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ABSTRACT

The tearing of a muscle-tendon complex (MTC) is caused by an eccentric contraction; however,
the structures involved and the mechanisms of rupture are not clearly identified. The passive
mechanical behavior the MTC has already been modeled and validated with the discrete elem-
ent method. The muscular activation is the next needed step. The aim of this study is to model
the muscle fiber activation and the muscular activation of the MTC to validate their active
mechanical behaviors. Each point of the force/length relationship of the MTC (using a parabolic
law for the force/length relationship of muscle fibers) is obtained with two steps: 1) a passive
tensile (or contractile) test until the desired elongation is reached and 2) fiber activation during
a position holding that can be managed thanks to the Discrete Element model. The muscular
activation is controlled by the activation of muscle fiber. The global force/length relationship of
a single fiber and of the complete MTC during muscular activation is in agreement with litera-
ture. The influence of the external shape of the structure and the pennation angle are also
investigated. Results show that the different constituents of the MTC (extracellular matrix, ten-
don), and the geometry, play an important role during the muscular activation and enable to
decrease the maximal isometric force of the MTC. Moreover, the maximal isometric force
decreases when the pennation angle increases. Further studies will combine muscular activation
with a stretching of the MTC, until rupture, in order to numerically reproduce the tearing of
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the MTC.

1. Introduction

The tearing of the muscle-tendon complex (MTC),
one of the main sport injuries, is caused by an eccen-
tric contraction (Bianchi et al. 2006; Uchiyama et al.
2011). The MTC is a multi-scale material, composed
of numerous fascicles gathered together in a conjunc-
tive sheath (epimysium). The Discrete Element
Method (DEM) (Cundall and Strack 1979) used for
modeling composite materials could be adapted to
fibrous and complex materials as the MTC
(Brocklehurst et al. 2015; Roux et al. 2016; Audenaert
et al. 2019). This method allows to model the com-
plex behavior of the MTC with only simple linear ele-
ments. Compared to finite element method using
complex mechanical behavior law for muscular activa-
tion (Pham et al. 2018; Li et al. 2019), DEM can pro-
vide the MTC’s behavior with a simple discretization
scheme in terms of concept and implementation
(André et al. 2012; Roux et al. 2016). DEM model has
the advantage of having two scales of studies: the

scale of the spherical components (microscopic scale)
and the scale of the global behavior of the structure
(macroscopic scale) (André et al. 2012). The DEM
can explain complex mechanical responses with sim-
ple mechanical laws. However, the non-linear proper-
ties of the material cannot be introduced easily in the
bond properties. DEM can be time-consuming since
in DEM simulation, 80% of computing time is spent
in searching the particles’ contacts and deducing the
force acting on the contacts (Iliescu et al. 2010).
Further studies will focus on rupture and fiber delam-
ination, which is easy to model with DEM, breaking a
single spring between two discrete elements.

The passive behavior of the MTC has already been
modeled and validated during a tensile test with the
DEM (Roux et al. 2016). Muscular activation is the
next step needed to model the complex behavior of
the MTC. The active force/length relationship of a
MTC describes the evolution of its force for different
lengths of the complex, during the fiber activation
(Gordon et al. 1966; Woittiez et al. 1983; Goubel and
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Figure 1. (a) Passive force/length relationship of a spring constituting a muscle fiber (for compressive and tensile mechanical
behavior). (b) Modification of the mechanical compressive behavior of the muscle fiber.

Lensel-Corbeil 1998; Winter and Challis 2010;
Mohammed and Hou 2016; Rockenfeller and Gunther
2018). Knowing the active behavior of a simple
muscle fiber will help to understand the global active
behavior of the MTC. The different constituents of
the MTC (tendon, extra-cellular matrix, ...) have an
influence on the active behavior of the MTC.
Structural effects as the external shape or the penna-
tion angle will also influence the response under
active solicitation of the MTC (Gras et al. 2012; Roux
et al. 2016). For instance, an increase in the tendon
width or the pennation angle, increase the global
strain inside the MTC. An opposite effect is noticed
with the increase in the muscle width. Moreover, a
decrease in the pennation angle of the MTC can be
highlighted during a tensile test due to the heteroge-
neous response of the MTC and the fiber’s reorienta-
tion during the mechanical solicitation.

In this work, we focus on the feasibility of muscu-
lar activation of the MTC using the DEM in 3D. All
our results are then compared with data from
the literature.

The aim of this study is first to model the muscle
fiber activation and the muscular activation of the
MTC using the DEM. Then to apply this model in
order to study the influence of the external shape and
the pennation angle of the MTC during the muscular
activation of the MTC.

2. Materials & methods
2.1. Muscle fiber activation

2.1.1. Compressive behavior of a muscle fiber

The mechanical behavior of a muscle fiber used in
Roux et al. (2016) is not representative of its real
mechanical behavior and needs to be improved.

Indeed, a real muscle fiber has no mechanical
response during the compressive test. However, in the
model, the stiffness in traction and in compression is
the same (Figure 1(a)). To take into account this phe-
nomenon and avoid numerical problems with a stiff-
ness equal to zero, the constitutive law of fibers’
springs is modified: a stiffness 1000 times inferior to
the traction stiffness is imposed to model the com-
pressive mechanical behavior of the muscle fiber

(Figure 1(b)).

2.1.2. Force/length relationship of a muscle fiber
The active force/length relationship of a muscle fiber
(Gordon et al. 1966; Woittiez et al. 1983, Goubel and
Lensel-Corbeil 1998; Winter and Challis 2010;
Winters et al. 2011; Mohammed and Hou 2016;
Rockenfeller and Giinther 2018) can be modeled as a
parabolic curve, (Winter and Challis 2010;
Mohammed and Hou 2016) (Figure 2). The equation
of this parabolic curve is:

F= oc.Fmax.(l - (?’)2> fL>N> )

=0 else

With « being percentage of fiber activation (activation
coefficient), 0 < o < 1,

The activation coefficient () can vary from 0 (no
fiber activation) to 1 (maximal fiber activation). This
coefficient enables to report the percentage of muscle
fibers used to generate the global activation of the
MTC (Huijing 1998). In our model, the activation
coefficient represents the level of activation of the
MTC because all fibers are activated at the same time
(to reduce the time of the numerical simulation).

F,..x : maximal isometric force of a fiber. Based on
the work of Winters and Stark (1988) and preliminary
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Figure 2. Simplified representation (parabolic curves) of the active force/length relationship, for different levels of activation ().

studies on the MTC, F,.. was fixed to 0.3N for
one fiber.

Al : muscle fiber’s elongation,

le: characteristic activation length (I. = 0.56 x lo)
(Gordon et al. 1966; Winters et al. 2011).

lo: initial length of the muscle fiber. In our model,
lp is the distance between two spherical discrete ele-
ments of the fiber axis (Figure 3(a)).

2.2. Activation of a muscle fiber
To be closer to physiological conditions, fiber extrem-
ities are connected to the tendon to test the activation
of muscle fibers. The lower part of the tendon
extremity is fixed, and a displacement is applied on
the upper part of the tendon extremity (Figure
3(a,b)). To anticipate numerical problems linked to
the fiber activation, time variation of the activation
coefficient is progressive.

A progressive variation of o is chosen to reduce
instability problems in the DEM model:

o= Omax- % (l—cos{n.i}> (2)

With on.x = 1, At = variation’s time of o (10 seconds
is used for numerically reproduce the fiber activation
with the software).

2.3. Definition of the structures and shapes of
the MTC

To analyze the influence of the structure on the macro-
scopic contractile behavior of the global MTC and its
maximal isometric force, different structures and shapes
are studied: an equivalent MTC with one muscle fiber
and tendons at the ends, one parallelepiped equivalent
MTC with 400 aligned muscle fibers (with the tendon at
the ends and the epimysium on the sides of the struc-
ture); one parallelepiped equivalent MTC with 400

angled (20°) muscle fibers; one cylindrical equivalent
MTC with 400 angled (20°) muscle fibers; one MTC
with a pennation angle of 20° (Figure 4). To use previ-
ous results on the tensile response of a MTC, to decrease
the computing time and to analyze, as a first step, the
phenomenon of muscular activation, the mean dimen-
sions of the MTC are the same as in the previous work
by Roux et al. (2016): length of the muscle = 134 mm,
length of the tendon = 13.4 mm, width of the muscle =
12.1 mm, width of the tendon = 6.7 mm and pennation
angle = 20°. Those dimensions and the size of the dis-
crete elements used to model fibers imposed a total
number of 400 fibers. The global length of the MTC
and its central cross-sectional area are the same for all
specimens previously described.

Moreover, four pennation angles (10°, 20°, 30° and
40°) are tested with the previously studied MTC to
analyze the influence of the pennation angle on the
contractile effect.

2.4. MTC model

The mechanical properties and structures of the MTC
model were described in Roux et al. (2016) (Figure
5). Numerical model was complete in DEM using
GranOO  software (www.granoo.org). Mechanical
properties of MTC were based on values from the lit-
erature (Matschke et al. 2013, Regev et al. 2011).
Fibers were built with spherical discrete elements, to
model the inertia effects, linked by springs, to model
the rheological behavior (stiffness was related to
Young’s modulus: fiber’s Young’s modulus =
37.44kPa). Tendon fibers were built in accordance
with the arrangement of finger-like muscle fibers,
inserted into the muscle to represent the myo-tendin-
ous junction (MTJ) (Roux et al. 2016) (tendon’s
Young’s modulus = 800 MPa, MTJ’s Young’s modu-
lus = 400 MPa). Links are also created between fibers
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Figure 3. (a) Model of a muscle fiber with its tendon insertions. (b) Sequence composed of an elongation of the muscle fiber fol-

lowed by position holding with muscle fiber activation.

Tendon’s length
(13.4 mm)

7
@
L]

=

Muscle’s length L —y L s 2 —p
(134 mm) s
‘\ o
Tendon’s length
(13.4 mm) I I I
Equivalent Equivalent MTC Equivalent MTC Equivalent MTC MTC
MTC ] Parallelepipoid Parallelepipoid Cylinder around 400
1 muscle fiber 400 aligned 400 angled (20 °) 400 angled (20 °) muscle fibers with
+ Tendons muscle fibers muscle fibers muscle fibers a pennation angle

of 20°

Figure 4. Different studied architectures: from left to right: one equivalent MTC with one muscle fiber and tendons at the extrem-
ities; one parallelepiped equivalent MTC with 400 aligned muscle fibers; one parallelepiped equivalent MTC with 400 angled (20°)
muscle fibers; one cylindrical equivalent MTC with 400 angled (20°) muscle fibers; one MTC with a pennation angle of 20°.

themselves and between tendon’s fibers and the epi-
mysium (same Young’s modulus as tendon’s fibers) in
order to simulate sliding between these two entities.
The extracellular matrix (ECM) was computed using
springs between fibers in all directions (ECM’s
Young’s modulus = 0.1 MPa). For further informa-
tion, the reader can refer to Roux et al. 2016.

2.5. Mechanical properties of MTC constituents

To favor muscular activation, the ECM’s behavior is
modified, decreasing the sliding along of discrete ele-
ments of muscle fibers (Figure 6(a,b)). Indeed, during
fiber activation, two discrete elements from the same
fiber come closer together, favored by the ECM’s

springs (present in all directions) which enable a slid-
ing along of fiber elements. Increasing the stiffness in
compression of the ECM springs is one solution.
However, increasing the stiffness of the ECM, located
in the longitudinal axis, causes abnormal values of the
force during a passive tensile test. Indeed, during a
passive tensile test, ECM’s springs in the longitudinal
axis are compressed since structures are coming closer
at the ends of the MTC, linked to the alignment of
fibers with the global axis (Roux et al. 2016).

2.6. Boundary conditions

During the numerical test, this active constitutive law
(established as a force) is added to the behavior of the
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along of the discrete elements during the muscular activation. (b) Modification of the passive force/length relationship of springs
of ECM in order to take into account its new compressive behavior. (1) corresponds to the passive behavior in tensile test of the
ECM, (2) corresponds to the new compressive behavior of the ECM, allowing the fiber activation and (3) corresponds to the con-

tact between two discrete elements of fibers (Roux et al. 2016).

fiber springs (Roux et al. 2016). The level of activa-
tion (o) is the same for all fibers according to the
hypothesis which previously established that all
MTC’s fibers are activated at the same time.

2.7. Data analysis

The force/length relationship is numerically obtained
point-to-point for isometric solicitations with a
sequence composed of two steps: 1) a passive tensile/

compressive test until the desired elongation is
reached and 2) fiber activation during a holding in
position (Figure 6(b)). The passive force (after the
elongation) and the global force (at the end of the
sequence) are obtained. The active force is then com-
puted (Factive =Fglobal - Fpassive). Due to a long
computing time, this method is applied for every 1%
strain and for strain values ranged from —25% to
25% (Winters et al. 2011, Mohammed and Hou 2016,
Tomalka et al. 2017, Rockenfeller and Giinther 2018).
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Figure 7. Numerical passive, active and global force/strain
relationship of a muscle fiber.

For the first equivalent MTC (with one muscle fiber
and tendons), strain values ranged from — 70% to
70% (Winters et al. 2011, Liu et al. 2019), since for
this model, the computing time is very low.

The influence of the activation level on the active
force of the MTC is also studied. Four values (0.25,
0.5, 0.75 and 1) are chosen to represent the level of
activation from low to high muscular activation.

The influence of the structure and external shape
of the MTC are also analyzed: the maximal isometric
force obtained for each structure previously described,
as well as the variation of the pennation angle and
the influence of the pennation angle on the passive,
active and global force/length relationships for four
pennation angles (10°, 20°, 30° and 40°).

3. Results
3.1. Muscle fiber activation

The active force/length relationship of the muscle
fiber, akin to a parabolic curve, allows the validation
of the activation model and thus leads to the first
results on the feasibility of the modeling of muscular
activation. The change in the compressive behavior of
the muscle fiber leads to consider the relaxation of
the muscle fiber during compression.

The aspect of the numerical active force/length
curve of the muscle fiber (Figure 7) agrees with the
literature (Goubel and Lensel-Corbeil 1998; Winter
and Challis 2010; Winters et al. 2011; Mohammed
and Hou 2016; Rockenfeller and Gtlinther 2018). At
the end of the activation process, the strain is a bit
lower than l.. This simplification of the force/length
relationship with a parabolic curve centered in I,
seems to properly describe the active behavior of the
muscle fiber.

3.2. Influence of the structure—Muscular
activation of equivalent MTC

The formula of the maximal isometric force (Winters
and Stark 1988) enables to obtain an order of magni-
tude of the maximal isometric force. The maximal
isometric force of the equivalent MTC with one fiber
and tendons at its ends is 0.3 N, for the parallelepiped
equivalent MTC with 400 aligned muscle fibers it is
104.1N, for the parallelepiped equivalent MTC with
400 angled (20°) muscle fibers, the force is 68.8 N and
it is 37.3N for the cylindrical equivalent MTC with
400 angled (20°) muscle fibers (Figure 8(a)).

3.3. Muscular activation of the MTC

The active behavior of the MTC during the specific
sequence of mechanical tests is validated (Figure
8(b)). The global displacement comes to a position
holding (2) and the muscle is then activated. The glo-
bal force (Fgiopa)) vielded by the MTC at the end of
this specific solicitation is obtained and the active
force (Factive) is computed (Figure 8(c)).

The activation level has an influence on the active
force of the MTC. The closer « is to 1, the higher is
the summit of the parabolic curve (Figure 8(d)). The
aspect and the order of curves agree with theoretical
results for different activation levels.

The global visualization of the progressive muscu-
lar activation is analyzed. For muscular activation
after an imposed stretching, the MTC is first stretched
and then, for a fixed strain, the MTC is progressively
activated until reaching the maximal contraction
(Figure 9(a,b)). Numerically, the pennation angle
decreases during the muscular activation in isometric
or eccentric state (Figure 9(c,d)).

The influence of pennation angles (10°, 20°, 30° and
40°) on the mechanical behavior of the MTC agrees
with the literature (Woittiez et al. 1983; Gareis et al.
1992). A decrease in the maximal isometric force is
observed when the pennation angle increases (Figure
10(a)-(d)). For a small pennation angle, the force/length
relationship is not strictly monotonic; its active behavior
has an area of smaller activity, creating an inflexion point
on the global force/length curve (Woittiez et al. 1983;
Gareis et al. 1992; Tomalka et al. 2017; Liu et al. 2019).

4, Discussion
4.1. Muscle fiber activation

The compressive behavior of the muscle fiber, negli-
gible compared to the tensile stiffness, is implemented
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in the calculation code to prevent problems of numer-
ical instability. Therefore, this new and quasi-null
compressive stiffness does not modify the behavior of
the fibers and the global behavior of the MTC during
simulations. The influence of the ECM on the muscu-
lar activation is also important during the displace-
ment of the activated muscle fiber because the ECM
is linked to the shearing forces taken by the ECM
(Sanchez et al. 2014, Todros et al. 2020).

The parabolic curve was already used to simplify
the active force/length relationship (Winter and
Challis 2010; Mohammed and Hou 2016). In our
study, its value was fixed to 56%, in agreement with
reported values on frog legs (Gordon et al. 1966) and
reported values on rabbit muscles (Winter and
Challis, 2010). This value was chosen because the
characteristic activation length is not the same for all
MTC: it can vary from 10 to 60% of the MTC’s initial
length, depending on the type of MTC and its func-
tion in the human body (Gordon et al. 1966; Goubel
and Lensel-Corbeil 1998; Winter and Challis 2010;
Stalhand and Holzapfel 2016).

The overestimation of active force/length curve by
DEM compared to theory can be due to the model
design and the simplification of the number of

constituents of the MTC (ECM, MT]J, epymisium, ...).
In our model, the muscle fiber is linked, at both extrem-
ities, by tendon fibers. This causes a little variation of the
global stiffness of the structure and causes some varia-
tions on the global strain determination. If the structure
is considered as a spring of muscle fiber, linked at each
end by a spring of tendon (Figure 6(a)); the global stiff-
K. K

K2k with K. the tendon’s stiffness, Kg:

the muscle fiber’s stiffness.
Therefore, the force inside the structure is: F =

K:.K; 2.K; K . . R
KH‘Z:;(f Alf + K,+—21£fAlt with Alf : fiber’s

elongation, Al : tendon fiber’s elongation.

As the tendon’s stiffness is considered superior to
the muscle fiber’s stiffness (K; > Ky), the force is
equal to F = Ky.Alf + 2.K;.Al;. Therefore, the error
between the numerical and the theoretical curve, con-
cerning the strain, is due to the approximation done

. KK
between Ky and the ratio Kt;ﬁ(f.

ness is: Koy =

muscle

4.2. Influence of the structure—Muscular
activation of equivalent MTC

The influence of the external shape on the maximal iso-

metric force can be related to the influence of
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(1) and during muscular activation in a position holding (2).

morphological parameters on the global mechanical
behavior during a passive tensile test (Roux et al. 2016).
Indeed, for more inclined muscle fibers, the generated
force is less oriented on the equivalent MTC’s axis. This
can be explained by the influence of the pennation angle
on the global force of the MTC because the existing
relation between the PCSA and the CSA can also be
used for the force: Fyrrc = Friper. cos(Pennation Angle).

With a maximal isometric force of a muscle fiber
fixed at Fax iver = 0.3 N, a pack of 400 muscle fibers
create a maximal isometric force of 400 x 0.3 =120N.
However, a parallelepiped of 400 muscle fibers gives a
maximal isometric force of 104.2N and a parallelepi-
ped of 400 muscle fibers oriented by 20° gives a max-
imal isometric force of 68.8 N. The decrease in force
is due to the parallelepiped structure, the pennation
angle and the influence of the ECM on the

mechanical behavior. For a cylindrical structure with
the same dimensions (pennation angle = 20°), the
maximal isometric force is 37.3N. This new decrease

is linked to the cylindrical geometry and shorter
muscle fibers at the external surface of this specific
shape. The relationship between the maximal isomet-
ric force of the muscle fiber alone and the equivalent
MTC of 400 pennate muscle fibers is not obvious; it
depends on the behavior of the ECM, the shape of
the equivalent MTC and the value of the pennation
angle (Winters and Stark 1988; Winter and Challis
2010; Sanchez et al. 2014; Todros et al. 2020).
Differences can also be linked to the influence of the
epimysium which contributes to the global mechanical
behavior of the MTC (Roux et al. 2016; Schenk et al. 2020).
This sheath is not present on the equivalent MTC model;
therefore the active behavior of the MTC is changed.
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4.3. Muscular activation of the MTC

In our model, all muscle fibers are simultaneously
activated ~ during  the  muscular  activation.
Anatomically, some areas are under muscular activa-
tion according to the required level of activation of
the MTC (Kaaridinen et al. 2000; Hedenstierna et al.
2008; Hodgson et al. 2012; Turrina et al. 2013). This
model of activation leads to qualitative results on
muscular activation but further studies will implement
activation’s areas to be closer to anatomical descrip-
tions. The modification of the activation level (when
other parameters are fixed) can enable increasing or
decreasing the muscle activity of the MTC. This can
be an alternative way to the simultaneous activation
of muscle fibers and could represent the activation of
some packs of fibers.

A gap appears between the null strain and the
strain at the maximal active force: the maximal active
force of the MTC does not appear for a null strain
but for a strain value of 3% (Figure 8(c)). This differ-
ence can be explained by the pennation angle:
Woittiez et al. showed that for similar typological
MTC from rats, a difference of the force/length rela-
tionship appears between pennate and fusiform
muscles (Woittiez et al. 1983, 1984).

The pennation angle decreases during the muscular
activation (Figure 10), contrary to many in vivo stud-
ies (Maganaris et al. 2001; Abellaneda et al. 2009;
Narici et al. 2011; Tilp et al. 2011; Simoneau et al.
2012; Vieira et al. 2018). Indeed, during muscular

activation, muscle fibers shorten. To increase the
force created by the muscle and to transmit the effort
through the tendons, muscle fibers will orientate and
increase the pennation angle. This increase in penna-
tion angle (5° to 7°), is close to the literature (Narici
et al. 2011; Tilp et al. 2011; Schenk et al. 2020).
During numerical muscular activation tests, the
decrease in the pennation angle ranges around 3°
(Figure 9(d)). This result is confirmed by a few stud-
ies showing that during an active stretching of the
MTC, the muscle fibers’ length increases and the pen-
nation angle decreases (Finni et al. 2003; Chino et al,,
2008; Tilp et al. 2011). The numerical simulation con-
firms that during an active stretching, a competition
exists between the decrease in the pennation angle
linked to the passive stretching and the increase in
the pennation angle linked to the muscular activation.
Indeed, in our model, this competition appears
because fibers are modeled with simple springs for
which the displacement can lead to a lengthening or
shortening of the muscle.

The difference between force/length relationships
can be due to the conjunctive tissue (Wilkie 1968;
Huijing et al. 1994; Schenk et al. 2020), to the penna-
tion angle (Figure 10) (Woittiez et al. 1983; Winters
and Stark 1988; Gareis et al. 1992; Winter and Challis
2010), to the proportion of slow fibers and to the
function of the MTC (Gareis et al. 1992; Tomalka
et al. 2017; Eng et al. 2019). Moreover, for pennate
MTC, muscle fibers are shorter compared to the



length of the MTC, and by comparison with fusiform
muscles. The effect of the modification of the muscle
external length on the production of muscle fibers is
therefore more pronounced for a muscle with parallel
fibers (Gans and Bock 1965).

5. Conclusion

A DEM model of the muscular activation of the MTC
has been studied. The active mechanical behavior of
the MTC is implemented at the muscle fiber’s level. It
depends on the role of the ECM, on the external
shape of the structure which enable to decrease the
maximal isometric force of the MTC. The increase of
the pennation angle also has an influence since its
increases cause a decrease in the maximal isometric
force. Moreover, a relationship is found between the
maximal isometric force of one muscle fiber and the
one of the MTC. This model of activation leads to
qualitative results on muscular activation but further
studies will be led to come closer to anatomical
descriptions. To obtain a more realistic model, some
hypotheses could be improved: the aspect of the
force/length relationship, the difference between the
types of fibers (fast or slow fibers), the creation of
areas of activation.

The next step will consist in combining a muscular
activation with a stretching of the MTC, until rupture,
to numerically reproduce the tearing of the MTC.
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