B J?u u.sL.uLw » og)ic o L}il »
Slej ol ").3.‘ Oy L] 045 cL’.‘.'>|J),3 (oyloyd o alac 5l h‘;s:él)ﬁ Al
Mged gyl 5 (Gl pgd abas (gl a8y (giluand ! jl ool L

L g, -¥
doly xS ol Sl slaouale bl Wiy (g5lwandd jslaieds
Sy oAb 4B S s s dSwlglasmale Jobo S plgie 4
g diwg e Sl Lalgy 3285 51 ool Candy &Yoo (o328 >
Jloel b cgiloand Loles b plol 5,8 bj 4 (cung3aS oy JolSS

Yooy

Ay 4 85 85 g0 o‘9>'=’i~‘ Jro o gcdly (giloJue (5 5
sols ol 5l (S|
Joe opdy JSb s glacdl wd) adllas > dwgy slalare SIS
D] 2o Jas Szl dlga (gl S e i
Silatps | dogy o baly) e oy S [)
@ [V Llse o 5 JusSely s DAL JusSaly 5,8 sandseyd |y 43,
S8 505 QLS oS s jos g Al a0)Sy ol (Bpme
oM e @l aeo N gy Al glaony > &5 wshy
"ok 5 TSt YISy (sl Jlow ¢ loaladle (slasUT 23 S5 oy
oyl sloslyitiny 1 S okl ol [Y+] da e 48,81, Lo yardy 5
A5l e LSo5elsm 055 slacdl 3gume (glaidy (53l e (sl Sgse
Olejp (355 Jdo iy Sealind (655 ISS 55 ol iy a8lg)
WL xS b o) ol & oy sl A5 g pya 3 Ol

N a8 Jae alBls @hgas |y bayial)b cpl 51 S o b sl (o8

V] YIS

) lpl Jro cov il > & I bl Jgese soka
My g 2byd Guo b Cwg 0 & daw Ay (LS o oS s
Bl pouye Bygegs g Sy A8 o py5 glacdl 3 & o>
Jsbho oz 18y ol oy cllio oyl 5 [¥+] Sgdpo BB plos

235 bal)S HeulS (s gobsl 5l 55 g ol 0dd (Gilwand (SHac

1 Twining

2 Memory alloys

3 Viscoelastic fluids
4 Crystallization



YOSS b YOF doio VAR Jlo VY 0,leud DY 095 ¢pusS paol SilSn i 4y

Growth and elastic
response with stress

Current configuration

(>

\li_/

Reference configuration

Intermediate configuration

O g Glemadl YL pue g S bl & F (1) j9u) SVl e (50 93 4 F S i (lol)S j5us gy o5 3V UK
[V w28l n Slomey (slasi5 585 o el 53 b o ol s SVl o s Casbgn Sobles o F, S

Fig. 3. Decomposition of the deformation gradient tensor F into two parts of the non-elastic (growth tensor) Fg representing the

position of the particles between the initial-intermediate configurations and the elastic part F, representing the position of the

particles between the intermediate-current configurations. The particles in the intermediate state have no residual stresses [29]

A _ o _ox
@9|CJBOHJ§'5MQQ>‘;)MF*VXX*67 ol p s

2 9 Sl b SVl IS5 s (L3S 9 F (2l 9
b g a8) ploa b g Sa¥Wls IS8 poss (bolS jous Fy 5
dgbiee e domale 3 py (I L 5 hlidl 4 &S 035 (S g 4l
8l 58 pABCS il youts cnl bawgs oad plosl S5 s cpl
5 Cawl Blo s (sl 25 W81 ¢ Slo s )3 03 CunBgo s o5 opl b
SLgen el dajye )3 1 cunl 03,8 00y ) o Cupdgiaze (g pan>
4 ol g0 el o0 s bl Aol |y g sl 54
PSS B8z Y JSS b sl Jle clls oS Conl gxe oyl
gl Sl 93 (g e 4 o2 e Bpre S5 ) g2y e

il o abae o i Byne V) dbaly culple [VF] col 2l

J =det(F)=J,J, (v)

J, =det(F,) ¢ SVl oo yuis J, =det(F,) o p» &

o1 dbgp ' Cuomgy aaliy 5 5l elatal b g usSUI 158l ey 5> (6350
Slypwed galiac dabdl o b lal p g cdl b gdaie (s b osle 4ly
13 &gl Sy Sty 2o i yiamed @ Mse ) Ko 48 Taily o
2 23 oy b oy ol Sla S 5 0y Ligy g 0ad wB)S

Do, o Bl doldl )3 dilgiwl 5 ealwl Ly >
PP YD) J P andiV) 2 2)9°

sy Sailozaw —) Y
IS5 (31 g (S35 by )3 4e3Y lus )by Pere

Cudge g X O g0ty pu 50,3 G sadgl Candgo iy o3 b Sl 0
SuPS Byre 4 X =X(X 1) Ojso o) plen Bl KU e

V0] 595 g0 adlypy (V) alasly b ollae Sy b01)S jgus

F=F F,
_ -1
F =F F

1 User-defined MATerial (UMAT)
2 Biceps femoris, Long head

Yooy



YOSS b YOF doio VAR Jlo VY 0,leud DY 095 ¢pusS paol SilSn i 4y

Lo My oamd ol Wb F <) Sl g dlae cate by saimdlis
Cbl b ases )0 [V ] bl o b yosS )l oohy s jl cle 4y aliae
Sisn Skles b5t 8 5 58 bl (g sa () Ay JS5 4, F,
Blae o2 1) oo Olyess i aSh cunl 4, SVl e SansS

w3 o L (V) dall

9=2, =det(F,)=J, (v)

b ilas F, ygus pogSns "crgmmgom ooy sl 51 oslizl |
I+ ] 3400 03,9] Cowds (A) alal,

F'=I+[1-9]/9n,®n, ()

by Pl VYol =Y -V
2 g My Sy oy b (Siodon ol A3 (ogad
Sl S lbl b g e sgboar Glgiee «dly o dnl o JSS
531 038 Gpo wlialy Sl 3 uinen 38 aichyo v
Dilas dag] Jlosl b aleg & cosl Jgame (08 S o> slogyw
Ve ]ogde (1) daly L illae (s &S5 Jobs

Div(o) =0,
Div(P)=0, ()
Div(FS)=0

OE5 Sy it S Vg Jgl 25 PS5 0 ol 3 oS

bl oo il SV pgd

&tle c¥oles Y Y

655 ol clalas pp el 03, 5 Vol (gjluosls jlaie &
555 S5 @l g end aB)S a5 335 lusn (olss L (Sen A3
-] 595 g0 3551 (V+) alasy by gsllas SVl oy ° S omsts

4 Sherman-Morrison
5 Neo-Hookean

Yooy

seee b illee Buins cpl 0 a8 my SUI glialy o 4 S Sass
@ alio Bb 4 3 sl ok 48,5 Jai pmy=e, =[001] pgw
Sl (V) daly b pllae 4, SowVlpe g 4, SVl Cond 9

1/2
A=[n,. F'Fn,| =24, ()
SVl Csly oS iz 5 € (5= (65 Cansly jguld s
Sle b 93 o bl S obles Jg alie By &5 €, 15— (055

IYA] 558 00 iy (F) alasly b sallae il g0 0led g

C=FF

_ _ ot -1 (\c)
C,=F' F,=F,'C F,

; x(X.0) |
Epe RV =TT oS

sy (0) daly b gilas "(oykgl Cusdge 3 1 sy (L3]S s

oy & g bonlp ogde

I =Vy —FF" ()

OB Ly Gl cas b dlae a8 gjleand ool

235 GLalS s S5 gy0nl 3l 098 e Jao BUI Ll )3 W jooS Lo

R) Oopar Sy 18y Juo ol sl @iy SVlpe S0
[¥e]asl (7) alaly b ollas

100
F,=I+[9-1]n,®n,=0 1 0 ()
00 8

Wb 9> als s e i |y w5l am Slej Talspe pa

1  Spatial
2 Dyadic
3 Step



YOSS b YOF doio VAR Jlo VY 0,leud DY 095 ¢pusS paol SilSn i 4y

BV ) L;o.\.';”] 39> J.alr— ‘J5L.u b )‘5 (§0d945xe )d d““’” u;l 5

Cauol 0 428 )S jla3 13 45,8 g o oo § yesS o yiolidl 4y &S

dgas 00 M1 il Jso cpl sl (V) dlaly) (JLolSS galoles 4 [YO]
‘[‘N']

9=k, (9) ¢,(4) ()

(YF]adb o 0y £y sl S)line B, (A,) 90392 03y (oS S

max y
k = l[u} (V)

g T l9max_1

e iy I 5 USS oy 7 bl oy Tl 0 8
Siye blyd cov o cul Ay e G yid @ly )3 oS ajesS )l

{7 ] 2580 oo Gt L g o sl 35290

¢g = <ﬂ'e _/Icrit> (M)

S o3 (g Oy oSyl Gl E5 Soly () dal,

&b ol b S3YL 3 ae gl Bllae il (55 Jule 4 anly
Ablse kb (F) A3 0aS JyuS g 4, (£,) oximd A5 (i3 93 Jols
e &S Caol oa 03> 1,8 dolee o jslate pl 4 oaiS S Jole
SET by (piomen 8ls O™ dindy ade G ) it Ay 4 B
Lo s s 5 Sa¥] S0t el gl 3 85 A3l § >0 i)
b Sloe (S2ea8 5l 0980 oo Wainjome 5 L8] (pm alols @ oS
opliy b aalgs (4 =) = 4 — A
lg5S ©yg0 A3y bl ySe S Sl (Sl SVl (Sass
) =0 4 chs

b T ISl

9 OJ\.\:) )AAAMJ" :’". ‘43[:4\4,1 Ol@—m

sl Gyme (0) & sl @ily b0 (4,

Slosle Jao —F Y

GilwJde 51 b &S dgaze lodl ad e YBke o jelaie @

4 Macaulay bracket

4 :%Cl In*(J,) + %cz [C.:1-3-2In(J)] ()

plosl Glallhe b il o 4 Colpsd Cyme €, g ¢) ol &S

oAl g B lug) & e (28 Jobe & g (SMae aw )5 0ud
Y 5 YY) oo (3L el wsy b ol J&s g (b comale JS
Yoo SVl G5 joud « Suolidge 5 pgd (1556 (35 )85 b (551

IV ] alioe sy (1)) sy b Billao pg> g8

0 .
S =2£=[c1 In(J,)-c,]C. '+ c,I (")

e
e

F(9) jpis SaSay 8, SVl (55 9 el el s

sl sty (W) el b allae S pg> iy =Yg (A5 g
{¥¥]

0
S = 2% =F'S,F ()

O ygds 51" gl 4 9y 4 powrge baslg 1 oolissl b S5 (e @
kgl Cumge )3 45 T Tiind S A jpuiS oS pgd it S Vo

t=FSF' (\7)

SpSBuie adpe 0 b L 3l 3Y awsw¥l oz a3 jouds
V¥ 3350 055 (18) s b s 17 staln o] 53,9 5

2
_ 8!// =28S(F7Fg) (\\c)
oC ®oC oC
oF
L=28] ] BT |08 (1)
oc |, oF, 09 | oCl,
1  Pull back
2 Push forward

3 Kirchhoff

Yoog



YOSS b YOF doio VAR Jlo VY 0,leud DY 095 ¢pusS paol SilSn i 4y

{Y+ ]38 Sloyjgn (V7) daly b gillas Jooome

J« 9-R/K = A <A, -R/K (V)

&SV e blgy i 5| wme &bl 4 AG=—R/K onis Slu,jgy
S lise S obled A, ey cawl odds a8)S Jlas 3 VMLl
b yogS )l oslasd (e 9 (2o Sl g Ml oo A8y b > alae
(7) dasly 5l ooliwl b ey JSb s b3S jomlS s yo ol 3 8
Ll 3 sl o s (WY) 9 (VV) (olmvalaly 51 pgd chnes puS—You (5
S Ngas oo dgeyd gubgl cls > wdy GYolee ST a0 4 a5 b
(V0) alasly 51 oolazul b deldl j3 5gd o oy (VYY) alal, 51 cagas S
oy ol Jlesl b g odyel cants |y L atszno¥] s dnyd jous

V¥ 295 00 03l JUnl (55kol Cumsg 4y (YY) da) b 5ollas
ez[F@F}:L :{F’@F’} (¥v)

)9]’.}[& Mb‘f {.éo} = {.}ik {O}jl )La.a&‘ U)Qam U“ ) LY
ijkl

Jde g ((OF) dlaly) g S (5 sl pogSUT Jljdle 3 o8 290 o0
9 O g 5 ¢ (V) b)) et

abagus

Josrs 21y e
VAT 1l oo <8l p> (VO) 5 (VF) sladlaly b silles )l

o™ =r|] (f)

1 S J—
o bas — e+§[r®l +1 Qr+7QI +1 ®r} (Vo)
b fo@ef =l (o], AeS) s 3 88
— i
— oS sl lp 38 lues W3y sleikigy S obles ¥ S
oSlitl (558 Ile s ooy 20y > Ol o8 M3 Gl |y S s
Sy alas & gLl I3ty absgy 903 2 0 F o obmle 29300

sl 00 pglas 15,8 3l 53 )8 Jlgys 3l o] ke oS 29 0

6 Update
7  Tolerance

Yooo

Sl J1o g 05 4 S (SaS LwsSUT 58l o 5 sl o Mae
e sl ST e S>3 )l gy S glsis 4
9 5 pite sie 1y layesS sl S slas [¥V] 05 1al S/ Y—¥
e 15 o (St (V) o) JolS5 Ablas g 5 0355 i
s Vel as s f, b ey p 51 ol gl o5 s s L
Jlosl JyS= bl ©)ga o5 sjpe lilyd 4 a2 bt Sloj o6
352 polen b iz 5 polen F S5 et oS e 0550
G0y SxH b glge 1, (B Sloj A6 3 8, b jesS il sl
PE 5 1, 1o yosS sl 3las (1) dlasly b llas dgdme Julis (s
silodolee oludg o el (gl e ol 5yl casnt o lo
{0) e Sobles ly 3 o col ord b s > {o} | ={e}

il Jir (Sloj oy 53

9 = n (\)

Jb ooy 8 93 oy Slojojl Coyre AL =1 —1, oyl pl > a8
b loj xS Sl sy 5 eslizal b ogi8] b J g
g Cany (V+) (st alarly (1) sy )3 (1F) ]y (5,35 s>

R=9-8,~k, ¢, At =0 (v-)

J:.A ¢ Cowdy d> D wbuosm‘.:@f DJ.JLo.».B‘J R U] ).)4‘5

w3l o] U s eas s ol s (gl i s 5l eslisl S

b yogS )l Sy & dsgi b R ol BU jlade ¢ Sloj p5 j 13 0445 oo

{V 298000 silogdas (V) daly L 3ollae &

OR ok Gl
K=—=1-|—%¢ +k, == |At Y\
o9 {&9 o ths &9} )

5 (V) oy & 4295 L g Ok, f09=—yk, [[9™ -9] o) o &S

055 s 0 lah (i g 5,55,y bl o0 B9, [09 =297 {Y)

User subroutine

Implicit

Implicit time integration scheme
Residual

Local Newton iteration

O N O R S R



YOSS b YOF doio VAR Jlo VY 0,leud DY 095 ¢pusS paol SilSn i 4y

alac 43 (wsSUl 3l 5 dlmsgs g0i 8 0 F ool
MLSJ.))J)' 65)"" » F, 9y, tol s s @ Lol 07598 ¥l 5 55 25 Jlssns 5 9550 3y
Lean] oo WS wym F=F Fp g
S Sl FosS Gpe &5 A =418
5O e oo dnlone Bl o Lo oS Lo (ol 0alS
JUCCINR. PRS- SUR [ CR  APCR JyWS
G e 452 33 &S Wl co Sl G L S L
¢ e =he - Arit 2 02 E ¢
Kg o salone Fg dailzes
e
(V) akl, 5l (%) akl, 5!
4 w
o diloe o> @ 4z b owas F -
- A
R o Og g Al ok ol 53 05, 5 355 o Fe ’
() abayl, 5! S sn Do Lo pasS L (S0 28 | (V) aal, 5
. 4 . 4
K alxe LG ogdige Joel 5 dmilne pa> F, S Qe
8 e IS8 dnyagS Lo 59,5 00,25 ¢
(V) akal, Sl iy B OVAYNT) aba, 5|
- o Wl ogtign 4 #1 basee al>ya e
bl gn J3 9o ) eSS 83
oS3 9o | RS (9,08 g e
9 «39-R/K
oLl 4 g 0l anulne wpaz i (CHERT) 4.]44‘) )|
alac 4 gom ge3 5l U 0gd co 00l .
5 Jlee! dwl>e
O-abaqu.s eabaqus
(Y£,Y0) alal, 5

— R<tol?

aebpp; obb

S i) )5 o 15y (gl sl slainig) :F S

Fig. 4. The isotropic growth flowchart for a strain-driven process
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Fig. 5. Finite element model of the assumed cylindrical shape muscle. According to the schematic part 1, the muscle attaches from the top to the

ischial tuberosity bone and extends to the fibula at the bottom. Part 2 illustrates the tendon-to-muscle joint areas and similarly part 3 shows the

enlarged biceps tendon. The gray areas represent the tendon texture. According to part 4, the cylinder was meshed with 38556 linear hexagonal

elements of type C3D8 and 14931 linear wedge elements of type C3D6 [40]
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Fig. 6. Dynamic changes of sarcomere length. In response to a 10% increase in the biceps muscle length. Maxi- .

mum muscle stretch is in the early days of treatment and decreases with time due to increased sarcomeres caused by

.growth
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The Critical Points

Elastic fiber stretch A

+1.059e+00
+1.055e+00
+1.052e+00
+1.048e+00
+1.044e+00
+1.040e+00
+1.036e+00
+1.033e+00
+1.029e+00
+1.025e+00
+1.021e+00
+1.017e+00
+1.013e+00

23 I St aiaS g aies Jsb SRV e 4 gl o s i i LB s 5 (St 5l ey alie ) Jobo (30 (slod 2 IS0

Fig. 7. The longitudinal-section view of the muscle after stretching and determination of the critical muscle points in response to

.10% increase in length. Maximum and minimum strains are located in the surfaces, not in the muscle
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Fig. 8. The trend of sarcomeres’ stretching in the posterior surface. The maximum stretch occures adjacent to
.the myotendinous junction. The Stretches from the bottom of the muscle upward tend to ascend

1.06
1.055
1.05

A

1.045
1.04
1.035

®
(43
®

103
1.025
1.02

Elastic fiber stretch

0 50 100 150 200 250 300 350
Length (mm)

Fig. 9. The trend of sarcomeres’ stretching in the interior surface. The maximum stretch occures adjacent to the myo-
.tendinous junction. The Stretches from the bottom of the muscle upward tend to descend
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Deformation of the cylinder over six weeks
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Fig. 10. Deformation of the cylinder up to 10% increase in length over 6 weeks of treatment
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Fig. 11. Dynamic changes in the serial sarcomere number during the 6-week treatment period. Sarcomers grow at their highest

rate in the early weeks and converge to a specific number over time
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