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ABSTRACT
Purpose The authors aimed to design a distributed Lambddel (DLM), which is well-adapted to

implement three-dimensional (3-D) Finite Elemergatigtions of muscles.

Method: A muscle element model was designed. Its streagistelationships included the active
force-length characteristics of the model along the muscle fibers, together with tlasspre
properties of muscle tissues in the 3-D space. mbscle element was first assessed using simple
geometrical representations of muscles in formeatangular bars. Then, it was included in a 3-D
face model, and its impact on lip protrusion wampared with the impact of a Hill-type muscle

model..

Results: The force-length characteristic associated withrthescle elements matched well with the
invariant characteristics of themodel. The impact of the passive properties wasssed. Isometric
force variation and isotonic displacements were etexti The comparison with a Hill-type model

revealed strong similarities in terms of globaést and strain.

Conclusion: The DLM accounted for the characteristics of Menodel. Biomechanically no clear
differences were found between the DLM and a HWiflet model. Accurate evaluations of thenodel,
based on the comparison between data and simudaioa now possible with 3-D biomechanical
descriptions of the speech articulators becautieet®LM.

Key Words: Equilibrium Point Hypothesis; Feldman)s Model; Muscle active force; Muscle
passive force; finite element method; Speech mudaotrol ; Biomechanical orofacial model



INTRODUCTION

A number of studies using biomechanical orofamiatels showed that the physical properties of the
main speech articulators and their interaction$ witternal structures are determining factors in a
number of important characteristics of speech ptida: the prototypical articulatory configurations
associated with each sound, the stability of thesdigurations, and the shape of the articulatory
paths and the formant trajectories in transitioasvieen these configurations. Perkell (1996) found
that the stability of the control of the two mostduent vowels in world languages ([i] and [a]) Icou
be largely due to the strong nonlinearities of taktionships between muscle activation and the
degree of constriction in the vocal tract. Perrieerkell, Payan, Zandipour, Guenther & Khaligi
(2000) showed that the main directions of tonguerdeations observed in speech movements in the
mid-sagittal plane — characterized by the well-kndwont-raising and back-raising factors found by
Harshman, Ladefoged & Goldstein. (1977) — origidétem intrinsic anatomical and biomechanical
properties of the tongue muscles. Perrier, Payandipour & Perkell (2003) found evidence that the
presence and shape of the articulatory loops obdenvvowel-velar consonant-vowel sequences in a
number of languages are strongly influenced byuderfgomechanics, including its muscular anatomy
and contact with the palate. Stavness, Gick, De&id-els (2012) found that the most frequent /r/
variants in English are those that correspondeéarimimum amount of volume displacement, relative

strain, and relative muscle stress.

These results emphasize the need to include feadist reliable biomechanical descriptions of the
orofacial motor system in models of speech productirhe speech articulators that are the most
influential in achieving the fine tuning of the \&@dract’s shape, which determines acoustic pragsert

of speech (see Fant, 1960; Stevens, 1998), armomigee, lips, velum, and pharyngeal constrictors.
These articulators are all made of soft tissue,clwhis mostly muscle tissue. To model the
biomechanical behavior of soft tissues, the fielement method (Bathe, 1996) has been proven to be
extremely efficient, accurate, and reliable (ePgqwyan, 2012). This method uses a numerical tecaniqu

to compute an approximate solution to a set ofigladifferential equations. It relies on a



discretization of the continuum domai)(to be simulated. This discretization, callechash is the
partition of Q into simpler geometrical bodies known @elementsdefined by a set of vertices or
nodes Being able to formulate muscle models in the exinbf the finite element method is an

important challenge for speech production modeling.

In biomechanics, the reference muscle model idiltdype model (Mc Mahon, 1984; Zajac, 1989),
and a number of finite element formulations of tmedel have been proposed (Weiss, Maker &
Govindjee, 1996; Cheng, Brown & Loeb, 2000; Blemiginsky & Delp, 2005) including for models
of orofacial articulators (Wilhelms-Tricarico, 199Koolstra & van Eijden, 2001; Stavness, Lloyd,
Payan & Fels, 2011). However, in motor control aesk in general, and in speech motor control
research in particular, another muscle model,ah#ta X) model, is often used, mainly because it is
embedded in a theory of human motor control, Hwpiilibrium Point Hypothesigproposed by
Feldman (1986). For a number of reasons that willliscussed in the next section, we believe that fo

speech motor control modeling, thenodel is more appropriate than Hill-type models.

We previously proposed using themodel in finite element models of speech artiaraiPayan &
Perrier, 1997; Sanguineti, Laboissiére & Payan,71®chaillard, Perrier & Payan, 2009; see also
Sanguineti, Laboissiére & Ostry, 1998). In thesedel®, the active part of the muscle was
functionally modeled as a set of force generatotsi@g as external forces applied onto the nodes of
the finite element structure. However, this funeéibapproach did not account for the fact that the
muscles are part of the continuum. To increasedhlism of the description, and, in particular, to
provide a better account of the active-force-geimramechanisms of a muscle and their
conseqguences on the mechanical properties of mtissle2, we developed what is, to the best of our
knowledge, the first finite-element formulationtbie A model, in which the muscle model is part of

the factors that determine the stress-strain ctexatic of the tissues.

In this paper, we first briefly describe thenodel and reasons why we consider it to be wéleduo

speech production modeling, and then we describdirtite-element formulation of the model. Some



classical evaluations of this formulation are tipeoposed, followed by a preliminary comparison of

this formulation with a formulation of a Hill-typmodel.

THE A MODEL: A WELL-SUITED MODEL FOR SPEECH MOTOR
CONTROL MODELING

In Hill-type models, the mechanical properties lo¢ tmuscle (i.e., the relation between force and
strain) are based on measures recorded from exiuscles that are artificially tetanized (i.e.,
maximally activated) with external electrical stilations. The force-strain relations for smallerdisv

of activation are not measured. They are estimaad functionally modeled with various
intermediate multiplicative or additive accountsajgt, 1989; Winters, 1990; Shapiro & Kenyon,
2000). In speech production, orofacial muscles gaadevels of force that are far from their maxima
force reached in tetanized conditions. The comaoiable of Hill-type models is the level of thede
itself. It is known, however, that the actual mesébrce is a consequence of a combination of
influences due to descending commands from theaamtrvous system (CNS) and afferent signals
associated with muscle length (via muscle spindiad)the rate of change in muscle length (via Golgi
tendons) (McMahon, 1984). Speech motor control bagn shown to be very resistant to
perturbations such as changes of the head posiitbnrespect to the gravity field (Shiller, Ostry &
Gribble, 1999), or unexpected perturbations ofrttamdible (Folkins & Abbs, 1976) or the lower lip
(Abbs & Gracco, 1984; Gomi, Honda, Ito & Murano,02). We believe that part of the stability of
speech motor control is due to low-level feedbaoknfthe muscles to the motoneuron pool. Hence,
we think that Hill-type models are not the mostra@ppiate muscle models for speech motor control

modeling. Thex model seems to be more appropriate, for sevesabres.

The A model includes hypotheses about the nature of dhéra variables and a description of the
muscle-force-generation mechanisms. It is based study of physiological measurements of force-
length relationships in in-vivo muscles in deaffeéesl cats (Feldman & Orlosvky, 1972) and on
experimental data from human subjects in unloadiagks (Feldman, 1986). Both types of

measurements have been done for different levefsusicle activation. The control variables do not



specify force levels directly. The control variablare threshold muscle lengths) @bove which
active force generation begins. For a muscle, tecification of aA value corresponds to the
selection of a specific force-length relationshihus, the actual muscle force results from the
combined influences of thk value and of afferent inputs associated with musehgth, rate of
change in muscle length, and cutaneous reflexekintfem & Levin, 1995; Pilon, De Serres &
Feldman, 2007). In a given external force fiele; Xhvalue determines the muscle length at which the
mechanical equilibrium point of the motor apparasuseached. According to the Equilibrium Point
Hypothesis, movements are controlled by shifting tmechanical equilibrium point. From this
perspective, movements are the result of the #tiraof the motor apparatus toward the specified
equilibrium point, and continuous movements are ¢basequences of successive displacements
towards a discrete sequence of equilibrium poBiEh a movement-generation principle suggests the

existence of a discrete representation of the nmasirin the CNS.

A fundamental consequence of this hypothesis is trmee the CNS has specified the time variation
of the A values of all the muscles included in the motgraaptus, the movement'’s trajectory and its
timing are fully determined by muscle mechanics|uding feedback loops from mechanoreceptors,
interacting with external dynamical constraints¢tsias external loads, frictions, or accelerations
(Ostry & Feldman, 2003). Trajectories are therefassumed to be the consequences of the

specification of thé values; they are not the motor goals.

By controlling for movements and positions of thetar apparatus in a given external force field via
the specification of a sequence of equilibrium pgithe Equilibrium Point Hypothesis intrinsically
predicts that a large amount of different motor owand patterns and muscle forces can be associated
with the same sequence of intended spatial positibhe Equilibrium Point Hypothesis accounts for
the principle ofco-activationof agonist and antagonist muscles, which enablesame mechanical
equilibrium point of the motor apparatus to be heatfor various levels of force in each muscle.
Different patterns of co-activation associated wifth same goal will generate different movements

toward the goal, with various velocity profiles #&wd various trajectories. To account for this



variability, two macro-parameters determine movementhe Equilibrium Point Hypothesis: &
(reciprocal) parameter that specifies the interetgalibrium point and & (co-activation) parameter
that determines the dynamic properties of the mappraratus and influences the timing and velocity
of the movement (i.e., the way to move toward titerided equilibrium point) (Feldman & Levin,

1995).

We believe that the following basic principles bétEquilibrium Point Hypothesis make this theory

very suitable for explaining speech motor control:

(1) The discrete representations underlying the geperaif movements enable a link
between the discrete phonological characterizabbrthe speech sequence and the
continuous articulatory and acoustic signals tlaatycthe phonological information from
the speaker to the listeners.

(2) The fact that movements are supposed to be intetoghedds dynamic attractors, defined
in terms of mechanical equilibrium points, tendgtovide stability to the motor system
and to facilitate the preservation of equifinalilgder various movement conditions (see
Feldman & Latash, 2005, for a discussion of eqalfiy in the context of the Equilibrium
Point Hypothesis).

(3) The disassociation between the R parameter thaifigsethe intended equilibrium points
and the C parameter that influences the dynamiditons of the movement is very
useful to explain the variability observed for #ame sequence of phonemes, pronounced
under various speaking-rate or clarity conditiosse( for example Matthies, Perrier,

Perkell & Zandipour, 2001).

Using a two-dimensional (2D) biomechanical modeltte tongue (Payan & Perrier, 1997) that is
driven and controlled by the principles of the Hifuium Point Hypothesis, some interesting

properties of speech movements that had been @us@nvexperiments with several subjects were
simulated: looping articulatory patterns observedowel-velar consonant-vowel sequences (Perrier

et al., 2003), variability in articulatory trajecies for the same goals depending on the speakieg r



or the stress (Perrier, Payan, Buchaillard, Na&aChabanas, 2011), and relations between trajectory
curvature and velocity (Perrier & Fuchs, 2008). Tesults all suggested that the Equilibrium Point

Hypothesis is well-adapted to model speech mototrob

The Equilibrium Point Hypothesis is also one of thest controversial theories for motor control.
The main criticisms are twofold. A first set oft@isms is about the fact that the Equilibrium Roin
Hypothesis rejects the hypothesis that the detextmim of motor commands that are adapted to a
given movement would involve, in the brain, an is& computation using a complex internal
dynamic model of the motor apparatus (Gomi & Kawdi®96, Wolpert, Miall & Kawato, 1998).
This debate, which is beyond the scope of this pd@es been discussed elsewhere (Perrier, 2006;
Perrier, 2012). The second set of criticisms isualusing theh model for muscle-force generation,
which is intrinsically associated with the Equiliom Point Hypothesis. In simple terms, those who
are opposed to using themodel claim that simulations of experimental dattn this model would
require an unrealistically high stiffness in thedab(Gomi & Kawato, 1996; Hinder & Milner, 2003)
and high gains in the feedback loops from musciedégs, Golgi tendons, and cutaneous receptors
(Wolpert et al.,, 1998). Feldman and colleagues hangpied that these authors may have used
biomechanical models of the motor apparatus thae weo simple and unrealistic (Gribble, Ostry,
Sanguineti & Laboissiére, 1998; Feldman & Latas@05). Designing a finite element method
formulation of the model is an important step to resolve this debdatkeed it will enable extensive
and quantitative tests of th® model under many conditions, by comparing simaleti and

experimental data.

METHOD

We aimed to design an active muscle element thatiited to the Finite Element Method used to
model soft tissues such as the tongue, the ligsy¢tum or the pharyngeal constrictors. This model

has to account for the passive elastic propertigs the active force generation mechanisms of a



muscle, as described in thenodel. To be able to compare this model with Hild models, we also

designed a muscle element accounting for the priepesf Hill-type models.

Rationales

Functional Muscle Models

In functional models, muscle behaviors are repteserby macroscopic descriptions of the
input/output relationships, without considering tbetails of the mechanisms underlying force

generation (McMahon, 1984).

Adjustable-stiffness models

Basic Hill-type models belong to this group. Instinhodel, the total muscle forde.f) is expressed as

the sum of a force in a parallel elastic elemé&ag)(and a force in a contractile elemeRtg):

Frm=FpetFce (1)

The force in the contractile element is a functidmmuscle lengthl}, muscle velocity \(), time {),

and a control variable called hencefofth

FCEzf(IIVaAHt) (2)

Classically, in Hill-type models (Zajac, 1989; Chent al., 2000), this force is expressed in a
multiplicative way as a product of three distinadandependent functions: a force-length function
(FL), a force-velocity functionK,), and a time-varying, centrally specified actigatifunction (called

henceforthactivation dynamicds(f,o):

Fee=FL()%F (V) %fa(Act) (3)

where k andF, account for intrinsic biomechanical propertiesta thuscles, anid. accounts for the

time-varying central contribution to the level b&tcontrol variable.

In Hill-type models, the force-length charactedstf a muscleF (1), is based on a series of

measurements obtained in isometric conditions fiferént lengths, when the muscle produces its
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maximum voluntary force (MVF) (Zajac, 1989). Theaphk of this curve is parabolic and is similar to
the force-length characteristic of the sarcomeFégufe 1, thick solid line). In order to descrilhes t
contractile force at the same length but for smadleels of activation, the usual method consifts o

multiplying the MVF-length characteristic by a facthat is less than 1 (Figure 1, dotted curves).

This multiplicative account of the contractile fercan be categorized asaujustable-stiffness model
(Shadmehr & Arbib, 1992) in which the contractilereent is assumed to behave like a nonlinear
spring whose stiffness varies depending on musatleation, rate of muscle length change, and time

(see Appendix 1).

Adjustable-starting-length models: Feldman’s model

In other muscle models, the contractile force isuaged to be a general nonlinear functionAgf
muscle length, and velocity. Shapiro & Kenyon (2006oposed a multiplicative representation in

which the control variable and the muscle lengéhraot separable variables

Fee=h(Acl,t)xg(v) (4)

In adjustable-starting-length models, the contrariable A. is specified as a length quantity
(Shadmehr & Arbib, 1992). It determines the funetioby specifying the muscle length valuéor
which the active force is equal to zero. This is tdase for thé& model (Feldman, 1966, 1986). In
such models, in contrast to the Hill-type modele(#gpendix 1), muscle stiffness is not directly
controlled: it also depends on muscle lengjfaid the rate of muscle-length change due to reflex

loops associated with mechanical receptors suatuasle spindles and Golgi tendons.

TheA model states that the muscle starting length ¢he.zero-force-point length)is the activation
command centrally specified by the CNS. For a giveralue, muscle behaves under the influence of
the stretch-reflex mechanism. Based on experimentahsurements from a deafferented cat

gastrocnemius muscle (Feldman & Orlovsky, 1972)ldiean proposed that the stretch reflex
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mechanism is associated with a force-length chariatt in the form of an exponential curve, called

theinvariant characteristiqFeldman, 1986):
Factive_FeIdmaF F max(eXF([I (t‘td)' [ +,LtV(t-td)] +/| c)' 1) (5) '

whereF s the maximum force generated by the mudeis the muscle length at tintel” is the
starting (also called “threshold”) length (see Apghi 2), 1. is a characteristic length(t) is the rate of
muscle length change at timeandy is a damping coefficient. In this equation, bothseia length
and muscle-length-change rate are delayed by dialur@, to account for the physical delay in

feedback propagation along afferent fibers.

To take into account the passive mechanical prigseof the muscle, a passive force should be added
to the active force, similar to what is proposedHdI-type models with the forcEpg, in equation (1).
Examples of schematic representations of the implatiie passive components are shown in Figure
2. The invariant characteristic curves at zero aigjo(static conditions) are plotted without (datte
curves) and with the inclusion (solid curves) of thassive component (represented by the dashed
curve). Each force-length curve is fully specifieg its activation parameter (i.e., by the threshold
lengthA, above which active muscle force is generatedindf’fement occurs due to external force,
without any change in the control variable, theststi-reflex mechanism will maintain the force-

length relation on one of the invariant charactiess

To account for the sliding filament theory (Huxled57) the force described by the IC curves is
multiplied by a term that varies between 0 and & asction of the rate of muscle-length change (se
Appendix 3).

Comparison of the theoretical characteristics ofjadtable stiffness (Hill-type) and adjustable
starting-length muscle models

! The expression [Glis equal to zero if the quantitity G is negatiaad it is equal to G, otherwise.
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To study the difference between adjustable stiiriéid-type models and the model, we plotted for
each type of muscle model a set of muscle forcgttenurves for different activation levels (Figure
3). Let us now consider an arbitrary example ofsfimds force and length variations of a muscle that
would be moving voluntarily against an externado@he hypothetical length variation is represented
in Figure 3 by the thick, bold black line that ceots the resting length value of the muscle (lergth
1) to the length value 0.6, when the force variesfO to 0.35 N. This thick line crosses the force-
length characteristic of both types of muscle mpded the intersection points are very close across
models. Hence, the displacement of the external tmaresponding to this path in the force-length
plane is achievable by both types of muscle modéiss can be done with realistic changes in the
centrally specified control variable, namely theltplying factor A; for Hill-type models and the
threshold lengtfA for theA model, in a way that generates similar movemettepe both in terms of

displacement and muscle force.

Summary

In Hill-type models, the force is directly contrdl with a control variable that scales the refezenc
curve (Figure 1), and the stiffness is linearlyatedl to the control variable. In thenodel, the control
variableA specifies the force-length characteristic (FigRyeAs a result, muscle force and muscle
stiffness are under the combined influence of tharol variable, the muscle length, and the rate of
change in muscle length. In both kinds of moddis,active force-length characteristic is combirmred i
an additive way with the passive force length ctigristic of muscle tissues, and the sliding-filaine
theory is accounted for with a non-linear functidescribing the relationship between force and

muscle--change rate.

Hence, the principles underlying the choice of thatrol variables and the way muscle force and
muscle stiffness are controlled are clearly différen these two models. The mechanical
characteristics are based on two different kindsexfferimental data. The comparison of their

respective static force-length characteristicsstamvn by their superimposition in Figure 3, does no
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show large differences in the range of force leYalederate) and muscle length (somewhat smaller
than the rest length) commonly used in speech ptamu This observation suggests that their
respective mechanical impacts on tongue, lip arldnveshapes and positions should not be very

different.

Finite Element Modeling of theA Model: Distributed Lambda Model
(DLM)

The finite element method requires a discretizatbthe soft body in a number of small elements.
Hence, formulating th& model in such a modeling framework necessitatedamgdrom the lumped
original description of the model (equation [5] aAgpendix 3, Equation [9]) to adfstributed
descriptiori in the direction of the muscle fibers. In a distited model, all lumped quantities of the

physical object are replaced with distributed repreations:

- The force term is replaced with the Cauchy steesghich is the limiting value of the ratio of
the forcedF along the muscle-fiber direction to the crossiseet areadA of the muscled=

I|m(AF/AA) AA— 0).

- Length is replaced with the stretch ratio valubich is the ratio of the current muscle length to

its initial length GR=l/ly).
Starting from equation (5), the active Cauchy stitescomes:

Oactive_FeldmarT Omax (Apcsa{A) (eXF([SRt'td)'Stheshold"/l SR (t'td)] v (I ofl c))'l) (6)

In this relationshigrmac=F malApcsa WhereAucsais the physical cross-sectional area of the museid,
omax IS the maximum stress generated by the muscle.tAleshold length is replaced with the

threshold stretch rati®SRreshold 2 /lp) and the velocity term becomes the strain S&€¢SR=v/o).

With this new expression some parameters of thgirali A model take on new meanings. For
example, the ratidy/l. shows how long the resting lendthis in comparison to the characteristic

length l.. According to equation (5), thé& value influences the derivative of the invariant
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characteristics: the smaller thevalue, the stronger the derivative of the invaridraracteristics. The
derivative of the invariant characteristics cormgps to the stiffness of the active part of the cteus

in the muscle-fiber direction due to the stretderemechanism, when the muscle is stretched above
the threshold length. Therefore, the ratity/l. can be physically interpreted as follows: the Emiie
resting length in comparison to the characterlstigth, the stronger the stiffness of the stre¢glex,

and the faster the attraction movement toward thélibrium position determined by the resting

length.

In the proposed three-dimensional (3D) distribugedbda A) model (DLM), a muscle is represented
with a set of volumetric elements in which musdkeefs are embedded in a matrix of surrounding
passive tissues. These surrounding passive tisareesmodeled with hyperelastic materials in
agreement with previous approaches (Wilhelms-Tidoarl995; Gerard, Ohayon, Luboz, Perrier &
Payan, 2005). In line with our previous work (NazRerrier, Chabanas & Payan, 2010; Buchaillard
et al. 2009) a simplified, five-parameter MooneylRi model is used for such passive tissues. The
muscle fiber/soft tissue matrix interaction is miedewith a hyperelastic transversely isotropic
material (Weiss et al. 1996). In this matrix, adfie passive property is modeled along the digacti

of the muscle fibers, to take into account the ipasgsroperties of the fibers themselves (McMahon,
1984), while the properties of the surrounding pastissues are modeled in the directions orthoona
to the fibers. The equation for the specific pas@roperty along the fibers is taken from Blemker e
al. (2005). Interaction between the muscle fiberd the soft tissue matrix is taken into account by

considering the shear terms to strain energy gsogen by Criscione, Douglas & Hunter (2001).

In the literature, the characteristic lengghin the form of thec parameter of the original formulation
of the A model €=1/l.) varies between 9 mm (Laboissiére, Ostry & Feldni096) and 25 mm

(Buchaillard et al., 2009). In our model, we usedtiBaillard et al.’s (2009) value.

This framework was implemented as a user-definede@ment in ANSYS mechanical software.
Further details about the mathematical formulatbtthe DLM and its formulation can be found in

Nazari (2011).
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RESULTS

The results are organized into two main partshinfirst part, the ability of the DLM to account fo

the main features of the originhimodel is assessed. These main features are:

1) The shape of the invariant characteristics: fordahsessment of the DLM, the force-length
relationships were measured, with and without thsswe contribution, and they were
compared to the original invariant characteristics.

2) The ability of thed model to account for the activation of isometn asotonic agonist and
antagonist muscles: to assess the DLM, a modealiding agonist-antagonist muscle pairs
was designed, with which agonist-antagonist cosation without movement (isometric), and

movement with a constant agonist-antagonist gltdvak level were simulated.

In the second part, the DLM and a Hill-type mustiedel were integrated into a sophisticated, 3D
biomechanical model of the face (Nazari et al.,@Mazari, Perrier, Chabanas & Payan, 2011). A
preliminary comparison of these muscle models veaged out by simulating lip protrusion gestures,
similar to those used in the production of roundewels, such as /u/ or /y/. This gesture was setiect
because it corresponds to a quite complex shapintheo lips in which mechanical soft tissue
properties play an important role (Nazari et @12). The characteristics of the simulated movement

obtained with these two models were compared mgaf stress, strain, and energy.

Assessment of the DLM

Force-length curves: Comparison with original invent characteristics.

To measure the force-length relationships of theviDthe following method was used. A simple
fixed-end bar (with an arbitrary resting length aigio 0.1m) was designed as a series of DLM muscle
elements. These elements all generated a forcg #hensame direction, namely the main axis of the
bar (Figure 4). An external force was applied ®filee extremity of the bar along the directiorhef

fibers; when all the muscle elements were activatsmbrding to a giveh value, the corresponding
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displacement of the free extremity was measureghirgi4 illustrates an example of this. The left
panel shows the bar at rest, and the right pamelsihe lengthening of the bar under the influesfce

the external force.

By varying the amplitude of the external forcehirita sufficiently large range it was possible kat p
the force-length curve corresponding to the setektealue. Different values of were considered in
order to cover a sufficiently large range of musafgivations, and the force-length curve was

determined for each of them.

For a given external force and a giviwvalue, the displacement was influenced by the passi
properties of the DLM along the direction of thaezral force, which in this specific example was
also the direction of the fibers. These passivepgnies were characterized by the global passive
force-length relationship of the muscle along tbers’ direction, which is shown in Figure 5a (eott
curve). They resulted from the combined influenckshe passive property of the tissues along the
muscle fiber direction (Figure 5b, dotted curvell af the passive force—length relationship of the
surrounding tissues (Figure 5c, dotted curve). €oable to evaluate the respective importance of
these passive properties and their combinatiorsethmassive force-length curves were depicted
together with an example of theoretical invariamracteristic in th& model. It can be seen that the

passive influences are not negligible.

In Figure 6a an active force-length curve generaté@t the DLM without the effect of passive
properties (dotted curve) was plotted for a gi%evalue, together with the corresponding theoretical
invariant characteristic (equation [5]) in tHemodel (solid line). This shows a good match betwee
the numerical formulation and the origindlmodel. In Figure 6b the effect of total musclecéor

including the passive properties (Figure 5a) isnshfor the DLM. It can be observed that with the

inclusion of the passive properties the muscldistafength was slightly shifted to the right, whic
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corresponds to an increase of the actual thredbolgth,)’, as compared to the centrally specified
control variable\. This passive influence comes in combination lith effect of the proprioceptive

feedback, the inter-muscular interaction, and titareous feedback (Appendix 2, equation [8]).

The effect of the passive properties is shown fofous values ol in Figure 7. When th& value
increases above the bar length at rest (r=0.1re)etfect of the passive properties on active force-

length curve becomes more important.

Isometric force variations and isotonic displacentsn

An important and well-known characteristic of themodel is its capacity to generate, with an
agonist-antagonist muscle pair, isometric forcengea (i.e., a change in force in the absence of
movement) or isotonic displacements (i.e., dispteer@s without any change in the global amount of
force produced in the agonist-antagonist pair)mismic force variation is obtained with the co-
activation of the two muscles, (i.ethe coordinated changes of thhecommands in the same
direction). Isotonic displacement is obtained bseeiprocal change in the commands to the two

muscles. In this section, the DLM is evaluated gltrese lines.

We aimed to build a model in which the interactimtween muscles within an agonist-antagonist pair
could be investigated. Two muscles with the samgtleat rest (0.1m) were attached together at one
extremity, while their other ends were fixed (Fig@). TheA value was set to 0.08m for one muscle
(agonist) and to 0.09m for the other muscle (amiegp Since the two muscles had identical
properties, the theoretical invariant charactexssgiredicted a displacement of 0.005m in the doect

of the muscle controlled by the smallewralue. In our simulations, with the force-lengétationship

represented in Figure 6a (i.e., without passivii@nfces), a displacement was generated, as expected



18

toward the agonist muscle, but the amplitude wamlep 0.0047m. This amplitude difference arose
from the finite element discretization. Indeed,hnéin increased mesh density (five times largee), th

displacement amplitude became 0.0049 m, whicloseclto the expected value.

These results were different when the global paspioperties (including fibers and surrounding
tissues, Figure 5a) were taken into account (sger&i6b). Indeed, the reached equilibrium position
corresponded to a displacement of the attachment pqual to 0.0044 m for the low density mesh.
This is in line with the observations presentedrigure 6b, since the increase xf due to the

inclusion of passive properties induces a decrefidee level of force.

Once the model reached the equilibrium positioaAlvalues of both muscles were maodified in the
same way, to simulate agonist-antagonist co-adtivafable 1 shows the position of the attachment
point associated with variations Mvalues. The more the values decreased, the more the global
force in the muscle pairs increased. The positioth® attachment point stayed essentially constant,
with a maximum variation of 0.0001m, which is ardu2% of the global displacement from the

position at rest. This corresponds well with anristric agonist-antagonist co-activation.

Starting from the same initial equilibrium positi®0044m from the position at rest) thevalue of

the agonist muscle decreased, while khealue of the antagonist muscle increased by aralequ
amount. This was done in 10 successive steps withagimumA shift of 0.005m. Table 2
summarizes the results of the corresponding simunisit Each change in thevalues generated a
change in the equilibrium position, and the finetahce of the attachment point with respect to the
rest position was nearly twice as large as in tiigal equilibrium position (2 x 0.0044=0.0088m).
During this displacement, the global force levemhaied essentially constant, with a maximum
variation of 0.16N, which is less than 1%. Thisuteagreed quite well with the characteristics of a

isotonic displacement controlled by an agonist-gonést muscle pair.
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In sum, the behavior of the DLM is in very goodegment with the theoretical behavior specified by

the originalA model.

Application of the DLM in a biomechanical face modéto produce lip
protrusion

Hill-type models and th& model differ in two basic features. First, theunatof the control variable
is different. Hill-type models control the forcerelitly, while theA model controls the threshold
muscle length that determines the relation betwieeoe and length. Second, the experimental
foundation of the active force-length curve is d@iéint. In the Hill-type models it is based on
measurements of isometric maximal voluntary fomevirious muscle lengths. In themodel it is
based on experimental measurements of force amghlemriations in unloading tasks for various
levels of activation. Evaluating the consequendeth® nature of the control variable is beyond the
scope of the current study. In previous papershawge shown why we consider themodel to be
useful in the context of speech motor control (ieret al., 1996a; Perrier et al., 1996b; Payan &
Perrier, 1997; Buchaillard et al., 2009). Buildirgnlistic biomechanical muscle models will be part

of our methodology to further address this issuthénfuture.

In the current study, we aimed to provide a finsamfitative comparison of the mechanical behavior
of the two muscle models. To do so, we implemertesl DLM and a Hill-type model in a
sophisticated biomechanical finite element modethaf face (Nazari et al., 2010) (Figure 9a). The
implementation of the Hill-type model was baseddemker et al.’s (2005) formulation. In line with
our preceding work (Nazari et al., 2011) we studmdre specifically the consequences of the
orbicularis oris peripheralis muscle (Figure 9b)tba lip protrusion gesture, which is crucial ir th
production of rounded vowels. This gesture is paldirly interesting in the context of this
comparison, since it involves a complex behaviormaiscle tissue acting as a sphincter while

generating a forward movement. It has been shown, ¢€m & Gomi, 2007; Nazari et al., 2011) that
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the correct achievement of this gesture is higldgesthdent on the stiffness properties of the muscle

tissue.

The values of the control variables were carefséiected, in order for the face model to reach very
similar final lip shapes for both muscle modelse Ttained lip shapes were realistic and correspond
well to the shapes that were experimentally obskmehuman subjects when lips were protruded.

The simulated lip shapes are plotted in Figurebht®h( muscle models provided the same shape).

Our mechanical evaluation of the results was basethe computation of the 3D von Mises stresses
and strains, which provide information about thebgl amount of stress and strain in the 3D soft
body. The relation between these stresses andsjpabvides information about the required energy
to shape the 3D soft body: for a given strain, hilgher the von Mises stress, the higher the energy.
These mechanical variables were measured for allawactivation levels in the final shape. The

measurements were collected on three nodes ofiteeniesh, namely the lip corner, the central node
of the upper lip, and the central node of the loligerThese three points are classically considéned

assess lip shaping (Abry & Boé, 1986).

The time patterns of stress and strain behaviortbadstress-strain curves are shown in Figures 11
and 12 for the three nodes and for different leeéisiuscle activation. Some small differences oan b
observed between the muscle models. For the Hi#-tymodel, the stress and strain tended to vary
more quickly at the beginning of the movement doa glown at the end of the movement (Figures
11 and 12, the two upper panels). This aspect tasger for low activation (Figure 11) than for hig
activation (Figure 12). This is consistent with tfaet that for the Hill-type model, the control
variables act directly on the force level. Consedlyethese differences in timing do not seem to be
primarily related to the specific biomechanical gedies of the muscle models. Looking at the
relation between stress and strain (lower panéh€xe was no clear difference between the two

models. The curves were very similar, which suggéisat the mechanical behaviors of the two
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models were very close, in terms of deformatiotheflips and displacement of the selected nodes, as

well as in terms of the energy required to gendraanovement.

DISCUSSION

Different muscle models have been proposed to stmeycomplex control mechanisms of muscle
mechanics by the CNS. The models all aimed to impha and/or explain the state of the muscle in
response to CNS commands under the influence efredtphysical factors. In all the early models,
for the sake of simplicity in calculations, a m@selas modeled as a one-dimensional (1D) actuator,
generating active force, connected in paralleliarskries with some springs and dashpots to simulat
passive physical influences. With the developmehtfast computers and powerful numerical
methods, it has become possible to design moreistimaited models with 3D details. All those
general, 1D muscle models could be reformulatedfimedtuned to match the new demands of more
realism in physical descriptions. In doing so, sgrasmeters in 1D models would get new meaning.
At the same time, it would shed light on some det#iat may have been neglected due to

oversimplification.

Currently, the 3D extension of Hill-type models @ well-developed subject in the field of
biomechanics. This is not the case for thenmodel, where the design of improved numerical
descriptions of this model is required for its estrassessment in the context of debates about the
Equilibrium Point Hypothesis. Our main goal in fresent study was to fill this void and develop an
extension of thes model to meet these new needs. To do so, it wasssary to elaborate a new
description of the model as a distributed verswhich we called th®istributed Lambda Modebr
DLM. The DLM has given more physical meaning to som@meters of th& model. It has helped

to extract these parameters from a microscopic \aed from experiments done at microscopic

scales. It has also provided ideas for the desfgootential new experiments to characterize these
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parameters. The main advantage of this modelingoaphp is the use of tfemodel in powerful 3D

numerical models such as the finite element method.

The DLM was shown to provide a very good accounthef main properties of the model. In the
absence of passive influences, the static forcgtherelations along the fiber direction, obtained f
various values of the control variables, were imyvgood agreement with the original invariant
characteristics proposed by Feldman (1986). It passible to simulate, with a very good precision,
isometric force changes and isotonic position ckangn addition, the DLM has allowed the
guantitative study of the effect of muscle pasgiveperties on the force-length characteristic along
the fiber direction via their impact on the acttiateshold lengtm* (Figure 6b). When muscle
contracts (i.e., when its length becomes smalken its resting length), passive tissue propertiese

a small increase in threshold length: the forceegmied for a given muscle length is somewhat
smaller than the force predicted by the invaridr@racteristics. In muscle extension, when the kengt
is larger than the resting length, this effect lmees rapidly prominent and it decreases the thrdshol
length considerably. In the context of speech peadn, when muscles are active they generally
contract. If they become elongated and activer tlegigth stays quite close to their resting length.
Hence, in speech production the impact of passssieé properties on force-length relationships
appears to be limited. Therefore the approximadiatie force-length relations with equations (5l an
(8) (Appendix 2) appears to be accurate. For atieor tasks, the effect of passive tissue propertie
should be considered with care in the range of maves involving muscle length beyond resting

length.

We also provided a first biomechanical quantitateenparison of Hill-type models and thenodel.

It suggested that in the range of voluntary moveamesed in speech production, in which muscles
act mainly in contraction, there is not much difece between these two approaches in terms of
stress, strain, and energy. Since we have showrhibse differences are negligible, the use ofithe
model in speech production appears to be perfpdtified from a biomechanical point of view as an

alternative model to the Hill-type models. For nrotasks, in which muscles are likely to work in
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elongation, the Hill-type models give a better astoof the trend for the muscle force to saturate
above a certain level of elongation. Hence, connigjthe biomechanical properties of thenodel for
contraction or small elongation with those of Hjlpe models for significant elongation could be a
powerful way to model muscle mechanical behaviorsaf large range of movements. Proposals for
Hill-type models and adjustable starting length aeisnodels along these lines have been made in

the past by Winters (1990) and Shapiro & Kenyor0(®0

CONCLUSION

We have elaborated a distributed version of Feldsnamodel of muscle mechanics and its control.
This model, the DLM, proved to behave in good agwea with the experimental data provided by
Feldman (1986), while realistically integrating tinluence of the passive properties of muscles and
their surrounding tissues. The integration of battHill-type model and thé& model in a 3D
biomechanical face model provided a useful bagistodying the impact of muscle mechanics on
speech facial gestures. Our preliminary resultgaesigthat there are only few, small differences in
normal speech articulatory movements, such asysiotn or rounding, between these two models.
The DLM opens the way to further speech producttudies that associate simulation work and
experimental studies, to provide quantitative eatduns of motor control hypotheses related to the
nature of control variables (e.g., force, stiffness starting length), their specification from the
definition of the motor task (e.g., with/without@énnal models), and their variations in time durihg

production of speech sequences.

Acknowledgement
This work has been partly funded by the French &gddationale de la Recherche (Project ANR-08-

Blan-0272-01) and by the French German Universtpject DFH/UFA G2R-FA-16-07).

We'd like to address special thanks to Matthieuli2imas from Gipsa-lab, for fruitful discussions at

early stages of the project.



24

APPENDIX 1

Adjustable stiffness muscle models

According to Equation 3, since the three functidagy), F.(I) and f.(A.t), are supposed to be

independent, the stiffness (i.e., the length déxigaof the force) is expressed as:

dOF dF(l
CE = Fy(0) X fae(Ae ) x 2D ()

Thus, for given mechanical properties of the muéate, for given function&,(v) andF_(l)), change
in muscle activation directly results in change sitiffness. This multiplicative account of the
contractile force is calleddjustable-stiffnesgShadmehr & Arbib, 1992): the contractile element i
assumed to behave like a nonlinear spring whoBaests varies with muscle activation, velocity and
time. Under isometric condition, (i.e., wheris equal to zero; muscle length does not changaglu

contraction), the stiffness varies linearly with

APPENDIX 2

Starting muscle length in the model

In successive versions of themodel (Feldman & Levin, 1995; St-Onge et al., 199Mer-muscular
interaction resulting in activation or inhibitiot interneurons was taken into account functiongidy
a p parameter that modifies thievalue into &* value (see Equation 8Yery recently (Pilon et al.,
2007) the cutaneous feedback, which acts in additiothe feedback arising from muscle spindles
and/or Golgi tendons, was also integrated into ghgarameter. Pilon et al. (2007) also propose

another shift (noted(t) in Equation 7) due to history-dependent changestimsic properties of the

motor neurons Under the combination of these effects, the acstarting length (1 ), which

determines the force level for a given value ofdéetrally specified control variablgis given by:

A =kop (1) (8)
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APPENDIX 3

The sliding filament theory in the A model

In order to account for the sliding filament thedHuxley, 1957) the force described by the invarian
characteristic curves was also scaled multipliedyivy Hill's (1938) hyperbolic force-velocity term
(Laboissiere et al., 1996; Payan & Perrier, 19970§ge et al., 1997) whose values vary between 0
and 1 (see Equation 4). This term increases thepithgmcharacteristic of the model. The new

equation below gives the final expression of thechiforce, including all the different contribut
F=F passivé" F active_FeIdmaﬁ (fl+f Ztan_l(f3+f4V/|0) +f 5V/|O) (9)

wherel, is the resting lengthe. the length at which the muscle can generate itsrman voluntary
force, andf; to fs are constants used to fit the force-velocity ctiarastic of the muscle. Note that the
velocity used in hyperbolic term is the currentuealbof the velocity and not a delayed one as in
Equation 5. Indeed, according to the sliding filatieory, this hyperbolic force-velocity term does
not correspond to a feedback contribution, buth® direct impact of velocity on the mechanical

properties of the actin-myosin bridges.
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Table 1. Isometric agonist-antagonist co-activatioin the model of Figure 8

Lambda Threshold Lambda Threshold
Displacement (m) Force (N) (Agonist) (m) Antagonist (m)

-0.0044 17.70 0.08 0.09

-0.0044 18.47 0.0795 0.0895
-0.0044 19.26 0.079 0.089
-0.0044 20.06 0.0785 0.0885
-0.0044 20.88 0.078 0.088
-0.00444 21.71 0.0775 0.0875
-0.0044 22.56 0.077 0.087
-0.0045 23.43 0.0765 0.0865
-0.0045 24.31 0.076 0.086
-0.0045 25.20 0.0755 0.0855
-0.0045 26.12 0.075 0.085
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Table 2. Isotonic agonist-antagonist displacement ithe model of Figure 8

Lambda Threshold Lambda Threshold
Displacement (m) Force (N) (Agonist) (m) Antagonist (m)

-0.0044 17.70 0.08 0.09

-0.0049 17.71 0.0795 0.0905
-0.0053 17.73 0.079 0.091
-0.0057 17.74 0.0785 0.0915
-0.0062 17.76 0.078 0.092
-0.0066 17.77 0.0775 0.0925
-0.0070 17.79 0.077 0.093
-0.0074 17.81 0.0765 0.0935
-0.0079 17.82 0.076 0.094
-0.0083 17.84 0.0755 0.0945
-0.0088 17.86 0.075 0.095
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FIGURES CAPTIONS

Figure 1. Force-length relations in Hill-type musot models: Changes in activation levels are
associated with a group of contractile force curvegdotted curves); the addition of passive

properties (dashed curve) provides the global forekength curves (solid curves)

Figure 2. Invariant characteristics (ICs) as defind in the A model (Feldman, 1986) at zero
velocity: the dashed curves depict the passive fardength relations; the solid curves depict the
global force-length relations after addition of theactive parts (dotted curves) to the passive

characteristics.

Figure 3 Comparison between the. model and a Hill-type model: the bold solid path sows an
example of force and length variations associateditll a voluntary concentric contraction of the

muscle (muscle length decreases) caused by chanigesiotor commands.

Figure 4. Experimental procedure for the measuremenof the force-length relationship in the
DLM: An external force is applied to a fixed-end mwscle bar at rest and for a giver\ value
(Panel a) and the displacement of the free extremyitof the bar is measured after a new

equilibrium position has been reached (Panel b).

Figure 5. Force-length relations in the DLM: Influence of the passive tissues. For matter of
comparison, the solid line curve shows an exampld mvariant characteristics in the original
A model: (a) Total passive force-length relation alog the fibers (dotted curve). (b) Passive force-
length relation due to fibers properties. (c) Passe force-length relation due to the properties of
surrounding tissues, which corresponds to a simpléd Mooney-Rivlin hyperelastic constitutive

law.

Figure 6. Force-length relations in the DLM - Glob& assessment: (a) For sam@ value,
comparison of an example of force-length curve inhie DLM (dotted curve) in the absence of

passive influences, and of the force-length curvd the original A model (described in Equation
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5) (solid curve). (b) Global force-length curve (dtted lines) including the influence of passive

components compared to the force-length curve of éoriginal A model (solid curve).

Figure 7. Global force-length curves in the DLM forvarious A values (dotted) as compared to
the corresponding ICs in the originalA model. The effect of passive properties tends todrease

whenA increases, especially whek becomes larger than the length at rest (0.1 m).

Figure 8. Modeling of an agonist-antagonist musclgair.

Figure 9. (a) Biomechanical face model. (b) Implenmtation of the orbicularis oris peripheralis

(OOP) muscle.

Figure 10. Example of the shape of the face reacheshder the activation of the OOP for both

muscle models.

Figure 11. Comparison between a Hill-type model anthe A model for low levels of activation:
equivalent stress-strain curves for three selectedoints on the lips: lip corner, middle point

lower lip, and middle point of the upper lip (low ectivation).

Figure 12. Comparison between a Hill-type model anthe A model for high levels of activation:
equivalent stress-strain curves for three selectedoints on the lips: lip corner, middle point

lower lip, and middle point of the upper lip.
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Figures

Hill-type muscle force
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—--—Passive part
+ Active part

— )/ F

Figure 1. Force-length relations in Hill-type musot models: Changes in activation levels are
associated with a group of contractile force curvegdotted curves); the addition of passive

properties (dashed curve) provides the global forekength curves (solid curves)
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Lambda Model

—Force in fiber
|| ===Passive part
+ Active part

02 e,

Figure 2. Invariant characteristics (ICs) as define in the A model (Feldman, 1986) at constant
velocity: the dashed curves depict the passive fardength relations; the solid curves depict the
global force-length relations after addition of theactive parts (dotted curves) to the passive

characteristics.
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Figure 3 Comparison between the. model and a Hill-type model: the bold solid path sows an
example of force and length variations associateditl a voluntary concentric contraction of the

muscle (muscle length decreases) caused by chanigesiotor commands.
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(@) (b)

Figure 4. Experimental procedure for the measuremenof the force-length relationship in the
DLM: An external force is applied to a fixed-end mwscle bar at rest and for a giver\ value
(Panel a) and the displacement of the free extrenyitof the bar is measured after a new

equilibrium position has been reached (Panel b).
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Figure 5. Force-length relations in the DLM: Influence of the passive tissues. For matter of
comparison, the solid line curve shows an exampld mvariant characteristics in the original

A model: (a) Total passive force-length relation alog the fibers (dotted curve). (b) Passive force-
length relation due to fibers properties. (c) Passe force-length relation due to the properties of

surrounding tissues, which corresponds to a simpléd Mooney-Rivlin hyperelastic constitutive

law.
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Figure 6. Force-length relations in the DLM - Glob& assessment: (a) For sam@ value,

comparison of an example of force-length curve inhe DLM (dotted curve) in the absence of
passive influences, and of the force-length curvd the original A model (described in Equation
5) (solid curve). (b) Global force-length curve (dtted lines) including the influence of passive

components compared to the force-length curve of ¢horiginal A model (solid curve).
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Force-Length curve in Lambda model
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Figure 7. Global force-length curves in the DLM forvarious A values (dotted) as compared to
the corresponding ICs in the originalA model. The effect of passive properties tends todrease

when A increases, especially whek becomes larger than the length at rest (0.1 m).
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Figure 8. Modeling of an agonist-antagonist musclgair.
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(b)

Figure 9. (a) Biomechanical face model. (b) Implenmation of the orbicularis oris peripheralis

(OOP) muscle.
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Figure 10. Example of the shape of the face reachedder the activation of the OOP for both

muscle models.
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Figure 11. Comparison between a Hill-type model anthe A model for low levels of activation:
equivalent stress-strain curves for three selectedoints on the lips: lip corner, middle point

lower lip, and middle point of the upper lip (low ectivation).
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Figure 12. Comparison between a Hill-type model anthe A model for high levels of activation:
equivalent stress-strain curves for three selectedoints on the lips: lip corner, middle point

lower lip, and middle point of the upper lip.



