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21
22
23 An implicit non-linear finite element model for simulating biological muscle mechanics is
24 developed. The numerical method is suitable for dynamic simulations of three-dimensional
non-linear nearly incompressible hyperelastic materials that undergo large displacements and
25 deformations. These features characterize human and animal muscles, which consist of fibers
26 and connective tissues. It can be assumed that the stress distribution inside muscles is the
27 superposition of stresses along the fibers and the connective tissues. The mechanical behavior
of the surrounding tissues is determined by adopting a Mooney-Rivlin constitutive model,
while the mechanical description o ers 1s considered to be the sum of active and passive
28 hile th hanical description of fibers i idered to be th f active and passi
29 stresses. Due to the non-linear nature of the problem, determination of the Jacobian matrix
30 is performed, in order to utilize the standard Newton-Raphson iterative procedure, and time
integration is accomplished via the implicit Newmark method. The proposed methodology
31 is validated by comparing our numerical results with experimental measurements and other
numerical results. Numerical simulations for large deflections of octopus arm muscles are
32 ical results. Numerical simulations for large deflecti f 1
33 carried out with our open-source finite element software.
gg Keywords: FEM; large deformation; biological muscles; octopus
36
37 .
38 1 1. Introduction
39
40 > Muscles can be considered the bio-materials that in contrast with other biological
11 3 tissues deform voluntarily. To this point, simulation of muscles behavior has been
42 4 the subject of many research activities. However, due to muscles’ complex mechan-
5 ical nature (Fun an eir ability to undergo large deformations, numerica
43 1 nature (Fung 1981) and their ability to undergo large deformations, 1
2‘51' ¢ simulation of such problems requires utilization of a non-linear approach. Finite
46 7 element discretization is the method of choice for the numerical solution of these
47 s problems.
48 9 Amongst the pioneering works in skeletal muscles’ computational mechanics
49 10 through the finite element method (FEM), Kojic et all (1998) proposed a numeri-
50 1 cal algorithm for the determination of muscle response, where Hill’s three-element
51 12 model (Hill1938) was used for the mechanical description of fibers. They accounted
52 13 for non-linear force-displacement relation and change of geometrical shape; how-
53 12 ever, their major simplification was that passive behavior of the muscle is linear
2‘5" 15 elastic and isotropic, while no incompressibility was taken into account. Martins
56
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et al. (1998) developed a 3D FE platform for the simulation of skeletal muscles, in
which the constitutive relation adopted is a generalization of the model proposed
by Humphrey & Yin (1987), being compatible with the passive and active behav-
ior of skeletal muscles of Zajad (1989). .Johansson et al) (2000) proposed a FEM
for simulating muscles behavior based on non-linear continuum mechanics, where
contractile active and passive properties of skeletal muscles were considered and
incompressibility is fully incorporated. On the other hand, |Oomens et all (2003)
proposed a FE approach, where physiological reasoning and ‘cross-bridge’ kinet-
ics via a two-state Huxley model (Huxley [1957) was adopted, for the mechanical
behavior investigation of a tibialis anterior of a rat. Furthermore, |[Fernandez et al.
(2005) presented a FE muscle modeling framework that relates the mechanical re-
sponse of the rectus femoris muscle to tissue level properties, with the capability
of linking to the cellular level.

Recently, Liang et all (2006), based upon the approach of |[Van Leeuwen & Kier
(1997), incorporated the governing equations for a muscle element into a commer-
cial general-purpose explicit FE program. Their scheme is promising because it
can simulate complex dynamic muscular behaviors but it suffers from the small
time-step restriction, required by numerical stability considerations. In the same
year, Martins et al! (2006) introduced a multiplicative split of the fiber stretch into
contractile and elastic stretches, where they considered the simultaneous presence
of the series elastic element, the dependence of the contractile stress on the strain
rate and an activation level function. Rohrle & Pullan (2007) also presented a 3D
dynamic Galerkin FEM framework of an anatomically realistic model of the human
masseter muscles and associated bones.

Further developments in muscle modeling presented by [Tang et all (2007), where
Hill’s muscle theory coupled with fatigue was proposed to describe the mechanical
behavior of skeletal muscles. They compared the proposed FE technique with the
experimental results on a frog muscle, capturing the real-time shape change due
to fatigue. Stojanovic et al. (2007) proposed an extension of Hill’s model of Kojic
et al. (1998). It was presented a model consisting of different types of sarcomere
coupled in parallel with the connective tissues, where each sarcomere was modeled
by one non-linear elastic element connected in series with one non-linear contractile
element. [Tang et al. (2009) presented a 3D FE model, developed to simulate active
and passive non-linear mechanical behavior of muscle during lengthening or short-
ening. The constitutive relation of the muscle was determined by using a strain
energy approach, while active contraction behavior of the muscle fiber was mod-
eled through Hill’s three-element muscle concept. More recently, [Lu et all (2010)
developed a visco-hyperelastic model for skeletal muscles, where the constitutive
relation was based on the definition of a Helmholtz energy-free function, involving
fourteen material parameters.

The literature survey demonstrates that active muscle behavior has been mod-
eled with two main approaches: Hill-type and Huxley-type based models. However,
in the present paper, it is assumed that the nominal tensile stress in muscles is
derived from the maximum isometric stress, the normalized active level function,
the velocity dependence function, the filamentary overlap function and a passive
component, similar to the approach of Van Leeuwen (1991). This rather simple
approach is also refered as the additive split of active and passive stresses, which
is consistent with Hill’s three-element model muscle representation (Van Leeuwen
& Kier [1997).

The present work was motivated by the OCTOPUS sl project that aims to

Thttp://www.octopusproject.eu/index.html
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the design and development of octopus-like robotic arms. In connection to this
objective, the development of a robust and efficient tool for the 3D kinematic and
dynamic modeling of the octopus musculature was a need. As it will be demon-
strated in the numerical examples section, this paper is a preliminary study on the
biomechanical aspects (e.g. level and pattern of muscles activation) of the muscular
hydrostats behavior via the reproduction of primitive octopus arm maneuvers, like
bending and reaching.

2. Numerical method

Consider a non-linear, homogeneous elastic continuous medium of volume V" and
surface S in its unloaded state that undergoes large deformations. The volume
and bounding surface of the body in its current (deformed) stated is denoted as
'V and 'S, respectively.

A fundamental quantity for the description of deformation in non-linear contin-
uum mechanics is the deformation gradient, which may be expressed in terms of
the current coordinates z; of a material point or the displacements u; through
the relation: Fj; = 9'¢:/9 o = 6;5 + 9ui/d &, where §;; is the Kronecker delta. In
addition, proper stress and strain measures are needed that relate these quantities
with the currently-deformed state of the solid body. Such measures are the Cauchy
stresses 0;; and the left Cauchy-Green deformation tensor B;; = Fjy, Fj,.

Using quantities related to the current configuration, the equilibrium equations
for a solid subject to finite deformation are nearly identical to those for small
deformation analysis. The local equilibrium equation is obtained as a force balance
on a small differential volume of the deformed solid

aO'ij

t.
o0tz

where body forces have been neglected and p is the material density.

Proper boundary conditions are considered for well-posing this problem. Pre-
scribed displacements are assumed on Sy and corresponding prescribed tractions
are assumed on S, with S =Sy UySt.

Muscles are composite materials comprising of connective tissues and bio-bluids,
and muscle fibers. Hence, it can be safely assumed that the stress distribution
inside an element of the muscle is the superposition of stresses in the connective
tissues and the fibers, i.e. 0;; = O'Z(;t) + ag ), where the superscripts ‘ct’” and ‘f’
denote the connective tissue and fibrous part, respectively.

2.1 Connective tissues description

In most cases, biological tissues are best described through a hyperelastic Mooney-
Rivlin (Mooney 11940) constitutive relation, where the calculation of the Cauchy
stress tensor can be obtained by differentiation of a stored energy function
W (I, I, J) with respect to deformation as

2 oW

:j@a (2)

where Cj; = Fy;Fy; the right Cauchy-Green deformation tensor, Iy = tr(B;;),
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IQ = [112 - Blelk]/2 and J = det(Ej).

However, rubber-like materials and biological tissues exhibit nearly or fully in-
compressible behavior, thus, the J & 1 constraint must be satisfied. Towards
this end, the following modified invariants are introduced: I; = I,J72/3 and
I, =1,J —4/3 hased on the modified deformation gradient tensor Fij = FJ -1/3
(Zienkiewicz & Taylor 2005). Applying the chain differentiation rule in Eq. 2] the
following analytic expression of the Cauchy stresses is obtained

(ct) 2 [(OW . oW 2 oW
V= = I = Bi'—iif BimBm'
% T g <611 T henL ) P T B oL J
2 (- OW _ oW ow
2 (2 e s+ D
3J< on 28]2>5]+ 5 i 3)

Substituting the modified generalized Mooney-Rivlin constitutive material rela-
tion: W = ¢y (I — 3) + co(Iy — 3) + K/2(J — 1)? into Eq. B} the analytic expression
of the Cauchy stress tensor for the connective tissues is obtained as follows

ol =21 + e211) TP Bij — 2007 By By
— [(2/3J) (01[_1 + 2621_2) + K(l — J)] 52‘j , (4)

where c1, ¢, are material constants and K the bulk modulus, which for the present
analysis assumes high values so that incompressibility is enforced via this penalty-
like term.

2.2 Muscle fibers material description

The main structural components of the muscular system that have active role
are the muscle fibers. Due to their contractive properties the muscle contracts
and causes muscle deformation. A muscle fiber comprises of parallel bundles of
myofibrils, which in turn are divided longitudinally by the Z-discs into sarcomeres.
However, a more detailed description of the muscular structure can be found in
(Nigg & Herzog 11999).

Consider a uniquely-defined direction vector at every material point of the muscle
along the fiber, denoted with n;, m; at the undeformed and current configuration,
respectively. The updated fiber orientation is obtained by: 7; = 1/x (Fj;n;), where
A = /1;Cj;jn; is the fiber stretch ratio.

The nominal strain is defined by the change of length divided by the reference

length of the fiber and is given by: €' = A — 1. Therefore, the corresponding
() _
ij =
€™ (31ym; + d;5) /2, while the corresponding Cauchy stress tensor has the form

volume preserving fiber strain tensor can be written as (Liang et al. 2006): ¢

Ug) = 0" 1m;my, (5)
where the nominal axial stress o(" is defined in terms of the Cauchy true fiber
stress: 0™ = o{" (e +1).

According to [Van Leeuwen (1991), the fiber nominal axial stress in muscles is
defined as the accumulation of passive o(P®5) and active axial stress. The latter
part is considered to be the product of the maximum isometric stress o(™%*) at
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fiber optimum length, a normalized active state function f(%)(t) that describes the
activation pattern, a force-length f() and a force-velocity function f(*) that relate
the active muscle stress with ()", £, respectively,

ot = g(Pass) . g(maz) gla) ¢() ¢(v) (6)

The above assumption is based upon the sliding filament theory of [Huxley (1957).

2.3 Finite element discretization

The balance Eq. [l can be replaced by an equivalent principle of virtual work, which
has to be in a form appropriate for finite deformations. The variational theorem
for finite elasticity in the current configuration (Bowler 2009) reads

oIl = / o0v; tp i; dV —l—/ (5Li]' Oij dV — / v t; dS = 0, (7)
\% \%4 'St

t t t

where ’p the current material density, #; the prescribed tractions on (Sr, dv; an
admissible velocity variation that satisfies the condition: dv; = 0 on Sy, and dL;;
the virtual velocity gradient variation. It can be seen from Eq. [7 that the inte-
grals are evaluated with respect to the current configuration. Therefore, proper
transformations should be applied in order to convert the integrals into the unde-
formed configuration, since the initial shape of the solid is known. Such transfor-
mations are the following (Zienkiewicz & Taylor 2009): op= J 'p, d'z; = F;j d y;j,

d'S =J,d,Sand d'V = Jd V, where J, = J,/mBi;lﬁj.

Due to the material and geometrical non-linearies arising to this problem, a
proper linearization procedure is needed to facilitate further numerical implemen-
tation via the standard Newton-Raphson method. Linearizing Eq. [ with respect
to the unknown displacement field, and assuming a proper FE discretization, the
final semi-discrete matrix form of the balance equation is obtained

Mz(]aﬂ)u;ﬁ) + Kz(](:”g)Aul(g/B) — Rz(a) _ Fz‘(a) , (8)

where

(@8) Do ) ON@ gN(B) / _aN(a) ONB)
Kik = /Ov(aka Fi, + 02]5kl> 78%61' 78"/.%[ JdV + OVUU 7875:6]4; 7atl‘j JdV,

v

MED / 5, NON®qy
oV

o _ o N (@)
R = ()7, dS, F}>=/ %Lt Jdv.
()ST oV 3 .Tj
In the above Jacobian matrix K i(.a’ﬁ ) it is assumed that no follower external forces

are present, where the first integral corresponds to the material tangent stiffness
and the second one is called the geometric stiffness. Furthermore, the matrix Mi(jg’ﬁ )

URL: http:/mc.manuscriptcentral.com/gcmb
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accounts for the lumped mass contribution, while REO‘), Fl.(a) are the external and
internal force contribution vectors, respectively. Further details on the linearization
steps required as well as the calculation of the tangent stiffness tensor components
are provided in the Appendix.

In the present study, the Newmark implicit method (Zienkiewicz & Taylor [2005)
is used for the time advancement of the semi-discrete form of Eq. Bl Taking the
successive procedure of Newton-Raphson iterations for each time-step until con-
vergence is achieved, the transient analysis ends up to the desired time of dynamic
observation of the non-linear system.

The numerical implementation of the finite element procedure —as presented
above— for the simulation of the dynamic mechanical behavior of 3D muscles was
carried out through our scalable C++ program. The project built utilizes available
open-source numerical libraries, such as PETS{Y (Balay et al. [2008) and libMesh?
(Kirk et _al. 2006).

3. Results

In this section, it is presented the dynamic simulation of the squid arm extension
and of the frog gastrocnemius muscle contraction, in order to validate the proposed
methodology. This will be achieved by comparing the obtained numerical results
with experimental measurements and other numerical results that are available in
the literature. In addition, various simulations of the octopus arm muscular hydro-
stat are presented, where different muscle groups activation and various activation
patterns are performed, in order to enhance our understanding of the underlying
muscle mechanics in the octopus arm maneuverability.

3.1 Dynamic squid arm extension

The first numerical example involves the dynamic extension of a squid arm during
the strike to catch prey. The squid arm consists of an active stalk and a passive
club, as depicted in Fig. having 95 mm total length. For simplicity, the squid
arm is modeled as a cylindrical body. The stalk composes of 15% longitudinal
muscles having fiber orientation along the z-axis (represented by an outer 0.3 mm
thickness layer), and an inner cylindrical core of transverse muscles of 3.4 mm
radius (see Fig. . The club is considered in the present analysis to have the
same muscular structure as in the stalk but it is taken to behave passively. Detailed
description of the squid musculature is given by [Van Leeuwen & Kier (1997). The
material properties of the muscle fibers and connective tissues are identical to the
ones used by previous investigations (Johansson et all 2000; [Liang et al. 2006),
while the applied activation signal for the current simulation is the following step
time-function

9

s _ [ B0 +sin e —mp))] 7t <t
1, >t

where the signal peak-value time is set t, = 40 msec.

Uhttp://www.mcs.anl.gov/petsc/petsc-as/
2http://libmesh.sourceforge.net/
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(b)

Figure 1. E_E;zl Finite element discretization of the quarter cross-section of squid arm, with @ initial
ed

(undeform
simulation.

configuration andﬁnal (deformed) shape of the squid arm during the strike to catch prey

Due to symmetry, only one quadrant of the cylindrical arm is modeled and
appropriate boundary conditions are applied to the symmetry planes; the surface
on the root of the arm is restricted to move axially, while the rest of the surfaces
are taken traction-free. Discretization is accomplished with the aid of the open-
source mesh generator Gmsh (Geuzaine & Remacle 2009). The mesh consists of
246 eight-node hexahedral and 41 six-node triangular-base prism elements (see Fig.
).

As the activation signal f(® increases, transverse muscles contract resulting in
the axial arm deformation. In order to maintain constant volume, the radius of the
arm decreases while length increases. After 45 msec of full activation, the passive
tensile forces of the longitudinal muscles are greater than the contractile active
forces of the transverse muscles. Thus, leading to extension deceleration and finally
to maneuver termination. The final deformed squid arm is depicted in Fig. [1(c)]

Fig. shows the squid arm length growth in time. The FE numerical re-
sults, obtained by the current methodology (diagonal crosses), are compared with
the experimental data (empty diamonds) of the squid arm extension and the cor-
responding 1D model simulations (solid line) obtained by Van Leeuwen & Kier
(1997). In view of Fig. ] it is observed that the FEM numerical results agree
very well both qualitatively and quantitatively with those in (Van Leeuwen & Kier
1997). However, in Fig. it can be noticed that a relatively lower arm-tip ve-
locity is evaluated through the proposed analysis. It is interesting to note that
similar behavior was observed by other FEM approaches (Johansson et all 2000;
Liang et all2006; Tang et al.2009). In order to examine for the numerical scheme
h-refinement convergence, the dynamic squid arm extension problem was solved
for another two finer finite element discretizations. As expected, the obtained nu-
merical results improved, resulting into less fluctuation behavior after 45 msec of
full activation, while the evaluated tentacle length converged to the experimental
measurement.

3.2 Frog gastrocnemius muscle

Next, the deformation of the frog gastrocnemius muscle subjected to activation un-
der a constant tensile load along the muscle fiber direction is simulated. The muscle
geometry assumed is provided in (Tang et al!l2007), while the material parameters
are adopted from their successive work (Tang et al.2009). In these studies, a Hill
three-element model is utilized in order to describe the mechanical behavior of
sceletal muscles. To this end, analytical evaluation of the Cauchy stress tensor and
tangent stiffness tensor in the fiber and connective tissue level is performed, and

URL: http:/mc.manuscriptcentral.com/gcmb
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Tentacle Length [m]

Figure 2. Comparison of experimental and simulation results of the squid @ arm length and@ arm-tip

velocity profile.

presented in[Bl The activation load is identical to the one of Tang et all (2009) and
similar boundary conditions are considered. However, in the present simulation,
muscles fatigue is not taken into account. In Fig. the FE discretization of the
frog gastrocnemius muscle —comprising of 480 eight-node hexahedral elements— is

depicted. The fiber orientation is defined by the local z-axis of each finite element,
which follows the fusiform muscle geometry. In Fig. the final deformed body
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Figure 3. @Finite element discretization of the undeformed frog muscle andﬁnal deformed geometry.
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28 and simulation results on the @ z-z and @ y-z planes.
ig 243 In Fig. @ comparison of the deformed shape outline of the frog muscle at max-
41 244 imum activation level on the z-z and y-z planes is shown. In this figure, the ex-
42 25 perimental results obtained by [Tang et all (2007) and their numerical results at
43 26 the first activation circle, with the numerical results of the current FE procedure
44 27 are compared. The numerical results in both FE approaches are in relatively close
45 us  agreement to the experimental measurements.
46
47
48 29 8.8 Octopus muscular hydrostat dynamic simulations
49
50 250 Finally, a conical geometry of the octopus arm extending along the z-axis, be-
51 51 ing 10 cm long and having 1 cm root diameter, is considered. The arrangement of
52 22 muscles in the octopus muscular hydrostat (Kier & Stella [2007) is very different
52 253 compared to that of the squid arm, and is depicted in Fig. The arm muscu-
S 254 lature consists mainly of longitudinal muscles (denoted with ‘L’ in Fig. [5(a)|) that
55 . . . .
56 255 extend along the arm axial direction, and transverse muscles (denoted with ‘T")
57 26 that connect the external connective tissues with the longitudinal muscles and the
58 257 axial nerve cord (denoted with ‘N’). In addition, oblique muscles are present (de-
59 s noted with ‘O’), which are helically aligned fibers around the arm, thus, enabling
60
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arm torsion. For the present analysis, oblique muscles are omitted, because their
contribution to bending motion of the octopus arm is minor (Liang et all 20006;
Yekutieli et al!2005). However, the lack of experimental data on the octopus mus-
cular hydrostat material properties restricts us to utilize the corresponding ones of
the squid, provided in (Van Leeuwen & Kier[1997). This assumption is based upon
the fact that both molluscs are of the same class (cephalopoda), despite their arm
different muscular structure.

Figure 5. @Diagram of the octopus arm showing the arrangement of muscle fibers and connective tissues.
@ Finite element discretization of the octopus arm and close-up view of the arm root on the top left of
the subfigure.

The FE mesh of the octopus arm consists of 420 eight-node hexahedral and 420
six-node triangular-base prismatic elements, as seen in Fig. On the top of
the same figure it is depicted the two main muscular kinds of longitudinal and
transverse muscles (shaded with different colours) considered in the octopus arm.
Following Fig. the longitudinal muscles are taken as four distinctive subre-
gions (green-colour regions), thus, enabling them for separate activation; while the
transverse muscles are located in the core of the idealized conical octopus arm
(yellow-colour regions).

The wet area of the arm is considered traction-free, while the root of the arm
is allowed to move on the z-y plane and is fixed at the origin point (0,0,0). The
applied activation signal for the current simulation is a step function, defined as
follows

0, t
f@) — [3 (14 sin (7t —7/2)]>", ¢ < t; +ta
1 ¢
0, t

)

where the activation signal peak-value time is set equal to ¢, = 0.5sec, while ¢;, t4
are the initialization and duration time of the activation function, respectively.

As seen in Subsection B.1], the squid arm extends if all transverse muscles are ac-
tivated simultaneously. However, in order for the octopus arm to perform a bending
maneuver, primarily longitudinal muscles have to be activated (Liang et all2000).
To this end, it is assumed that one subregion (group) of longitudinal muscles is ac-
tivated uniformly (¢; = 0); or it is assumed that the same muscle group is activated
non-uniformly (¢; = Z), where Z is the normalized axial position of a material point
within the undeformed arm muscular hydrostat. Non-uniform activation occurs
due to the variable t; in respect with the axial position of a muscle fiber material
point. The time duration of the activation level is set equal to t; = 1sec.
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(a) t = 0.25sec

(j) t = 0.8sec (k) t =0.9sec (1) t =1.0sec

Figure 6. Various snapshots of the octopus arm deformation for uniform activation of one longitudinal
muscle group.

Successive snapshots of the arm deformation are presented in Fig. 6] where the
transparent grey area corresponds to the undeformed octopus arm. As it can be seen
from this figure, the octopus arm performs the bending maneuver within 0.5 sec
of full activation level and then it oscillates slightly to this equilibrium position
until simulation termination. It is important here to note that no external forces
are considered in the present analysis, such as hydrodynamic forces exerted by
the surrounding water (Yekutieli et al!l2005; Kazakidi et al)2011)). However, these
features can be easily taken into account within the present formulation.

Next, various snapshots of the octopus arm bending procedure are presented in
Fig. [[l where non-uniform activation of one longitudinal muscle group takes place.
As expected, the arm deforms slowly and requires more time to bend than in the
uniform activation case. This is explained by the fact that until 0.25 sec simulation
time the first quarter of the longitudinal subregion is fully activated (from z = 0
up to 0.025 m), while until 0.5 sec the first half of the longitudinal subregion is fully
activated, and so on. We also performed simulations for non-uniform activation of
one longitudinal subregion with initialization time 5z and 22z (not presented herein)
but the arm deformation is rather slow and the final bend is not achieved within
1sec of simulation time.

The following octopus arm deformation experiment aims at simulating the two
primitive arm maneuvers (bending and reaching) in consecutive manner. In order
to achieve this maneuver, first a uniform activation (t; = 0) of two neighboring
longitudinal muscular groups with activation signal peak-value time t, = 0.5sec
and duration time ty = 2sec, is enforced. In addition, only a portion of the arm
along the z-axis is activated (from z = 2cm up to the tip z = 10cm). Next, the
rest two longitudinal muscular zones are activated non-uniformly (¢; = z) with a
time-lag, having activation signal peak-value time at ¢, = 1.5 sec and duration time
tqy = 2.5sec. The activation signals applied on the two groups of the longitudinal
muscles are depicted in Fig. [8

In Fig. [ various representative snapshots of the octopus arm deformation during
the bending and reaching maneuver are presented in successive order. As seen
from Figs. 9(a){9(d), the first two longitudinal muscle groups are activated, thus,
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(a) t = 0.25sec (b) t =0.3sec

(j) t = 0.8sec (k) t =0.9sec (1) t =1.0sec

Figure 7. Various snapshots of the octopus arm deformation for non-uniform activation of one longitudinal

muscle group.
08;
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Figure 8. Activation signals occurring for the two groups of longitudinal muscles.

resulting into the arm bending depicted in these figures. However, the bend shape
of the arm is less pronounced in this case, as compared to the previous simulation
example (see Fig. because 80% of the arm longitudinal muscles are active. In
addition, due to the lack of damping in the mechanical non-linear system, the arm
exhibits some oscillation from 0.7 sec up to 1sec. Furthermore, the contraction of
the rest longitudinal muscles results into the oscillation decrease and further to arm
bending on the opposite direction, since the latter group of muscles is activated
all along the arm. This is also evident from Figs. 9(e)i9(q)l where a rather slow
bend occurs since non-uniform activation is applied to the other two longitudinal
muscles. In conjuction with Fig. [ and Figs. [9(1){9(q), it can be seen that the
activation of the second group of longitudinal muscles and the deactivation of the
first group provides a similar hook-like arm deformation (compare Figs. .
Finally, in Figs.[9(q)H{9(x)|it can be seen the gradual recovery of the octopus arm to
its undeformed shape, due to the deactivation of the second group of longitudinal
muscles. It is important to note that the reader should not get confused from
Fig. Bl where t; = 2.5sec since the deactivation of this group of muscles is non-
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(v) t = 3.375sec (w) t = 3.5sec (z) t = 3.75sec

Figure 9. Various snapshots of the octopus arm deformation during the bending and reaching maneuver.

uniform; thus, the true time-duration of the activation signal before decay is equal
tot; +tqg =2+ 2.5sec.

The final octopus arm deformation experiment involves the simulation of an off-
plane bending arm maneuver. Since circumferential muscles were not taken into
account in the present work, one way to achieve torsion to the arm is to enforce
the stimulation of two neighboring longitudinal muscular groups by applying a
proper time-lag. More precisely, the first muscular group is activated non-uniformly
(t; = Z) with activation signal peak-value time ¢, = 0.5sec, as in the first example
in this subsection, while the second muscular group is activated non-uniformly
(t; = Z) but only a small portion along the z-axis of the arm (from the root z =0
up to z = 3cm) is active.

In Fig.[IQ various representative snapshots of the octopus arm deformation dur-
ing the off-plane bending are presented in successive order until maneuver termi-
nation. As it can be seen from Figs. [10(a){10(1)| the arm follows a deformation
path identical to the first example demonstrated in this subsection, where non-
uniform activation of a single longitudinal muscle group occurs. However, after full
activation of the neighbor muscle at 1sec, the arm seems to exhibit some twisting

effects (see Figs. [10(m)H10(x)|), which are more pronounced at ¢ = 1.125sec (see
Fig. [10(r)). As in the previous example, due to the fact that no damping mech-
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anisms were considered into the mathematical model, the deformed arm exhibits
some oscillations within t = 1.5 — 1.9 sec at the late stage of the maneuver termina-
tion. It is important to note here, that if circumferential muscles were considered
in the FEM simulations, it would be expected for the arm to achieve significant
torsional maneuvers, where the contraction of these helically aligned muscles would
also result into arm elongation.

4. Conclusions

In this paper, a non-linear dynamic finite element procedure for simulating bio-
logical muscle mechanics is presented. The proposed numerical method is capable
of simulating the dynamic mechanical behavior of 3D non-linear nearly incom-
pressible hyperelastic materials —such as muscular hydrostats— that undergo large
displacements and deformations. The continuous medium of a muscle is considered
to consist of fibers and connective tissues. The former part is described through
a Mooney-Rivlin constitutive model, while the latter part is considered to be the
sum of active and passive stresses. The non-linear equations of dynamic equilib-
rium are solved via the Newton-Raphson procedure and implicit time integration
is performed through the Newmark method. The validity of the proposed method-
ology is demostrated with two representative numerical examples, whereas the effi-
ciency and ability of the FEM to simulate octopus arm maneuvers is demonstrated
through a series of numerical simulations. The proposed methodology can success-
fully simulate primitive arm motions of muscular hydrostats more effieciently, com-
pared _to previous approaches (Johansson et al. 2000; [Yekutieli et al. 2005; Liang
et al.2006). In future developements, oblique muscles of the octopus arm could be
accounted for, and introduction of external hydrodynamic forces during the arm
movement could allow to produce more realistic simulations. In addition, utiliza-
tion of higher order elements and p-adaptive procedures could help to increase the
accuracy of simulated transient motions.
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Appendix A. Finite Element linearization steps

Applying the proper transformations to Eq. [[ as discussed in Subsection 23] the
virtual work variational balance equation can be expressed into the reference con-
figuration as

oIl = / 5Lij Ul'j JdV — 5’()@' El J’Y dS = O, (Al)
[JV [)ST

where for simplicity we have removed the inertia domain integral of Eq. [
Inserting into Eq. [Al proper finite element interpolation polynomials, where
unknown kernel quantities are interpolated via Lagrange polynomial bases: (x; =

Yo N(O‘)Oxga), Ouifgre, = > (ON/g1a;) uga), and given that the virtual velocity
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33 gradient matrix can be written in the form: §L;; = 96vi/otz; = (96vi/d ) Fk_jl, it
s follows that

N(@ -
{ a@t oy JdV — [ N@E.1 dS} 50l =0
OST

ON@ _
L p e gdv — N@OE T ds S 6o =0, A2
{ 174 80':61C & ! oST K ‘ ( )

395 In order to solve the above discrete non-linear virtual work equation using the

(a)

306 Newton-Raphson procedure, it is assumed a corrected updated solution u( @) +Au; 7,

37 where u( %) the solution at the end of the preceding time increment or the previous
s iteration solution. Given the fact that no follower external forces are present in the
o current analysis, Eq. becomes

3

©

3

©

IN (@)
v 0o

[F + AF]} oij(utAu) JdV =0, (A3)

o where the Cauchy stress tensor and the deformation gradient determinant J are
201 dependent to that increment.
402 The linearization of the above integral quantities are given below in brief:

4

o

(8)
[F+AF); =~ F;' = F, ag:” Fl Ay =F ' —F;' a(;\g% FtAuf, (A4)

d(0ijJ) OFy (o J) NP (s)
0Fy  Oug 0F}y 8035[ ko

Oij J = Oij J Aug = Oij J + (A5)

w03 with 87/oF,, = J Fq;,l. Inserting the linearizations of Eqs. [A4] and into Eq.
204 it is obtained

Do e ON(@) 1 ON®)
OFy M 80% " 80«75[

U/,

ON@ N ®)

LT Fok 75 o

Fl JdV} Aul?

(@)
= [ N@W¢EJ,dS - / 0ij ON p Jdv, (A6)
OST 80%

205 oOr equivalently
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U

IN (@) AN ®)
g F—l
Oukl 803% 80$s

—1
Fsl

0

B “aN( )F_laN( )F )
Oij 80513m ;

mk 81}” nj

O©CoOoONOOPAWN =

JdV} Al

10 (@)
11 - / N g ds — / i o FLgdv, (A7)
Sr dozp

14 406 where

O
17 Coiy = —Y B S AS8
18 ijkl OF.. s T 0ij Ok (AB)

20 407 From Eq. [A7 after some algebra, it can be obtained the matrix semi-discrete
21 ws form of Eq. Bl

30 400 Appendix B. Tangent stiffness matrix and stress tensor evaluation

32 a0 As discussed in Section 2] the Cauchy stress distribution of biological muscles is

33 a1 considered equal to: 0;; = Ul(;t) + ag ), Therefore, it can be safely assumed that the
34 a2 material tangent stiffness matrix in the finite element level is equal to the sum of
35 a3 the corresponding ones of the connective tissues and fibers

38 aO’Z" c
39 Cijr = 87;; Fis +0ij 0 = Ci(jz + C(]k)l (B1)

414 The fourth-order material tangent stiffness tensor of the connective tissues can
43 a5 be evaluated analytically, given the corresponding expression of the Cauchy stress
44 a6 tensor (see Eq.H), and is provided below

47 Ci) = [#407 (er Iy + dealo) + K (2 — 1)) 8563

49 —4Y3(c1 + 2c201) J /3 (Byjops + 6iBrt) + 8/3co ™/ (B0 + i BRy)

51 +2(c1 + el T (8 Bji + Badji) — 2020 =73 (84, B3 + B3d i)

53 +2¢2J""/3 (2B, By — BuBjx — Bi.Bj1) , (B2)

55 4

s

7 where B, = BiyBy;.

sas For the fiber part, the Cauchy stress tensor is defined as O'(f) = og" (14+€3") mm;.
58 a0 Given the fiber stress expressions (see Eqs. Egs. B and [0]), the analytical expression
59 a0 for the muscle fibers material tangent stiffness tensor can be derived

s

jurs
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do™ A
C’}jfgl = ( 7886” - 20’”) M1

+ o™ (mimjdkl + (5ijmk7ﬁl + 5ik7ﬁjml + mﬂsjkml) , (B3)

where 0™ = o('(1 +€("). The derivative of the fiber nominal stress in respect with
the nominal strain ()" is given explicitly

9ot _ 90" () play [(OFY ) OFW 1
ger — aap 0 I\ e I e A ) (B4)
In the previous equation it is assumed that the nominal strain rate is approximately
equal to €' ~ Ae(j'/ At; therefore, the quantity O f (®) /Ol by chain differentiation
is set equal to (Of(W) /9em) /At.
On the above calculations, the following differentiation identities are utilized:

O\ 1 A . A
E = Fhrfie) on = i (B5)
om; 1 . 1 . o\ 1 . A
i 2 Cfm — 5z (Fisfia) G = 3 Ok = thiriiim) - (B6)

Working in the same manner, one can derive the material tangent stiffness for
the classical three-element Hill muscle model. Following the same notation as in
(Tang et al.2007), the Cauchy stress in the fiber level is defined by the relationhip

o) = S g (i —1/353) (B7)
where A\ = A J /3 and ¢ (5\) = oo frep+ 3 e*P D — B; with 0( being the maximum
isometric stress, a, § are material parameters, As is the stretch of the Hill series
elastic element and fpgg a pre-defined function with respect to A for the Hill
parallel elastic element component (Tang et al)[2009).

The corresponding fourth-order material tangent stiffness tensor for the Hill mus-
cle model of fibers can be evaluated analytically:

=200 (g X+ g) 610 — A3 (9 X+ g) (o + Sijingain)
-+ A (g’ A — g) mimjmkml +g A ((5ikmjml + miéjkml) , (BS)

where ¢’ = og (9fres/o)) + (v+1/k) a B X~ and k a parameter relating the fiber
stretch A\ with the corresponding stretches of the series elastic and the contractile
element.

For the frog gastrocenemius muscle deformation problem (Subsection B.2]), the
following Cauchy stress distribution definition for the muscle connective tissues is
adopted
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ol = 2pch=3) 7-5/3p,; [(2/&1) bee =3 £ 2K (1 - J)} 5, (BY)

where b, ¢ and K are material parameters, according to the work of [Tang et al.
(2007).

For this case, the tangent stiffness matrix (see Eq. [BIl) is given analytically by
the expression

Cit = (400 (b1 + 1) bee" DI 4+ 2K (2] — 1)} 0Ok

+ 402 ce? B3 7B B By 4 2b B3 753 (5, By + Bubjk)

—4/3(bT; + 1) bee® =3 7753 (B304 + 615 Bu) - (B10)
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t = 1.25sec

42 (v) t = 1.625sec (w) t = 1.75sec (z) t = 2.0sec

44 Figure 10. Various snapshots of the octopus arm deformation during an off-plane bending maneuver.
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