S226 ABSTRACTS 47TH CONGRESS OF THE SOCIETY OF BIOMECHANICS

Interwoven muscle fibers: a 3D
two-fiber muscle active model

Mohammad Ali Nazari®<, Pascal Perrier® and
Yohan Payan®

?College of Engineering, School of Mechanical Engineering,
University of Tehran, Tehran, Iran; PUniv. Grenoble Alpes,
CNRS, Grenoble INP, GIPSA-lab, Grenoble, France; “Univ.
Grenoble Alpes, CNRS, UMR 5525, Grenoble INP, TIMC,
Grenoble, France

1. Introduction

Muscles are involved in all voluntary movements in
humans, and their influence is crucial since they
generate the forces that guide
Therefore their presence in modeling is essential.
Muscles are often modelled as a one-dimensional

movements.

spring with a dashpot and a contractile element.
Most musculoskeletal models use this type of mod-
eling (Uchida and Delp 2021). Such a 1-D model,
connecting the muscle’s insertion points on bony rigid
structure, suffers from shortcomings. Primarily the 3D
shape of the muscles and its influence on movement
are ignored. Moreover, muscles without osseous attach-
ments, in particular muscular hydrostats, cannot be
modelled. This is the case for muscles that build the
largest part of tentacular organs like human tongue,
lips or face.

The 3D fibrous structure of muscles has been
mostly modeled by a transversely isotropic material
with a one family of fibers (Blemker 2017). The
activation force is added to the direction of fibers
consequently as an additive stress. The activation
mechanism can vary from a calcium-based model to
an equilibrium point hypothesis (Nazari et al. 2013).
This type of modeling is usually done using Finite
Element Method via a user defined material property
at integration points.

Some muscular organs exhibit regions where two
different muscles get interwoven fibers at the same
location. This is for example the case for tongue tis-
sues where intrinsic muscles like the verticalis and the
transversalis cross under the surface (Gilbert et al.
2007). These two fiber directions can act independ-
ently or at the same time to create a desired tongue
shape. This introduces a two-fiber muscle model
(TFM) that should allow to study synergies or antago-
nisms between interwoven muscles.

TEM was developed as a user material (UserMat)
subroutine in ANSYS Mechanical. It uses a Hill-type
activation along muscle fibers and takes into account.

the interaction between muscle fibers. It is evaluated
here for an isometric activation.

2. Method

As usually done for hyperelastic materials, a muscle is
often modelled using a strain energy density function
i such that the stress can be derived from the deriva-
tive of this energy with respect to a strain tensor.
This energy function consists in the addition of two
components. One component models the passive sur-
rounding soft tissues and the other one represents the
active part:

‘P(Cs OC) = l7bpassive(c’ ao) + l7buctive(c’ a0, M,p(ﬂ’) (1)

where C is a measure of strain, a, shows initial tan-
gent vector at a point along muscle fiber, o is a meas-
ure of the activation level, and par is a collection of
parameters and variables which depends on the uti-
lised activation scheme. The passive part is assumed
to be made of a transversely isotropic material with a
strain energy density defined as a function of the five
invariants:

[(tr(C))* — tr(C?)]
2

L =tr(C), I, = , I; = det(C),

I4 = aO.Cao, 15 = aO.C2a0
)

For a muscle, Cauchy stress at current time is known
so there is no need to compute the corresponding
strain energy. The muscle stress tensor 6y is
expressed as:

O uscle = O-muscle(a & a) (3)

where 6,,,5cc Shows the muscle stress along fiber dir-
ection at current time which is shown by the tangent
vector a.

For a two-fiber muscle an additional stress tensor
corresponding to a second fiber direction is added to
the first one:

O nuscle = amuscle(a & a) + Ormuscle (b & b) (4)

And the passive part is augmented with correspond-
ing invariants related to b direction:

Is = by.Cby, I; = b,.C*b, (5)

We propose to model the interaction between the two
fibers using the following invariant:

Ig = (ao.bo)ao.Cb() (6)

with the addition of the following term to the strain
energy:

2
lppassive,ntemction(C’ aO) = Cs (IS - 181') (7)
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Figure 1. One-element model activation along (a) x direction (x
displacement contours) (b) y direction (y displacement contours)
() simultaneous x and y direction (z displacement contours).
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Figure 2. (a) Activation along the diagonal (b) activations
along the diagonal and x directions were combined without
interaction and (c) with interaction. (d) Beam model with a
central muscle having fibers along beam axis, (e) diagonally
oriented fibers and with (f) two families of orthogonal fibers.

where Ig; shows the initial value of Ig which is the
square of cosine of the initial angle between the two
fibers and c¢g is a material constant. This invariant
does not change the initial strain energy associated
with orthogonal muscle fibers.

The implemented UserMat was defined with a sep-
arated volumetric and isochoric formulation. Since
this constitutive model is meant to be used for muscle
modeling, the nearly incompressible assumption was
applied using a large bulk modulus. To evaluate this
UserMat a one-element model was deformed along
two orthogonal directions separately (Figure la and
b) and at the same time (Figure 1c) using a Hill-type
activation. Then the same one-element model was
evaluated by activation first along the diagonal direc-
tion of one family of fibers (Figure 2a) and then along
both diagonal and x direction which are not orthog-
onal (Figure 2b and c). In this last case, the inter-
action between fibers was first ignored (Figure 2b)
and then was considered through the parameter cg
(Eq. (7)) (Figure 2c).

3. Results and discussion

As it can be seen in Figure 2, the interaction between
fibers significantly changes the model behaviour. As
an example, a beam with a muscle in its center was
modelled. As can be seen on Figure 2d, varying the

Table 1. Variation of isometric muscle behaior.

Stretch ratio (1) 0.5 0.9 1 1.1 1.5
Maximum Isometric Force 0.075 0.215 0.24 0.245 0.26

fiber direction from longitudinal (y axis)) to diagonal
(45 degrees with respect to y axis) (Figure 2e) changes
the model behaviour completely. Having two families
of orthogonal active fibers (along x and y axes) results
in a specific shape (Figure 2f): the activation along
fibers in the x direction creates a dip in the side part
of the beam.

As it can be seen, the model does not consider the
interaction between two orthogonal families of fibers
if there is any. In order to implement this phenom-
enon more invariants are needed. The assumption
about the strength of the interaction between the two
families of fibers are not based on any experimental
observation. To account for the exact amount of
interaction in-vivo measurements on subjects would
be highly required.

Finally, to evaluate the active muscle behavior, an
isometric test was designed which includes simula-
tions applying (1) an initial imposed displacement on
the one-element model without muscle activation and
(2) an additional activation to get the maximum
force, simulating isometric activation. The corre-
sponding stretch and forces were computed (Table 1).
These values verify the activation trend of a muscle.
As it can be seen, decreasing the stretch from the ini-
tial value (4 =1) reduces muscle force of which repre-
sents a concentric activation. Increase of isometric
force in an eccentric activation pattern matches also
well with muscle behavior.

4, Conclusion

A new active muscle model was introduced as a user
material in ANSYS® to model the behaviour of
muscles with two families of fibers. This model can
be used for studying tentacular organs (like the
human tongue) with a complex geometry of interwo-
ven muscles. The model also works as a muscle with
one family of fibers. The interaction between non-
orthogonal fibers were implemented with the intro-
duction an additional strain energy term. The model
seems to behave correctly with a standard one-elem-
ent test and through a simple beam simulation.

References

Uchida TK, Delp SL. 2021. Biomechanics of movement: the
science of sports, robotics, and rehabilitation. Cambridge:
MIT Press.



$228 ABSTRACTS 47TH CONGRESS OF THE SOCIETY OF BIOMECHANICS

Blemker, SS. 2017. Three-dimensional modeling of active
muscle tissue: the why, the how, and the future. In
Biomechanics of living organs; pp. 361-375. New York:
Academic Press.

Nazari MA, Perrier P, Payan Y. 2013. The distributed lambda
(4) model (DLM): a 3-D, finite-element muscle model
based on Feldman’s A model; assessment of orofacial ges-
tures. ] Speech Language Hear Res. 56(6):1909-1923.

Gilbert RJ, Napadow V], Gaige TA, Wedeen VJ. 2007.
Anatomical basis of lingual hydrostatic deformation. J
Experim Biol. 210(23):4069-4082.

KEYWORDS Two-fiber muscle active model; transversely isotropic;
tentacular organs; user material; finite element method

® manazari@ut.ac.ir



