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Abstract

A 3D biomechanical model of the tongue and the oral cavitgirmdled by

a functional model of muscle force generatidnrfiodel of the equilibrium
point hypothesis) and coupled with an acoustic model, waoérd to

study the activation of the tongue and mouth floor musclemduhe pro-

duction of French cardinal vowels. The selection of the motanmands to
control the tongue and the mouth floor muscles was basedeoatlite data,
such as electromyographic (EMG), electropalatographr3JEand cinera-
diographic data. The tongue shapes were also comparedambttined
from the speaker used to build the model. 3D modeling offéredpportu-
nity to investigate the role of the transversalis, in paific its involvement
in the production of high front vowels. It was found, withghnodel, to
be indirect via reflex mechanisms due to the activation afgurding mus-
cles, not voluntary. For vowel /i/, local motor command a#ions for the
main tongue muscles revealed a non-negligible modificatfdhe alveolar
groove in contradiction to the saturation effect hypotbedue to the role
of the anterior genioglossus. Finally, the impact of sutypesition (supine
or upright) on the production of French cardinal vowels wgs@ed and

found to be negligible.

PACS numbers: 43.70.Aj, 43.70.Bk



|. INTRODUCTION

Speech movements and acoustic speech signals are the dfsihé combined influences of
communicative linguistic goals, perceptual constraimis physical properties of the speech pro-
duction apparatus. To understand how these differentactombine and interact with each other,
it requires an efficient approach that develops realisticsjglal models of the speech production
and/or speech perception systems. The predictions of thesels can then be compared with
experimental data, and used to infer information aboutmatars or control signals that are not
directly measurable or the measurement of which is diffiantd not completely reliable. Such a
methodological approach underlies the present work, irtwvhibiomechanical model of the vo-
cal tract has been used to study muscle control in vowel mtazhy its impact on token-to-token
variability and its consequences for tongue shape seibgitty changes in head (supine versus
upright) orientation. The findings are interpreted in tightiof our own experimental data and

data published in the literature.

Biomechanical models of the tongue and vocal tract have beesea since the 1960’s, and
their complexity has increased with the acquisition of newswledge about anatomical, neuro-
physiological and physical characteristics of the tongasewell as with the vast growth in the
computational capacities of computers. All these models lsgnificantly contributed to the
increase in knowledge about tongue behavior and tongueat@htring speech production, and
more specifically about the relations between muscle recents and tongue shape or acoustic
signal (see in particuldPerkell 1996 using his model presented Rerkell(1974); Kakita et al.,,
1985 Hashimoto and Suga986 Wilhelms-Tricaricg 1995 Payan and Perriet 997 Sanguineti
et al, 1998 Dang and Honda2004. With a more sophisticated 3D vocal tract model, based
on non-linear continuum mechanics modeling, and takingoims@eration a number of recent

experimental findings, this study aims at deepening andéitig these former works for vowel
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production.

The model consists of a 3D biomechanical model of the tongddtze oral cavity, controlled
by a functional model of muscle force generatidnrfodel of the equilibrium point hypothesis)
and coupled with an acoustic model. It is a significantly ioyed version of the model origi-
nally developed in GIPSA-lab by&ard and colleague&érardet al., 2003 Gérardet al., 20086.
The oral cavity model was developed so as to give as reatisipresentation as possible of the
anatomy and of the mechanical properties of the oral caVitg original modeling was based on
the data of the Visible Human Project, and further adapteti¢canatomy of a specific subject.
For this subject, different kinds of data (X-ray, CT imagespwstic data) were available. The
parameters used in this model were either extracted froniténature, derived from experimental
data or adapted from the literature. This modeling studyseparable from a thorough exper-
imental approach. In addition to a careful and accurate wattcof anatomical, mechanical and
motor control facts, the model implements a number of hygsels about the hidden parts of the
speech production system. Simulation results, their pmé&tation and the corresponding conclu-
sions aim at opening new paths for further experimentalaresethat could validate or contest
these conclusions.

The main characteristics of the model (geometry, mechbpicgerties and model of control) are
presented in Sectiokh. The model includes improvements in the anatomical and hubogical
description and in the strain/stress function, as well asrdrol model of muscle activation (Sec-
tionll). The model is first used (Sectidkh) in order to characterize the muscle activation patterns
associated with the production of the French cardinal vew&itarting from these patterns, the
relation between internal muscle strain and muscle aativatis systematically studied. In the
following section (SectionV), the sensitivity of the postural control of the tongue (domhce

of the formant frequencies) to changes in motor commandseisisely studied for /i/, which is
often described in the literature as a very stable vowel duspecific combinations of muscle
activations. Finally, the impact on tongue positioning lo&ges in gravity orientation is assessed

(SectionV). Perspectives and further developments are discusskd oonhclusion.
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Il. MODELING THE ORAL CAVITY

Modeling the oral cavity by a finite element approach requimeshing the structure of inter-
est, specifying its mechanical properties, and defining sonaontrol scheme. Then, the simula-
tion of movements in response to motor commands requiresgahe body motion equations.

These different aspects will be described in this section.

The primary goal of our work is the development of a model Wwhadlows a better under-
standing of how motor control and physical aspects combikirteract to determine the char-
acteristics of speech production signals. Hence, a higreéenf realism is essential in the design
of the model, not only concerning the geometrical propsrteit also the mechanical and control

aspects.

The model described below is an improved version of the mddeéloped by @&rard and
colleagues@Geérardet al., 2003 Gérardet al., 2006. The original model was based on the Visible
Human ProjecR data for a female subject and the work\Wflhelms-Tricarico(2000. It was
then adapted to a specific male subject, PB henceforth. Mkifferences between the current
version and those of &ard and colleagues lie in (1) the motor control scheme ¢tausrces
are now computed via th&-model of the equilibrium point hypothesis), (2) the consive law
for the tongue tissues (the law inferred Ggrardet al. (2005 from indentation measurements of
fresh cadaver tissues was modified to match the propertibg@rmg tissues; in addition, the law
now depends on the level of muscle activation), (3) the mogdelf the hyoid bone (a new scheme
was also developed to deal with hyoid bone mobility and to ehdlde infrahyoid and digastric
muscles). Modifications were also made to the tongue mesimtiscle fibers, the bony insertions
and the areas of contact between the tongue and the sumgusdiifaces, namely the mandible,
the hard palate and the soft palate. The 3D vocal tract modslalso coupled with an acoustic

model.



A. Geometrical and anatomical structures

A precise description of the tongue anatomy will not be gikiere. A thorough description,
which lies at the root of this work, can be foundliakemota(200]). The tongue model represents
the 3D structure of the tongue of a male subject (PB), for whewemal sets of data have been
collected in the laboratory in the last 15 years. This modemnade of a mesh composed of
hexahedral elements. The anatomical location of the majmue muscles is specified via subsets
of elements in the mesh. Fifjshows the implementation of the 11 groups of muscles reprede
in the model and known to contribute to speech productionelf them exert force on the tongue
body itself, while the other two, depicted in the last two @lar{(Fig.1(j) and 1(k)), are considered
to be the major mouth floor muscles. Of course, due to theielpsiperties of tongue tissues,
each muscle is likely to induce strain in all the parts of thegue and mouth floor. On rare
occasion the muscle shape is somewhat unnatural becausmthee muscles were defined as a
subset of elements of the global mesh. This is for exampledke with the IL. However, when
activated, the force generated by the IL appeared correchplitude and direction. The insertion
of the different parts of the geniglossus on the mandibleatao appear odd: in human beings,
GGp emanates from the lower surface of the short tendon ddlaices crowding of the fibers at
the mandibular symphysis by allowing GGp to arise from bedow the radial fibers to arise from
above. In the model, the tendon is not represented and tgmef GGp, GGmM and GGa are
all on the mandibular symphysis. This results in a somewswtdrge region of insertion on the

mandible. Only a refined mesh structure would allow a betigsate definition in this area.

It is generally accepted that a muscle can possibly be divid@ number of functionally in-
dependent parts. For tongue muscles this possibility Xt little work has been done in the
past concerning this issue. Some proposals were the reguwdts hocchoices made in order to
explain measured 2D or 3D tongue shapes (e.g. the most neigodsal for the styloglossus in
Fanget al,, 2008. Some more physiologically based studies used EMG siggetgerally assum-
ing that these signals reflect the underlying motor contfehong these studies, the one carried

out by Miyawaki et al. (1975 showed evidence for different activities in different {gaof the
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(a) GGa

(hy IL (i) SL (i) GH (1) MH

FIG. 1. (color online) Mesh representation (gray elemeatdingual and mouth floor muscles
as subsets of tongue elements (global mesh) (anteriorugblicgew). (a-c) anterior, medium and
posterior part of the genioglossus, (d) styloglossus, yeylossus, (f) verticalis, (g) transversalis,
(h) inferior longitudinalis, (i) superior longitudinaligj)) geniohyoid, (k) mylohyoid. The muscle
fibers are represented in red. The yellow squares and thelbtaeepresent the muscle insertions

on the mandible and the hyoid bone, respectively.

genioglossus. However, EMG activity is the result of a camhbn of efferent and afferent influ-
ences and it cannot be seen as a direct image of the undechyirigpl. In addition, as emphasized
by Miyawaki et al. (1979, if subdivisions exist in a muscle, we do not know in what memthey
are voluntarily controlledd. 101). We believe that the only reliable way to address this issue
would be to look at the motor unit distribution within tongoriscles. To our knowledge, we
lack information on the localization of motor unit territes in human tongue muscles. One way
to know more about it could be to study the architecture ofntluscles, with the underlying hy-
pothesis that structurally separated muscle parts couldrgevated by independent motor units.
Slaughteret al. (2009 have carried out such a study for the human SL, and they fthetdthis
muscle consists of a number of in-series muscle bundlesatbalistributed along the front-back
direction. However, they could not provide clear evidermethe fact that these muscle bundles

are innervated by independent motor units. In the absencemvincing physiological evidence,

7



and in order to limit the complexity of the model, only the glossus, for which a consensus
seems to exist, was subdivided: three independent patezidhe GGa (anterior genioglossus),
the GGm (medium genioglossus), and the GGp (posterior gerssus) were thus defined.

To mesh the hard and soft structures forming the oral cadéta of different kinds such as
computed tomography (CT) scans, magnetic resonance imégiRt) data and X-ray data, all
collected for PB, were exploited. In addition to the tongud arouth floor meshes, the model
(Fig. 2) includes a surface representation of the mandible, thepsddte, the hard palate and the
pharyngeal and laryngeal walls as well as a volumetric methafiedral elements) of the hyoid
bone. A set of 6 pairs of springs (right and left sides), enmgrdrom the hyoid bone, are used
to represent the elastic links between this mobile bone aed thony structures associated with
the anterior and posterior belly of the digastric, infraldymuscles (sternohyoid, omohyoid and

thyrohyoid muscles) as well as the hyo-epiglottic ligarsent

FIG. 2. (color online) Oblique anterior view of the 3D tongoeesh in the whole oral cavity
for a rest position (tongue mesh in magenta, mandible in,dyyaoid bone in yellow, translucent
soft palate, pharyngeal and laryngeal walls in gray, indired supra-hyoid muscles represented as

magenta lines).

The relative positions of the different articulators weegefully adjusted so as to represent
well PB’s morphology in a seated position and at rest, jushag are described by lateral X-ray
views of PB’s oral cavity. The final tongue shape in the midsalgblane at rest was also adapted
so as to match the corresponding X-ray view. This inducedesgaometrical changes to the

original shape proposed ®érardet al. (2006, because the MRI data used for the original design
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of that model corresponded to the subject in the supineiponsigravity was then shown in that

case to influence tongue shape.

B. Mechanical properties

The lingual tissues were modeled with a non-linear hypastél constitutive law, more pre-
cisely a 29 order Yeoh constitutive lawGérardet al, 2005 2006. Two different constitutive
equations were introduced: one describes the passive ibelb&tongue tissues and the other one
models the strain/stress relation for active muscle tssgean increasing function of muscle acti-
vation. For a particular mesh element, the passive or thecambnstitutive law is used according
to whether this element belongs to a passive or to an actiyerr€i.e a region made of activated
muscle(s)). The passive constitutive law was directiywderifrom the non-linear law proposed by
Geérardet al. (2005, which was derived from measurements on a fresh cadavevevw, since
the stiffness of tissues measured shortly after death igkro be lower than that measurediim

vivotissues, the constitutive law originally proposed®grardet al. (2005 was modified.

To our knowledge, one of the most relevanvivo measurements of human muscle stiffness is
the one carried out bRuck (1990, who proposed a value of 6.2 kPa for the Young modulus for a
human muscle at rest, and a maximum value of 110 kPa for the samcle once contracted. The
Young modulus measured I@€rardet al. (2005 on a cadaver tongue at low strain is 1.15 kPa,
which is significantly smaller thaDuck's in vivomeasures. This difference is not surprising, since
in living subjects a basic muscle tonus exists, even at Heice, it was decided to multiply both
2"d order Yeoh law coefficients originally proposed Gérardet al. (2005 by a factor of 5.4, in
order to account properly for the Young modulus at rest meakshy Duck (1990. Multiplying
both coefficients by the same factor allows preserving treravnon-linear shape of the Yeoh
constitutive law (Fig3). This new law specifies the properties of passive tongsedis. In order
to account for the stiffening associated with muscle atibtwaas measured bRuck (1990, it
was decided for the elements belonging to an activated muaschultiply the coefficients of the

Yeoh constitutive law for passive tissues by a factor thatfisnction of muscle activation. Thus,
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an activation-related constitutive law was defined for tbéva muscles. The multiplying factors
were chosen by taking into account the fact that the corttabs of the different muscles to the
Young modulus of an element combine in an additive manneg.bEsic idea is that an activation
of a muscle leads to an increase in its Young modulus. Giyghandcyg, the Yeoh parameters
for tongue tissues at rest, the parametgrée t) (i € {1,2}) at timet for an elemente belonging

to the tongue or mouth floor, are given by:

Cio(&t) = Cioy <1+ Z p1 (M) [f'b ; A(f,t) x p2(f,e)]> (1)

with p; a positive muscle-dependant factar,f,t) the activation level for the macrofibérat time
t (see the Eqg2 below) andp (f,e) a factor equal to 1 i€ belongs tom and if the fiberf runs
along the edges ad, 0 otherwise.

The multiplying factorp; were chosen in order to maintain the stiffness value belddKPa,

when maximal muscle activation is reached.

w
o O

_60,

Engineering stress (kPa)

-0.5 -0.3 0.5

Engineering Stain
FIG. 3. (color online) Stress/strain hyperelastic constie law (Yeoh 29 order material) for
lingual tissues. The dotted curve represents the origavaldbtained from fresh cadaver tissues
(c10 =192 Pa ana,g = 90 Pa), the dashed curve the law used in the current modebksiye
tissues €0 = 1037 Pa andyo = 486 Pa) and the solid line the law used for the maximal adtimat

(c10 = 10.37 kPa andyo = 4.86 kPa).

Since tongue tissues are considered to be quasi-inconipgesss Poisson coefficient equal
to 0.499 was used. Furthermore, tongue tissues density atas $040 kg.m?, close to water

density.
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Currently, only the tongue and the hyoid bone (with the sgiognnecting it to fixed bony
structure) are modeled as movable structures and need taebleamically characterized. The
hyoid bone was considered as a rigid body and its densityo(R§an3) was estimated based on
values published in the literatur®&ng and Honda2004). The same stiffness coefficient (220
N.m-1) was chosen for all the springs connecting the hyoigebio solid structures; this value
enabled us to reproduce displacements of the hyoid bonevtratconsistent with data published

in Boé et al. (2006.

C. Motor control: Implementation of postural control with sh ort latency feedback

The motor control scheme implemented is based omtiversion of the equilibrium point
hypothesis (EPH)Reldman 1986. This theory is known to be controversial in the motor cohtr
domain. The main criticisms are about the fact that thismhetims that the time variation of
motor control variables does not result from any inverseikiatics or inverse dynamics processes
(see for exampl&omi and Kawatd1996 or Hinder and Milner2003). However, the defenders
of the EPH theory have systematically provided refutatiohghese criticisms that support the
value of the model in research (e.g.@mibble and Ostry1999 or Feldman and Latas{2005).
Our own work has also shown that speech motor control bas#teaquilibrium point hypothesis
gives a good account of complex kinematic patterns with a @bchanical model of the vocal
tract (Payan and Perriel997 Perrieret al., 2003. From our point of view, this motor control
theory seems particularly interesting for speech produadbecause it provides the framework for
a discrete characterization of continuous physical sgyaeh motor control level thanks to the link
that can be made between successive equilibrium pointsaagels; it thus allows a connection to
be made between the discrete phonological units and thegalhyargets that underlie continuous
articulatory and acoustic signaRérrieret al., 1996. In addition, the equilibrium point hypothesis
integrates short latency feedback to contribute to theracguwf speech gesture, which is for us
a crucial feature for speech production conti®érier 2006. Hence, the approach used in our

previous modeling work with the 2D biomechanical model & tocal tract was extended to the
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3D model.

1. Adjustment of feedback delay

The implementation chosen for the EPH follows the approaopgsed byLaboissereet al.
(1996 and further developed bipayan and Perrigi1997. In the model, bundles of fibers are
represented by way ahacrofibers(specified as ordered lists of mesh nodes along the edges of
elements) that represent the main directions of musclesfiibethe different parts of the tongue.
In the current version of the model, a unique activationghodd was defined for each muscle
(three for the genioglossus, which was divided into thregsghat are assumed to be separately
controlled: the anterior, posterior and medium parts).rizweuscle was assumed to be controlled
independently. Obviously, synergies and antagonisms iexisngue muscles. However, there is
no evidence in the literature supporting the hypothesisttfese muscle coordinations are imple-
mented in humans from birth. It is much more likely that cooated muscle activations are the
result of learning and that they could be task specific. Oudetiog approach is in line with this
statement. The design of our biomechanical model givesatiges$t possible number of degrees of
freedom to the system to be controlled, and does not imposeratpypotheses that could bias our
study. It allows future work on the emergence of muscle coatebns through task specific learn-
ing. For each muscle, the motor commaqgdsciewas determined for the longest macrofibgrs;
the A value for each macrofiber of the same muscle was then detednbiy simply multiplying

the Amusclevalue by the ratio of the macrofiber length at rest dygk.

For a given macrofiber, the muscle activatidtakes into account the difference between the

macrofiber length and the motor commahgas well as the lengthening/shortening rate.

A stretch reflex delayg, which corresponds to the propagation delay for the et=dtsignals
to travel along the reflex arc plus the synaptic time and ttegmation time of these signals at the
interneurons, is taken into account for fiber length andaiglontervening in the computation of
A. In their model of the mandiblé,aboissereet al. (1996 proposed a delay of 10 ms, and in their

tongue/jaw modeBanguinetiet al. (1998 suggested a delay of 15 ms. In the present matlel,
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was set to 17 ms, based on the datédokt al. (2004. Simulations conducted far ranging from

5 ms to 20 ms showed that this value had a limited impact onuemgotion; the trajectory, peak
velocity, acceleration or force levels were altered, b Inmited range so that the choice of this
value did not seem to be critical within this range of vaaati The sensitivity of the activation to

the lengthening/shortening rdtes modulated by a damping coefficiemt considered for the sake

of simplicity as constant and identical for all the musclgswas chosen to be equal td0Q s to

ensure the stability of the system, following numerous $atons.
A)=[1(t—d)—A (0)+pi (t—d)] " 2)

Muscle activation is associated with the firing of the motomoas (henceforth MNs). Hendeis
either positive or zero (iA is mathematically negative, it is set to zero). A zero valoeesponds
to the MNs fire threshold; beyond this threshold, the MN dapphtion becomes possible: the
higher the activatiod, the higher the firing frequency of MNs. As long as the actoraf\ is zero,

no force is generated. Force varies as an exponential motithe activation (see below).

2. Feedback gain: A key value for postural control stability

Active muscle forcéM is given as a function of the activatigx(t) by the following equation:

M (t) = max [p (expCA(‘) —1) , p} (3)

with p a factor related to the muscle capacity of force generatmta form parameter symbol-

izing the MN firing gradient.

The determination of the parameperwhich modulates the force generation capacity, is based
on the assumption that, for a fusiform musqbeis linked in a first approximation to the cross-
sectional area of the muscle. The values are based on theok®&yan and Perrigl997) for
the tongue muscles, except for the transversalis, whichnwasexistent in a 2D tongue model,
and with some adaptations for the verticalis, the impleietgon of which was slightly different.

For the mouth floor musclgs values were estimated from the data fream Eijdenet al. (1997,
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and were measured on the model for the transversalis. Thsslentorce capacity (Tablg was
distributed among the different macrofibers proportign&dl the volume of the surrounding el-
ements. Given a fibef belonging to a musclen, its capacity of force generationy, is such
that:

oo (1) = p(m) 219 X P(ED @

with e an element belonging tm, V (e) the volume ofe, p(e, f) a parameter equal to 1 if is
located inside the muscle, 0.5 on a muscle face (exteridaciiof a muscle excluding muscle
corners) and 0.25 on a muscle edge (exterior surface of a, o@sters only) Sis a normalization

term, such that thegp, values for the different fibers @h sum up top (m).

Parametec is an important factor for stability issues since it deterasi how feedback infor-
mation included in the activation influences the level ot#orOriginal values foc found in the
literature € = 112 n1%, Laboissereet al, 1996 brought about dramatic changes in the muscular
activation level for a small variation in the muscle lendthis generated mechanical instabilities.
Therefore, parameterwas decreased. After several triatsyas fixed to 40 mt. This value is
not the only one that ensured a stable mechanical behavtbeafiodel. A large range of values
was possible. The value 40thwas chosen because it provides a fair compromise between the

level of reflex activation and stabilityBuchaillardet al., 2006).

The influence of muscle lengthening/shortening velocitytlom force developed is also in-
cluded. The model accounts for the sliding filaments theblyx{ey, 1957 by calculating the

total muscle forcé- with the following equationl{aboissereet al., 1996:

F(t) = M (t) (fl—l— fo arctan( f3+ f4@) + f5@) (5)

wherel is the lengthening/shortening velocity anthe muscle length at rest. The parameters used
are based on the work &fayan and Perrigl997) for rapid muscles, but are slightly different:

f1 =0.7109,f» = 0.712, f3 = 0.43, f4 = 0.4444 s,f5; = 0.0329 s.
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D. Lagrangian equation of motion and boundary conditions

The Lagrangian equation of motion that governs the dynagsgpanse of the finite element
system is given by:

M§+Cq+Kg=F (6)

with @ the nodal displacements vecta_if, anda its first and second derivatives] the mass
matrix, C the damping matrixK the stiffness matrix an@ the load vector (the reader can refer
to Bathe(1995 for a detailed description of the Finite Element Method).

A Rayleigh damping model was chosen for the definition of thegiag matrix :C = aM +
BK. a andf were set to 40s! and 0.03s, respectively, in order to have a damping close to the

critical one in the range of modal frequency from 3 to 10 Hzy(B).

3.5

3t

Critical damping ratio

0
Frequency (Hz)

FIG. 4. Ratio damping over critical damping vs. frequency doe= 40 st and8 = 0.03 s
(Rayleigh damping model). For a modal frequency from 3 to 1Qthle damping ratio is below

1.26, i.e. close to the critical damping (ratio equal to 1).

The load vector F includes the muscle forces computed foryewacrofiber (Eq5), the
gravity and contact forces between tongue and vocal tralts.wa

Two kinds of boundary conditions were introduced throughdgfinition of no-displacement
constraints to model muscular insertions and the managemheontacts. Muscle insertions on
the bony structures (inner anterior and lateral surfackefiandible and hyoid bone) were imple-
mented and they match as well as possible the informationtdi®'s anatomy that was extracted

from X-ray scans. During speech production, the tongue sante contact with the hard and soft
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tissues that compose the vocal tract walls. Consequend\cdhtacts were modeled between the
tongue and the set hard palate/upper dental arch, the dafe@and the set inner surface of the
mandible/lower dental arch. The modeling of contacts islhwear. A face-to-face detection was
used to avoid the interpenetration of the surfaces in contdgch are potentially in contact with
the tongue. A relatively low Coulomb friction was used, sifigetion is assumed to be limited
due to the saliva. The contacts are managed through an atepnesgrangian method, which

corresponds to an iterative series of penalty methods.

The partial differential equatior6) was solved by the Ansy¥ finite element software pack-

age, based on a combination of Newton-Raphson and NewmaHhodet

E. Acoustic modeling

A model of sound synthesis, including the determinatiorhef3D area function of the vocal

tract, was coupled with the mechanical model.

The computation of the area function from the mesh node coates was achieved by using
the MatlalgR) software. Before computing the area function, the surfatkefongue was interpo-
lated using 35 periodic cubic splines in order to get a mooeiia@te detection of the constriction
locations in the vocal tract. This processing and its usehfercomputation of the area function
make the implicit assumption that the spatial sampling eftdmgue surface provided by the finite
element mesh is sufficient to allow a correct interpolatibthe tongue surface from the positions
of the nodes. A set of planes, which will be referred to asmgplanes below, was computed for
the vocal tract in its rest position. These cutting planethagonal to the sagittal plane, are ap-
proximately perpendicular to the vocal tract midline atré&®r a given vocal tract configuration,
the intersections between the cutting planes and the suofabe tongue (approximated by a set of
periodic cubic splines), of the mandible, of the hyoid barfe¢he hard and soft palates, and of the
pharyngeal and laryngeal walls were computed. On everingyttane, a closed contour based on
these intersections and representing the shape of the tvachivas computed and approximated

by periodic cubic splines. The inner surface of each of tlus thetermined closed contours was
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calculated. The lips, which are not part of the biomechdmuadel, were represented by a sin-
gle cylinder, whose length and section represented liprgs@n and aperture, respectively. To
determine the distance between two consecutive cuttimgeplaand thus to compute the length of
the path from the glottis to the lips, it was decided to coraght distance between the centers of
gravity of two successive surfaces. This distance appratémthe average distance traveled by
the acoustic wave between two consecutive cutting planesicAustic model (analog harmonic of

the vocal tract) was used to generate the spectrum of thalgignduced from the area functibn

1. MUSCLE ACTIVATIONS DURING FRENCH ORAL VOWEL PRODUCTION
A. Muscle activations

To study the postural control of speech sounds, the besbagiprwould consist in roaming
the motor command space of the biomechanical model in aragsiteand comprehensive way,
using for example a Monte Carlo method, in order to charadhe links between motor com-
mands, tongue shapes and acoustics, following the appuaddeérrieret al. (2005 for their 2D
model. However, such an approach is currently impossibta this 3D model, because of the
running time (around 40 minutes for a 100 ms simulation, witisys M11.0 and Windows XP
SP2 running on a Pentium IV CPU at 3 GHz and 1 Go of RAM). Consetyénivas necessary
to work with a more limited number of simulations to study mlesactivations in vowel produc-
tion and the sensitivity of the vowel configurations to chesxgn motor commands. The results
presented in this section were obtained on the basis of 8@ aiions, all carried out with a fixed
mandible. These simulations resulted from a specific chaficgotor commands guided primarily
by studies with our model of the individual impact of each oten tongue shape (see below).
Our objectives were to generate a very good match of the tosfapes classically observed in
the midsagittal plane for French oral vowels by means ofreitiegraphic dataBothorelet al,,
1986. EMG studies byMiyawaki et al. (1975 andBaeret al. (1988 were also used as sources of
complementary information on the main tongue and mouth fieescles activated during vowel

production. Acoustic signals were synthesized from thd fioeal tract shape, and the formants
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were calculated.

The selection of the optimal vowels has involved a mostlylitaiave evaluation of the sim-
ilarity between the computed tongue shapes and the 3D tostray@es measured for the speaker
PB (CT data). A quantitative comparison of the simulated tenghapes with the measured 3D

shapes was not possible and would not have been very infvenatainly for two reasons:

1. Inourvocal tract model the jaw is fixed. It is known that aety of jaw positions are possi-
ble for the same sound without endangering the quality gieteeption, and, in particular,
producing speech with a fixed jaw does not prevent the spg&iken producing satisfactory
vowels with fair formants, as shown by bite block experinsghMooshammeket al., 2007J);
however this articulatory perturbation has an impact ontdimgue shape considered in its

entirety.

2. The model is a symmetrical one while human subjects arerrgimmetrical. Hence a
detailed comparison of the constriction shape was not plessrhis is why our simulations
were essentially assessed in terms of global tongue ebevairoximity to the palate, and
front/back position of the constriction in the vocal tradbwever, a quantitative evaluation

of the simulated and measured formant patterns was camied o

Only the simulations obtained for the extreme vowels /i,/ayill be presented in this paper.
The results correspond to the shape and position of the éoagthe end of the simulated move-
ment. For single muscle activations, movement lasted 40&hile it lasted only 200 ms for the
vowels (for the three vowels, steady state equilibrium fpmss were reached). In all cases, the

movement started from rest position.

1. Impact of individual muscles on tongue shape

Figs.5 and6 show the individual impact of the tongue and mouth floor mesoin the tongue
shape in the midsagittal plane and in the 3D space from a frieat perspective. Target motor

commands were defined such that a single muscle was actiated) each simulation. For the

18



only activated muscle, the command (i.e., the thresholdctausngth above which active mus-
cle force is generated) was set either to 75% or 85% of the lmlesagth at rest (the smaller the
percentage, the larger the activation; hence, a largeeptage was chosen for larger muscles to
avoid too strong deformations). For the other muscles, tbentommands were set to a large
enough value so as to prevent these muscles from generatiogsf for example, a command
twice as large as the muscle length at rest ensures that tisislenwill remain inactive throughout
a simulation. These simulations show that the role of th&viddal muscles in our model matches
well with classic knowledge inferred from experimentaladand clarify their impact on the tongue
shape. The anterior genioglossus moves the tongue dowmmigsdront part, essentially in the re-
gion close to the midsagittal plane (tongue grooving in @latal region~ 6 mm). This downward
movement is associated with a slight backward movementamptiaryngeal region (Fidg(a) ~

1.6 mm). Note that the backward movement is much smallerttiaone predicted by 20P@yan
and Perrier1997 or 2.5D Dang and Hond&004 models. This can be explained by the fact that
in these models the volume conservation is in fact impleeteas a surface conservation property
in the midsagittal plane. In our model, volume conservatianses the changes that are generated
in one part of the tongue to be compensated not only in the pidugs of the midsagittal plane,
but also in the whole tongue volume. Indeed, a slight enfagge of the tongue is observed in
the transverse direction (up to 2.2 mm). It can also be natibat the limited backward motion
is consistent with data showing that a larger expansion ncayran the transverse plane, local
to the compression, while a small expansion occur in the galare Gtoneet al, 2004. The
medium part of the genioglossus lowers the tongue in itsadoegion & 5 mm) and moves the
apical part forward£3 mm) and upward, while an enlargement of the tongue is obddnvthe
transverse direction (up to 1.4 mm). The posterior gen&glle (GGp) enables the tongue to be
pushed forward~ 5.3 mm); this forward movement is associated with an elexatf the tongue
(~ 2.4 mm) due to the apex sliding on the anterior part of the nided@Fig. 5(c)). However, the
elevation of the tongue is less strong than what was pretiicyethe 2D and the 2.5D models.
As for the GGa, it leads to the enlargement of the tongue inrdresverse directione 1.3 mm

in the apical area and 1.6 mm in the pharyngeal area,&@). The styloglossus (Sty) causes
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a downward £ 9.6 mm) and backward{ 7 mm) displacement of the tongue tip, producing an
elevation of the dorsal part of the tongue and a lowering efapical region (Fig(d) and6(d)).

No change is observed in the transverse direction. Changée imidsagittal plane are similar
to the predictions of 2D or 2.5D models. The hyoglossus gegasra backward movement in the
pharyngeal part=£ 5 mm), an apex elevation (upward displacementef.7 mm) and a lowering
of the tongue in its dorsal part (Fig(e)). An enlargement is observed in the transverse direction
in the pharyngeal part (Fig(e) ~ 5 mm). The verticalis provokes only a very small lowering
in the palatal region (below 0.5 mm) associated with a very slight backward movementen th
pharyngeal part (below 0.5 mm) (Fig.5(f)). Its contraction also widens the tongue 1.4 mm in
the apical area). Its impact will then be essentially inclirdy stiffening its elements in the palatal
part of the tongue, it will modify the action of other muscld$e transverse muscle induces es-
sentially a reduction in the tongue width in the transvelisection (up to 2.1 mm in the superior
part of the tongue, Fig(g)). Due to the volume conservation property this change sisreger
the whole tongue in the midsagittal plane, generating aséinee time a small forward movement
of the apex and a small backward movement in the pharyngegl pae inferior longitudinalis
lowers the tongue tip¢ 5 mm) and moves it backwards 6 mm). A small backward movement
of the tongue is also observed in the pharyngeal regiot.@ mm) (Fig.5(h)). In the transverse
direction, a slight enlargement is observed in the dorsgibre(~ 1 mm). The activation of the
superior longitudinalis mainly induces an elevatiea 12 mm) and a backward movement (
11 mm) of the tongue tip with a slight backward movement ingharyngeal part& 1.7 mm)
(Fig. 5(i)). The geniohyoid essentially moves the hyoid bone forwaud downward, which in-
duces a slight lowering in the dorsal regiea@.7 mm) (Fig.5(j)). Finally, the mylohyoid elevates
the mouth floor in its midsagittal part (up to 4 mm) and movesdbrsal part of the tongue slightly
upward (Fig.5(k)). The analysis of the influences of individual tongue muscévealed possible
synergies and antagonisms between muscles: GGp, Sty andGattin synergy to produce an
elevation of the tongue in the palatal region; in this patheftongue they act antagonistically with
the GGa and the GGm. The Sty and GGm are antagonists for thekohthe vertical position

of the dorsal part of the tongue. The GGp, SL and GGm contitmuthe tongue tip elevation and
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their action can be counteracted by that of the IL, the Stytaed5Ga. As for the control of the
width of the tongue in the transverse direction, Trans téadsduce it in the whole tongue body;
GGa and GGm are the main muscles enlarging it in the palatglyhile HG contributes to its

enlargement in the pharyngeal part.

2. Simulations of French vowels

In order to generate the 300 simulations used to determ@aentiscle activation patterns for
the French vowels, the timing of the motor commands was &sisl at timet = 0, the central
commands were equal to the muscle length at rest; then thiedJaearly for a transition time
of 30 ms up to the target values. Coarse sets of motor commamesfinst determined for each
vowel, guided by prior knowledge of the tongue shapes andténature data. The values of the
commands for the main muscles involved in the productiomefwels were then made to vary
within a more or less wide range around their primary valuee flange was determined according

to the tongue shape sensitivity to their modification.

Within the set of 300 simulations, the best motor commandsgfench extreme vowels (Ta-
blelll') were selected on the basis of the obtained tongue shapdiseaftimant patterns. Optimal
vowels were chosen in order to get the best match betweertigeie shape in the midsagittal
plane with PB’s MRI data, and between the formants computed tivé formants measured from
PB’s acoustic data. The tongue shapes and the formant matbtained for the 300 simulations
were compared to the MRI data and the formant patterns cetleitom subject PB. For each
French extreme vowel, the motor commands providing the f@sth of the tongue shape ex-
perimentally measured on PB in the midsagittal plane andetbrresponding formant patterns
have been selected as reference motor commands (IMaplé he corresponding tongue shapes
are represented in Fid.(oblique anterior and posterior views) and the formantsgaren in Ta-
ble IV (the lip aperture and protrusion are also indicated in thidef). Tabldl summarizes the
force levels computed at the end of the selected simulatmrevery tongue and mouth floor mus-

cle. The values indicated correspond to the algebraic sutteoforce levels computed for each
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FIG. 5. (color online) Impact of the activation of individuaagual and mouth floor muscles on
tongue shape (400 ms command duration, sufficient to reachaneal equilibrium). The con-
tours of the articulators (tongue and hyoid bone in red, nid@dhard and soft palate, pharyngeal
and laryngeal walls in black) are given in the midsagittaing (tongue tip on the left). For ev-
ery simulation, the target motor command of the only actigahuscle equals 75% of the muscle
length at rest, except for the activation of the long mus8#Bs IL and SL (85% of the muscle

length at rest). The dotted contours correspond to the tosgape in its rest position.

macrofiber. It is not a true value of the force exerted on thgue, but it provides a fair idea of its
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FIG. 6. (color online) Impact of the activation of individuangual and mouth floor muscles
on tongue shape (400 ms command duration, sufficient to r@&chanical equilibrium) [frontal
view]. For every simulation, the target motor command ofdhé activated muscle equals 75%
of the muscle length at rest, except for the activation ofiting muscles Sty, IL and SL (85% of
the muscle length at rest). The shape of the tongue at restes fpr indication on the bottom

right.

order of magnitude. Fid. reflects the traditional relationships between the Frertieme vowels
(anterior vs. posterior, low vs. high) while the formants aonsistent with the classic published

values and with acoustic data obtained for the speaker PgVg. We can note a good corre-
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spondence between the formants of the acoustic data mddsufB and those obtained with the
simulations. The average difference between the formhatstere measured and those that were
simulated is below 3.3% for the first four formants. The d#fece does not exceed 4.3% for the
first formant (vowel /u/) and 10.2% for the second formantngb/i/).

Due to the redundancy of the system (some pairs of muscleoitas agonist-antagonists),
the commands were also chosen such that the amount of foneeaged by the different muscles

remains reasonable. Only the extreme cardinal vowels wiifesented in detail.
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FIG. 7. (color online) Final tongue shape for the simulatidthe French cardinal vowels (first

row: anterior oblique view, second row: posterior obliqusnw).

a. Muscle activation pattern in vowel /i/Fig. 8 shows the tongue shapes obtained by simulation

and those obtained experimentally for the speaker PB (CT).d&&ame discrepancies can be
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seen in the tongue posterior part, but the delimitation eftdngue contours in this area is less
precise (the delimitation of the tongue body on CT images ed@étis and less obvious task in
this part of the body, due to the presence of the hyoid boniglatfis and other soft tissues)
and acoustically less relevant than in the anterior parts figure shows a good correspondence
between the experimental results and the computed datayriicydar in the anterior part of the

tongue, which plays an important role in the production ofveb/i/. As expected from Fig5,

longitudinal axis (cm)

m : ; ; T
205 g 5 10 12
transverse axis (cm) antero-posterior axis (cm)

FIG. 8. Superimposition of the shape of the tongue for thalspePB (CT data) (dense mesh) and

the shape of the tongue obtained by simulation (coarse ni@stwel /i/.

since vowel /i/ is an anterior and high vowel (Fig(a)), the model predicted the GGp, GH and
MH muscles to play a fundamental role in its production. laliidn to their slight impact on
the tongue geometry (see SectidinA.1), the GH and MH muscles can help stiffen the mouth
floor, thanks to a significant propagation of the stress inelingual tissues. Activated alone,
the styloglossus pulls the tongue backwards (B{@)); this movement is here counterbalanced
by the strong GGp activation, while both muscles elevatetdhgue in the palatal region. For
the transversalis and the anterior genioglossus, the nstotomandsA commands of the EPH)
are larger than the muscle lengths at rest (Téb)e From a motor control perspective, these two
muscles can consequently be seen as being in their restatat¢heir activation is the result of
reflex loops (Tabldél). The transversalis reflex activation avoids an overwidgwoif the tongue that
would otherwise result from the combination of the GGp ation (see Sectiofll.A.1), while

ensuring a contact between the palatal arch and the laterdéfs of the tongue in the alveolar
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region. The GGa reflex activation limits tongue elevatiorthe median alveolar region, thus
creating the slight groove characteristic of an /i/. Thewmtéry activations are consistent with the
EMG data ofBaeret al. (1988, except for the styloglossus, for which no activity was swgad
by these authors for vowel /i/. With the model, the combinetivation of the GGp and Sty is
essential to precisely control the location of the constnicfor high vowels. This co-activation is
consistent with our previous findings with a 2D tongue moBalyan and Perriet997).
Qualitatively the tongue shape proposed for /i/ is in gooctament with different kinds of
data published in the literature. This is true for the 2D shapthe midsagittal plane, which is
consistent withBothorelet al. (1986 data for French speech sounds. It is also true for the 3D
distribution of the contacts between the hard palate andpper dental arch on the one side and
the tongue lateral borders on the other side. These cordeetepresented in Fig0(a) The
surface of contact stretches over the whole hard palatesaaido extended to the inner aspects of
the molars. In addition, we can note the presence of contetteeen the apex and the mandible
inner surface, behind the lower incisors (not shown). Thadxservations are consistent with the
electropalatographic data (EPG)®tone and Lundberd996 (Fig. 9) andYuenet al. (2007 for

English vowels.

F | o u
'-ll n .. ::.'F X .
.-.-I. : : .-." . : it

FIG. 9. EPG data for American English vowels /i/ and /u/. Retexd from Stone, M. and Lund-
berg, A., J. Acoust. Soc. Am., “Three-dimensional tongudase shapes of English consonants

and vowels”, 99(6), 3728-3737, 1996. Copyright 1996, AceasSociety of America.

b. Muscle activation pattern in vowel /u/The model produces vowel /u/, a posterior and high
vowel (Fig. 7(b)), essentially with the activation of the styloglossus, thglohyoid and the

transversalis (Tabl#l). As with vowel /i/, the model requires the activation of &l to stiffen
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the mouth floor and thus contribute to the tongue elevatioe,td the complementary action of
other muscles. The styloglossus allows the tongue to begbblbth backwards and upwards. The
GGp is also active. It increases the size of the vocal track loavity by propelling the tongue
forward and contributes to the upward movement of the tondine transversalis contributes to
the limitation of the tongue widening, but this is not itspnbdle. Indeed, for this vowel the model
uses an active recruitment of the transversalis in ordedilitate the tongue elevation, due to the
incompressibility of the lingual tissues (note, howevieattthe amount of force generated by the
transversalis is close to that used in the production of TiHe motor commands proposed in our
model are consistent with the EMG dataRderet al. (1988. Here again, the 2D tongue shape
in the midsagittal plane is in good agreement vidibithorelet al. (1986 data. In our simulation,
the tongue tip is located in the mid height of the tongue. FEdd(b) shows the distribution of
the contacts of the tongue dorsum and the tongue tip withuhewnding structure, namely the
hard and soft palate, the superior dental arch and a paregdttaryngeal walls. The figure shows
that the tongue post-dorsal surface is laterally in coniéttt the inner surface of the molars and,
further back, with the lateral sides of the pharyngeal wallse contacts between the tongue and
hard palate observed in the simulations are consistentth&fcPG data o6tone and Lundberg
(1996 (Fig.9) andYuenet al.(2007. However, EPG data do not provide information on possible

contacts between the tongue and velum.

c. Muscle activation pattern in vowel /aMowel /a/, a posterior and low vowel, was essentially
produced in the model with the activations of the HG and GGaates (Fig.7(c) and Tabldll).
The HG pulls the tongue backward and downward but also othtetongue tip toward the palate
(Fig. 5(e). The GGa limits the apex rotation by flattening the tongpeatd maintaining it in
contact with the inner surface of the mandible, thus premgrihe creation of a sub-lingual cavity,
and increasing the size of the anterior cavity. The GGp atitia is a reflex activation, since from
the motor command point of view it is in its rest state (seddHb); the GGp limits the backward
movement of the tongue and thus avoids the occlusion of tbalvwract in the laryngopharyngeal

region. The motor commands are in agreement with the EMG afaBaeret al. (1988. The
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tongue shape in the midsagittal plane is in agreement Bathorel et al's (1986 data. The
lateral borders of the tongue are in contact with the lowetalearch over its entire length, but not
with the palate. The lower surface of the tongue anterioripgrartially in contact with the inner
surface of the mandible. For vowel /a/, the EPG datdtohe and Lundber@ 996 andYuenet al.
(2007 reported an either extremely limited or non-existent aohbetween tongue and palate; the

results obtained are consistent with their data.

antero-posterior axis (cm)
antero-posterior axis (cm)

transverse axis (cm) transverse axis (cm)

(a) vowel /i/ (b) vowel /u/

FIG. 10. (color online) lllustration of the contacts betwebe tongue dorsum and tongue tip,
and surrounding structures of the vocal tract for vowel&l)i/and /u/ (b) (superior view, apex at
the top). The surrounding structures, represented byltregrst gray meshes, include the hard
palate, the upper dental arch, the velum and the pharyngah glose to the velum. The entire
tongue mesh is represented, but only the tongue surfaceertemsed for the detection of poten-
tial contacts between the tongue and the surfaces listegaye colored. Red elements represent
tongue surfaces in contact with the surrounding strucfyedfow elements represent tongue sur-
faces close to the surrounding structures, and blue elemgotesent tongue surfaces far from the

surrounding structures.
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B. Highlighting the role of the transverse muscle in midsagtial tongue shaping

A 3D biomechanical tongue model allows the study of the trarse muscle action during
speech production. Since speech has experimentally miagdg studied in the sagittal domain,
the potential role of this muscle has essentially been gpharowever, it could be of great impor-
tance in speech production, since it is the only muscle abdiréctly act on tongue deformations

in the transverse dimension orthogonal to the sagittaleplan

The role of the transverse muscle in the midsagittal defaomaf the tongue was recently
observed byGilbert et al. (2007 for swallowing through the analysis of diffusion-weigit®IRI
measurements. They found in particular that the recruitroktihe transversalis is used to gener-
ate depressions in the tongue to facilitate the movemethisofidod toward the pharynx. Unfortu-
nately, similar experimental observations do not yet drisspeech, and it is a strength of our 3D
model that it offers the possibility to quantitatively asséhe role of the transversalis in speech
production. As a matter of fact, the simulations of voweldaration reported in the preceding
sections highlighted the fundamental role of this muscll@émaintenance of the tongue dimen-
sion along the transverse direction and its influence on agittsl shaping. These results have
been obtained in the context of our motor control model, hasethe EPH theory, which gives an
account of the postural control in a particularly effectway, thanks to the integration of reflex
activation in the muscle force generation mechanisms.dddi#ne model predicts that for vowel
/il (and also for the high anterior vowels /y/ and /e/ not preed here), the transverse muscle is
active, despite the fact that the motor commands for thisciteusere those of the rest position
or higher (see ER). This is the result of a reflex activation (or limited actiwentraction) due
to the lengthening of the transverse fibers induced by theagnactivated muscles that mainly
act on the tongue shape in the sagittal plane. This reflexaticin limits the amplitude of the
deformations in the transverse dimension and, in turn, dukd incompressibility of tongue tis-
sues, it increases the deformations in the sagittal planeoring to the simulations, a voluntary
activation of the transversalis would lead to a decreadeeitangue width that does not seem com-

patible with the production of high anterior vowels, unlésis decrease can be compensated by
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the action of other muscles. Hence, the combination of antaly co-activation of the transver-
salis and of other tongue muscles could also be consideraal @lternative to the proposed reflex
activation of the transversalis. Such a strategy is réalibtit it would imply the activation of a
larger number of muscles acting antagonistically; indg@n increase the amount of force neces-
sary to produce high anterior vowels. Our simulations dauletout the possibility of a voluntary
activation of the transversalis. However, such a strateggsdot sound like an economical way
to control tongue shapes for high vowels. As already meetiaabove, 2D or 2.5D models, such
as those oPayan and Perri€l997) or Dang and Hond#2004), could only account for tongue
incompressibility in the sagittal plane due to a simplifyiassumption assimilating volume con-
servation and area preservation in this very plane. In a thay/simplifying approach implicitly
included the role of the transverse muscle, without formmadj it in explicit terms. We have seen
in Sectionlll.A.1 that this hypothesis led to partially inaccurate conclasiooncerning the role
of muscles taken individually. Our 3D modeling approachwati these former conclusions to be
corrected and emphasizes the indirect role of the transvarscle in the shaping of the tongue

midsagittally (Fig.7(a)).

Based on simulations made with their 2D modeérrieret al. (2000 concluded that the
main directions of deformation for the tongue during spegaciuction as observed for different
languages (namely the factors front and back raising of HRAFAC analysis ofHarshman
etal.(1977), seeJacksor(1988; Maeda(1990; Nix et al.(1996); Hoole (1998, or more recently
Mokhtariet al.(2007) did not result from a specific speech control, but emergedrally from the
actions of the major tongue muscles (GGp, GGa, HG and Styjil@iconclusions could be drawn
from Hondas (1996 EMG data. The results concerning the role of individual ohes in our
3D model can be used to reformulate these conclusions motgately. The main directions of
deformation could indeed emerge naturally, provided thatdngue widening along the transverse
direction is strictly controlled by the reflex transversadictivation. This reflex activation, based
on the use of the motor commands at rest, is not likely to bed@pspecific, since it allows the
tongue to remain within the space determined by the denthlesr possibly in order to avoid

biting problems (several observations indeed show a wideaoi the tongue for edentulous people
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(Kapur and Somari964). Taking into account this reflex limitation of tongue whdteems to be

essential to understanding the precise control procesegfiice of articulation in the vocal tract.

IV. VARIABILITY OF MOTOR COMMANDS AND TONGUE POSITIONING
ACCURACY FOR VOWEL /i/

A. Methodology

The accuracy of speech motor control is an important anldusisiolved issue. Indeed, speech
movements can be as short as a few tens of milliseconds, sat tkatraditionally suggested
that cortical feedback, involving long latency loops, cayde used to monitor speech after its
production and not during on-going production (see for gxaRerkellet al. (2000 for details).
Tongue positioning has to be very accurate though for thdymtion of some sounds, such as
fricatives and high vowels. This apparent contradictidre (@bsence of cortical feedback versus
the accuracy requirement) suggests that speech motoiotbas developed into a very efficient
process to ensure, in a simple way, accuracy and stabilitprajue positioning. This efficient
treatment and accuracy can be seen as the result of the hmimauwf training and experience in
speaking that speakers have.

For the high vowel /i more specifically, it has been argued tontrol accuracy would come
from a combination of biomechanical effects, namely theagotraction of the GGp and the GGa
associated with tongue/palate contaéisjimura and Kakital979. This effect is called the “sat-
uration effect”. Using a rudimentary 3D tongue modaljimura and Kakitg1979 showed that
the tongue was stabilized during the production of /i/ whagarally pressed against the palate, due
to the combined action of the GGa and GGp, which stiffeneddhgue. Our 3D model, which
integrates numerous improvements as compardeljimura and Kakita(1979 original model
(smaller mesh elements, non-linear tissue elasticityity;astiffening due to activation, accurate
model of contacts), offers a powerful context to revisisthypothesis and to better understand
how the different biomechanical factors interact. With ¢thherent model, a number of simulations

were realized around the reference tongue shape for /i/aluate the articulatory and acoustic
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sensitivity of the vowel to changes provided to the motor c@nds. The tongue shape varia-
tions as well as the formant variations resulting from smlaéinges in the central commands were
studied for this vowel, so as to better understand the pattef variability observed during its
production. The motor commands defined previously (cf. iBedtl and Tablell) formed the
basis of this study. The motor commands of the main tongueclesigi.e. the anterior, medial
and posterior genioglossus, the styloglossus, the hysggoshe transversalis, the lingual inferior
and superior muscles and the mylohyoid) were independertlyified. For the GGa, GGp, Sty,
MH and Trans, the motor commands were modifiedd®#6, +5%, +8% and+10% around their
values at target. For the GGm, HG, IL and SL, which were nav@caturing the production of
vowel /i/ in our modeling, the motor commands were only medifioy -2%, -5%, -8% and -10%,
since an increase in their values would let them inactivee 3&ime lip protrusion and aperture
parameters as previously applied were used to generatedhste signals and to determine the
formants associated with the different area functions.lelsb indicates the first three formants

for each of the 56 simulations.

B. Results

Fig. 11 shows the scatter plots in the midsagittal plane for 6 nodethe tongue surface
obtained from the simulations. Results are presented ingperdeft panel for the variations of
all muscle commands together, and in the other panels, rpefigally, for the variations of the
commands to three muscles that play a major role in the ptmofucf vowel /i/: the styloglossus
and the anterior and posterior genioglossus. For the glaisalts (upper left panel),dBellipses
characterizing the node position dispersion with a Ganssdiistical model are superimposed on
the data. Considering first the influence of all muscles ta&gether, the following observations
can be made. In the pharyngeal and velopharyngeal regibree(tnost posterior nodes), the
major axes of the dispersion ellipses essentially cormes$po a displacement along the front-to-
back direction (from the pharyngeal to the velopharyngeaitmn, length of the major axes 3.0,

3.9 and 4.4 mm, respectively, length of the small axes 14,08 mm, angles of the major axes
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with the antero-posterior axis 133, 147, 173 degrees). drptiatal and alveopalatal parts of the
tongue (second and third nodes from the front), the ellibse® no clear direction and they tend
to be more circular. In addition, the maximal variabilityssaller than in the back part of the
tongue (length of the major axes 2.9 and 3.5 mm, respectilerigth of the small axes 2.4 and
2.1 mm). Finally, in the apical part (most anterior node) ay\&rong correlation is observed
between elevation and forward movement. This leads to aagklbpsis orientation similar to

the one observed in the tongue blade region, but much stramgkeclearer and with much more
variation along the principal axis (length of the major &3 mm, length of the small axis 3.4 mm,

angle of the major axis 147 degrees).

These observations are in quite good agreement with expetahdata published in the lit-
erature about vowel variability. See, in particulRerkell and Nelsor§1985, Beckmanet al.
(1995, or Mooshammetet al. (2004: the front-back orientation of the variability in the vela
region and the reduced variability in the palatal and aledatal regions (the region of constric-
tion for /i/) were already observed by these authors. Intamdithe absence of clear orientation
of the ellipses in the region of constriction was also obsémn 2 of the 3 subjects studied by
Mooshammeket al. while Perkell and NelsoandBeckmanet al. rather observed ellipses paral-
lel to the palatal contour in this region. The large vari@piin the apical part was observed by
Mooshammeket al., but not byPerkell and NelsomndBeckmanet al. Note, however, that this
specific aspect of the displacement of the apex relativeatioaithe tongue body has already been

observed many times by different authors, in particlarkell(1969.

Our model allows one to look more specifically at the biomaedatel factors influencing these
articulatory patterns. Looking at the variability asseetawith the variation in the GGa, GGp,
and Sty activations separately, it can be observed thatrigke @f the main ellipses in the three
posterior nodes is similar to the orientation of the scattets generated by the Sty and GGa.
However, for the GGp, the largest variability is also obserin the front-back direction. The
reduction in the variability in the region of constrictianabserved both for the Sty and the GGp,
while the GGa, in contrast, shows the largest variabilitthis region. This can be interpreted in

the light of the palatal contacts for vowel /i/ (see Fi)). The GGp and Sty act on the position
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of the whole tongue body, whose variability in the consimictregion is limited by the palatal
contacts. The GGa influences only the center of the front gfatthe tongue, which is not in
contact with the palate. It can be noted that in our simutetibe styloglossus generates the largest
variability, as compared to the other muscles, except asaiegu above in the constriction region.
This phenomenon is intrinsically linked to the approach thas used in our simulations. In the
context of theA -model, since the styloglossus macrofibers are longer tin#reiother muscles, a
given percentage of variation generated a larger chandmeiodmmands for the styloglossus, and
then, in turn, larger changes in force level. This approachdcchave influenced the global amount
of variability depicted in the upper left panel of Fibyl, but not its relation with the node position
on the tongue, neither in terms of orientation nor of amgktuexcept for the tongue tip variation,
which is largely dependent on the styloglossus.

As concerns the other muscles (not depicted in Eiy, their impacts are smaller, but some
interesting observations can be mentioned. The trandigest®ws a notable contribution in the
variability in the velopharyngeal region (third node fronetback), where an increase in its acti-
vation induces backward displacements of the tongue dor3ina mylohyoid participates in the

up-down displacements, with an amplitude of approximatebymm in the pharyngeal region.

C. The saturation effect for vowel /i/ revisited

From the simulations of the consequences of motor commanabilgty for tongue shape for
vowel /i/, interesting conclusions can be drawn for this gbeoncerning the influence of the GGa
and of its variability on the vocal tract shape and formai@sntrary to what could be inferred
from the statistical processing of articulatory speecla dsee for examplBadinet al,, 2002, the
central tongue groove observed for vowel /i/ in many langsadpes not seem to be a consequence
of the combined activations of the GGp and Sty muscles. h fadt obtained in our model very
specifically by activating the GGa. As mentioned above,dtagement is consistent wikujimura

and Kakita(1979'’s hypothesis of a co-activation of the GGp and GGa in thelpction of /i/.

However, the variability patterns generated with our mpttejether with their interpretation
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FIG. 11. (color online) Displacement scatter plots (blackles) for vowel /i/ in the midsagittal

plane. Only the surface of the tongue is represented. Panglilnmarizes the results obtained for
the 9 muscles whose motor commands were modified. ‘Bhellpses of dispersion (red) are also
represented, and their major axes are drawn in blue. Pdndlsrépresent the dispersion obtained
when modifying the motor commands of the posterior genisgis (b), the anterior genioglossus

(c) and the styloglossus (d) only.

in terms of the respective influence of each muscle, strosgfjgest that there is no saturation
effect, which would facilitate the accurate control of tlostriction area for /i/. This observation
guestiond~ujimura and Kakits original hypothesis as well as the numerous follow-uptibno-
tions that have used this hypothesis to explain the controigh front vowels, in particular those
of Perkellet al. (2000 andBadinet al. (1990.

In agreement with the work of the previous authors, our mteteds to confirm that the tongue
is indeed stabilized in its entirety by these palatal castaand that this should contribute to
simplifying its motor control. However, in contrastfajimura and Kakits tongue model, which

was quite rudimentary because of the computational limoiatexisting at that time, our model
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shows that the variability of the GGa activation leads to aat@n in the alveolar groove with
noticeable consequences for its formant pattern (see hel®Wis variation is highly localized
in the globally well-stabilized tongue, but it is fundamanib acoustics, because it plays on the

constriction size.

The amplitudes of variation for the first three formants wasdollows:AF1 ~ 103 Hz,AF2
~ 250 Hz AF3~ 283 HZ (TableVl). An important part of the variability is due to the stylog$us
(impacton F1, F2 and F3, but see our remark above about tbe fimrel variation for this muscle),
but other muscles also have a noticeable influence, eithgvediirst, second or third formant. The
F1 variability is due in great part to the modifications in kel of activation of the GGa and Sty,
and secondarily of the GGp and SL. According to the modely#r@bility of F2 results mainly
from the modification of the Sty and GGm motor commands, wihiét of F3 is due to the Sty

and Trans.

The variability of F1 for /i/ has important consequencesdgied the perception of vowel /i/ is
sensitive to F1 variations in French (one can easily mowva fibto /e/). Likewise for F3, too low
an F3 value moves the perception from /i/ to Sthwartz and Escudigt987). It can therefore be
concluded that the articulatory variability generatedne simulations is too important to ensure
proper perception of vowel /i/. It is necessary to reduceltiis need for an active reduction of
the articulatory variability is consistent with the obssioens made byvlooshammeet al. (2004
with German speakers: they concluded from their study tiepbtential saturation effect related
to the interaction between tongue and palate did not seemgaflicient for their speakers to meet
the perceptive requirements of the German vowel systentlat@ specific control adapted to the
individual palate shape of each speaker was necessaryitdienarticulatory variability and its

consequences for perception.

This is then quite an important result as it throws back intesgion a widely made assumption

to explain the precise control of the vowel /i/, namely thiisation effect.
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V. IMPACT OF GRAVITY ON LINGUAL MOVEMENTS

With the increasing use of MRI systems, numerous speech datecquired while the subject
is lying on his or her back. Due to the change in the orientadiogravitational forces in relation
to the head, this position is likely to alter the vocal trawage and its control. This is why many
studies have tried to compare the production of speech soand speech articulations (either
vowels or consonants) for subjects when they are sittirapdshg or lying Weir et al,, 1993
Tiedeet al,, 200Q Shilleret al., 2001, Stoneet al., 2007). Our model allows the impact of gravity
to be tested and quantitatively assessed. With this aimewv,\the pattern of activation needed to
keep the tongue in its neutral position was first studied engfesence of a gravitational field in
an upright and in a supine position. Then, the influence ofiran the tongue shape during the

production of vowels was evaluated together with its immexcthe acoustic signal.

A. Impact of gravity in the absence of active and reflex musclactivation

First, the impact of gravity alone on the tongue shape andiposvas studied: the force
generator was deactivated (no internal force could be géserwhether active or reflex forces).
The final tongue shape is given in Fii2 for an upright and supine position starting from the rest
position and after a 1 s movement. For a standing subject the clear lowering of the tongue
body, which is particularly marked in the posterior radjgalt of the tongue, but is also visible in
its apical region (approximately 1.5 mm). For a lying subjéte gravity alone produces a strong
backward displacement of the tongue body, with a displac¢wfehe tongue tip equal to 9 mm.
These results show that tongue muscle activations areregfjto maintain the tongue in its rest
position, whether the subject is lying on his back or stagdin

Reflex activation obtained with motor commands equal to neulseigths at rest is not suf-
ficient to maintain the tongue in the rest position, as showirig. 13 for a 1 s simulation. A
small backward displacement of the apexi mm) and of the rear part of the tongue is visible in
the upright position, as well as a more limited rotation & #pex in the supine position than in

the absence of muscle activations (displacement of thauotig~ 3 mm). A limited voluntary
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FIG. 12. (color online) Final tongue position in the midgtdiplane for 1 s simulation under the
influence of gravity alone. The neutral position of the tomgud the hyoid bone (rest position for
a subject in upright position) is represented by a blackedoline, the final shape for the tongue
and hyoid bone for a subject in upright position by a red dddime, and for a subject in supine
position by a blue solid line. The black solid lines corresppdo the contours of the mandible,

hard and soft palate, and pharyngeal and laryngeal walls.

activation of the GGp and GGa combined with a stronger aabivaof the MH associated with
the reflex activation of the other tongue and mouth floor masschn compensate for the gravity
effect (commands indicated in Tahlk for vowel b/). Based on the model, the MH activation
strengthens the mouth floor and limits the lowering of thegteninferior region (Fig5(k)). The
GGp action prevents the backward displacement of the to(i§jgeb(c)) and the GGa counteracts
the GGp action in the apical and dorsal areas, limiting tingte elevation (Figh(a)). A good
equilibrium between the activation of these three musdlased on numerous simulations, leads
to the stabilization of the tongue in a “neutral” upright pios. Corresponding force levels com-
puted at the end of the simulation for every tongue and moatr fhuscle are given in Tablé

(vowel b/).
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FIG. 13. (color online) Final tongue position in the midgtdiplane for 1 s simulation under the
influence of the reflex activation alone. The neutral positbthe tongue and the hyoid bone (rest
position for a subject in upright position) is representgalblack dotted line, the final shape for
the tongue and hyoid bone for a subject in upright positioa Ibgd dashed line, and for a subject
in supine position by a blue solid line. The black solid lirsrespond to the contours of the

mandible, hard and soft palate, and pharyngeal and laryngdis.

B. Impact of gravity on French oral vowels

The impact of the subject position (upright or supine) on @bproduction was studied by
modifying the orientation of the gravitational field. Siratibns were realized for the supine posi-
tion for the 10 French oral vowels with the same commands lamddame timing as in the upright
position. The tongue shapes and positions for the supin@jamght positions were compared, as
well as the force levels for tongue and mouth floor muscles.

The differences in tongue shape and formant values betweeghti and supine positions
were negligible for all vowels. However, differences weadiced in the level of forces developed
by the GGp, with an increase in supine position that is végialoross vowels: the peak and the
final forces increased on the order of 8% for /a/, 7% for /u/ a%dfor /i/. On the whole, this
modification in the force level affects in percentage morst@aor than anterior vowels. This

is consistent with the fact that the production of front visugecessitates a strong force from the
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GGp anyway, in comparison to which the gravitational foreedmes quasi negligible. Our results
are also in agreement with experimental observations, intwdn increase in the GGp activity in
supine position is commonly observed (see for example th&Elsita ofNiimi et al. (1994 and

Otsukaet al. (2000).

In the model, the tongue weight, which is on the order of onetle, is small as compared to
the muscular forces. Hence, feedback activation effigierdlinteracts the effects of gravity ori-
entation changes, and limits tongue shape variation. Thadlshape variation is in contradiction
to experimental values typically found in the literaturer lhstanceBadinet al. (2002 reported
a more important backward displacement of the tongue fdr botvels and consonants in supine
position (MR images) compared to upright position (cinérlin images), which they attributed
to the tongue weightShiller et al. (1999 found differences in the formant values between the
upright and supine position for vowels /a/ and /They found that, when the head was in the
supine orientation, the jaw was rotated away from occlusamch led them to conclude that the
nervous system did not completely compensate for chandessaid orientation relative to gravity.
In the current model, the fact that the model has a fixed jautipagthe same for the supine and
upright orientation) could in part explain the absence dahte differences. However, it should
be mentioned that recent experimental findings provide ggubort for our simulation results.
Indeed Stoneet al. (2007 showed that the impact of gravity was low (or even neglig)tibr some
speakers when vowels were pronounced in context and not iso&ted manner as has thus far

been the case.

VI. CONCLUSION

A 3D finite element model of the tongue has been presentedwhas used to study biome-
chanical aspects and tongue control during vowel prodactithe model provides a high level
of realism both in terms of compliance with anatomical andphological characteristics of
the tongue and in terms of soft tissue modeling hypothesesntgtrical and mechanical non-

linearity). The tongue and mouth floor muscles were corgdblising a force generator based on

40



the EPH theory. Simulations with the model coupled with anuatic analog of the vocal tract
allowed muscle activation patterns to be proposed for tle@dtr oral vowels which were consis-
tent with the EMG data published in the literature and whieheayated realistic tongue shapes,
tongue/palate contact patterns and formant values. Thatsineous analysis of these activation
patterns and of the actual muscle forces generated for emeél vevealed, among other things,
a systematic feedback activation of the transversaliss $hggests that this muscle is used to
maintain the dimension of the tongue quasi-constant albedgransverse direction orthogonal to
the sagittal plane. This role is very important for the cohaf tongue shape in the midsagittal
plane, since, due to tongue tissue incompressibility)otnsd more deformation in this plane. This
is consistent with the recent experimental observatiordenbgGilbert et al. (2007) for swallow-
ing. The results obtained from the simulations have led utwlude that the main directions
of tongue deformation in the midsagittal plane (as desdriiyethe classic front and back raising
factors ofHarshmaret al. (1977) could naturally emerge from the combined action of theanaj
tongue muscles and of the transversalis playing the role“siza maintainer” in the transverse
direction. This conclusion is in line witRerrieret al. (2000, who suggested that these main
directions of deformation are not speech specific, but aresgically linked to tongue muscle

arrangements.

The muscle activation patterns proposed for each Frenclelvesvved as a basis for further
studies. The patterns of articulatory variability, andittessociated acoustic variability, were
analyzed for local changes in the central commands for vblvdlhese results cast doubt over the
idea, generally accepted since the worleajimura and Kakitg1979, that a muscular saturation
due to a simultaneous co-activation of the GGa and GGp musabelld facilitate the accurate
control of /i/. Indeed, the tongue grooving in the constoietregion was shown to be sensitive
to change in the GGa activation with a significant impact anFti formant value. The impact
of gravity was also considered. Simulations showed the rapge of low-level feedback in the
postural control for the rest position, as well as the immdidhe head orientation on the tongue
shape and position. These results are at odds with dataspedliin the literature for isolated

sound production, but they find support in the recent worgtoheet al. (2007 on the production
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of vowels in context.

Further work will be required to significantly reduce the gartation time, and thus increase
the number of simulations and refine the results. Studies Ao been undertaken to assess the
contribution of this model to medical applications, in partar the surgical planning of tongue
exeresis, with lingual tissue resection and reconstraogifocesses. First results have proved to be
promissing and show the potential of such a moBeldhaillardet al., 2007). The results obtained
for the planning of tongue surgeries and the comparison patients’ data should also provide
particularly interesting information about the compeiwaprocesses and the motor control mech-

anisms.
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Endnotes

1. Program written by Pierre Badin (ICP/GIPSA-lab)

2. It should be noted that these values were obtained witummotions starting from a
resting state. Modifying this starting state would haverapact on the formant values, but
due to the simulation durations, sufficient to reach an éxuiim position, and to the model

of motor control, the variations of the formant values skdaeimain limited.
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TABLE |. Cross-sectional areas and corresponding force g#inaercapacitiesd).

GGa GGm GGp Sty HG Vert Trans IL SL GH MH
Area (mnf) 82 55 168 109 295 91 227 41 86 80 177
p (N) 18 12 37 65 20 50 9 19 175 39

TABLE II. Final force levels (in Newtons) observed for eveongue and mouth floor muscle dur-

ing the production of the French cardinal vowels asidThe levels of force indicated correspond

to the algebraic sum of the forces computed for every ma@ofibray cells represent voluntarily

activated muscles.

vowel| GGa GGm GGp Sty HG Vert Trans IL SL GH MH
filjf 0.51 0 2582 6.90 0 0 1.61 0 0 3.37 13.89
/ol 011 013 095 0.04 0.04 0.00 0.25 0 0.1(0.10 1.62
ul 0 0 6.73 7.42 0 0 1.83 047 1.02 6.79
lal|| 3.34 0 1.91 0O 821 231 0 0.16 0.78

TABLE lll. Motor commands used for the production of Frenchdiaal vowels and ford/. These

values are given as a percentage of the muscle length aVedises below 1 therefore correspond

to a voluntary activation.

vowel| GGa GGm GGp Sty HG \Vert Trans IL SL GH MH
lil 1.03 1.05 060 090 123 113 105 1.02 1.09 0.76 0.75
/o] 098 0.98 098 100 100 100 1.00 1.00 1.00 0.98 094
full| 1.20 1.20 091 084 125 135 09 098 120 0.95 0.80
/al| 0.75 1.10 1.00 110 0.70 0.8 130 100 1.20 1.05 1.05
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TABLE IV. Lip aperture |, and protrusiond chosen for the determination of the vocal tract area
function (based o\bry et al, 1980 and the values of the first four formants for the simulation
of French oral vowels (extreme cardinal vowels an{l. /These values were computed with the

WinSnoori software.

vowel la (cmP) lp (cm) F1 (Hz) F2 (Hz) F3 (Hz) F4 (Hz)
hil 3 0.5 321 2095 2988 4028
Il 1.5 0.8 502 1235 2407 3612
lul 0.3 15 298 723 2547 3450
lal 4.5 0.8 667 1296 2875 3948

TABLE V. Values of the first four formants based on acousti@dddtained for the speaker PB. The

values were averaged over 10 repetitions of every one ofxinerse cardinal vowels in different

contexts.

vowel F1 (Hz) F2 (Hz) F3 (Hz) F4 (Hz)
hl 311 2308 3369 4126
lul 285 792 2783 4055
lal 661 1291 2657 3717
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TABLE VI. First, second and third formants computed after @ealomodification of the motor
commands for vowel /i/. The formants for vowel /i/ are giverTablelV. The motor commands
of the vowel /i/ were modified for 9 muscles independently emdtiplied by +2%, +5%, +8%
or £10%. The formants obtained following these modificatiores giwven. In theA-model, an
increase in the motor commands corresponds to a decredse muscle activation; therefore a
multiplication by+10% corresponds to the lowest level of activation for a gmerscle, whereas

a multiplication by—10% corresponds to the highest level of activation.

F1 (Hz) F2 (Hz) F3 (Hz) F1 (Hz) F2 (Hz) F3 (Hz)
+10% 350 2084 2942 —2%| 321 2085 2979
+8%| 340 2073 2931 S —5%)| 322 2057 2960
+5%)| 332 2080 2950 Ol _8os| 321 2019 2938
&l 2% 326 2090 2976 —10% 322 2001 2924
© —2%| 317 2105 2992 —2%| 320 2094 2986
—5%| 309 2102 3014  (n|| —5% 323 2087 2973
—8%| 305 2102 3024 - —8%| 326 2079 2963
—-10% 302 2111 3026 —10% 331 2076 2957
+10% 273 2078 3035 +10% 272 2009 3017
+8%)| 273 2078 3035 +8%)| 278 2018 3000
+5%| 283 2082 3012 +5%)| 296 2050 2994
§ +2%)| 307 2099 3008 c% +2%)| 311 2076 2981
—2%| 333 2082 2967 —2%| 334 2135 3003
—5%| 351 2071 2928 —5%| 348 2167 2924
—8%| 368 2062 2903 —8%| 360 2214 2814
—10% 375 2049 2895 —10% 364 2251 2766
+10% 329 2101 2977 +10% 316 2118 3049
+8%)| 325 2096 2976 +8%)| 317 2117 3043
+5%| 322 2095 2986 +5%| 318 2112 3027

z 5

=
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+2%| 321 2095 2982 +2%| 320 2108 3004
—2%| 319 2091 2983 —2%| 321 2083 2966
—5%| 318 2100 2986 —5%| 321 2069 2944
—8%| 317 2096 2985 —8%| 321 2056 2920
—-10% 316 2096 2980 —10% 319 2048 2913
—2%| 321 2097 2980 —2%| 322 2094 2989

S —5%| 322 2094 2969 7 —5%| 327 2104 2977
—8%| 322 2098 2964 —8%| 342 2103 2958
—-10% 321 2103 2958 —10% 346 2106 2912
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black dotted line, the final shape for the tongue and hyoicelfon a subject in
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FIG. 13 (color online) Final tongue position in the midstaiplane for 1 s simulation un-
der the influence of the reflex activation alone. The neutalitn of the tongue
and the hyoid bone (rest position for a subject in uprighitpm® is represented
by a black dotted line, the final shape for the tongue and hiyoree for a subject
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blue solid line. The black solid lines correspond to the oarg of the mandible,
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