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A model of the midsagittal plane motion of the tongue, jaw, hyoid bone, and larynx is presented,
based on tha version of equilibrium point hypothesis. The model includes muscle properties and
realistic geometrical arrangement of muscles, modeled neural inputs and reflexes, and dynamics of
soft tissue and bony structures. The focus is on the organization of control signals underlying vocal
tract motions and on the dynamic behavior of articulators. A number of muscle synergies or “basic
motions” of the system are identified. In particular, it is shown that systematic sources of variation
in an x-ray data base of midsagittal vocal tract motions can be accounted for, at the muscle level,
with six independent commands, each corresponding to a direction of articulator motion. There are
two commands for the jawcorresponding to sagittal plane jaw rotation and jaw protrysione
command controlling larynx height, and three commands for the tofmueesponding to forward

and backward motion of the tongue body, arching and flattening of the tongue dorsum, and motion
of the tongue tip It is suggested that all movements of the system can be approximated as linear
combinations of such basic motions. In other words, individual movements and sequences of
movements can be accounted for by a simple additive control model. The dynamics of individual
commands are also assessed. It is shown that the dynamic effects are not neglectable in speechlike
movements because of the different dynamic behaviors of soft and bony structurek9980
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INTRODUCTION et al, 1997; Payan and Perrier, 199jaw (Baragar and Os-
_ ) ) born, 1984; Throckmorton and Throckmorton, 1985a, 1985b;
In this paper, we report on a midsagittal plane model OfOtten, 1987; van Eijderet al, 1988; Laboissie et al,

the m_otion of the tongue, jaw, hyoid bor_le, and Ia_rynx. Wel996, hyoid bone, and larynx have been proposed. The
describe both the development of the biomechanical mod odels include graphical animations, models of muscle me-

and, in the context of the model, we consider the way contro hanical properties, and static force estimation. More com-

signals to muscles are organized to produce multi—articulatorI S . .
. ) . " . ete models, which include muscle properties, dynamics,
motion. We consider in addition the effects of artlculatorp prop y

; . . . and simul neural mechanisms hav n rep@dten
dynamics on the motions of the tongue and jaw. We will2 d simulated neural mechanisms have been rep ’

) %987; Laboissiee et al., 1996; Sanguinett al, 1997; Payan
report analyses which suggest that the control of speec d Perrier, 1997
movements can be accounted for by a small set of indeperﬁ;’ln ermer,

dent commands. We will also suggest that to understand the. . Althoug_h the majority of modeling fStUdleS dgal with in-

control of orofacial motions, realistic physical and biome- vidual articulators, many problems in orofaqal resgarch
chanical models as well as modeled control signals ar&an -onIy b? addressed in terms of thg combined actlgn of
needed. Initial versions of the jaw and hyoid moteibois- multiple articulators. These problems include the basis of

siere et al, 1996 and the tongue model have been reporteocoordination in speech and mastication, the complexity of
previously(Sanguinetiet al, 1997. interarticulator coupling at the level of the control signals,

Most modeling work to date has focused on individual and the determinants of interarticulator coarticulati@stry

orofacial structures, and models of the face and (péller €t al, 1996. The presence of vocal tract mechanical interac-
etal, 1984: Terzopoulos and Waters, 1990; Leeal, tions underscores the need for multi-articulator models. It is

1995, tongue (Perkell, 1974; Kiritaniet al, 1976; Hash- essential to account for the interactions between soft tissue

imoto and Suga, 1986; Wilhelms-Tricarico, 1995; Sanguinet®nd bony structures in order to have accurate prediction of
vocal tract motion(Honda et al, 1994; Sanguinetit al,,

997).
dMailing address: Department of Physiology, Northwestern University . .
Medical School, 303 East Chicago Ave., Chicago, IL 60611. Electronic The model presented here is based onXheersion of

mail: sangui@parker.physio.nwu.edu the equilibrium point hypothesis of motor control. The model
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includes muscle properties and realistic muscle geometry,
modeled neural inputs and reflexes, and articulator dynamics.
As in our jaw and hyoid simulationgLaboissiee et al.,
1996 and our recent model of the tong(®anguinetiet al,,
1997, we have assumed that control signals to individual
muscles are coordinated to enable the nervous system to pro-
duce a number of independent motions.

In the present paper, we consider a number of problems
relating to the identification of the control signals underlying
orofacial movements and how they are coordinated to pro-
duce multi-articulator motion. We first perform a model-
based factor analysis of the Strasbourg x-ray data base
(Bothorelet al,, 1986 in order to identify the basic motions
of the system and to infer their associated commands. This
relates control in the model to empirical data, addresses the
extent to which control signals are organized in a low-FIG. 1. Biomechanical model of the mid-sagittal section of the oral cavity.

dimensional control space and provides a basis for Comparf;ircles indicate the nodes of the tongue mesh which are fixed with respect to
! either the jaw or the hyoid bone. Dots indicate the centers of mass of the

son with purely geometric articulatory models. jaw, the hyoid bone, and the larynx. Dotted lines indicate the approximate

We examine the extent to which the effects of com-boundaries of the oral cavity. Thick lines correspond to the tongue mesh.
mands which we derive are additive. Additivity removes the
need for context specificity in central commands. Purely geo-male speaker, for whom an x-ray data set of midsagittal
metric articulatory models such as that proposed by Maed%lane vocal tre,ICt images is availaBothorelet al, 1986
(1990 assume that the effect of the individual articulators OnThe modeled jaw position and orientation at occ',lusion 'were
vocal tract shape is additive. However, this may not NECes; . ted by superimposing a normative model of the jaw
sarily be the case given the complex mechanics of the Oro('Scheidemaret al, 1980 on the x-ray data. The tongue sur-
facial system. To the extent that additivity in control signals ace contour the.,h oid position and orieﬁtation and the lar-
can be demonstrated in the present model, it suggests that tf‘le . ' hyold p : '
predictions related to additivity in geometric models mayynx height were likewise obtained from the x-ray data set.
still hold. A. The tongue

We focus as well on the predicted dynamics of motions
associated with the individual commands. This is motivateqt h
by the observation that speech involves relatively synchroh
nous articulator motions and therefore complex comman%

patterns may be necessary if the dynamics of individual ar

The tongue is the main determinant of vocal tract shape.
as been modeled as a viscoelastic continuum whose be-
avior has been assumed, as a first approximation, to be lin-
ar and isotropic. The coefficient of elasticity, or Young's
. . Modulus,E, is that of passive muscle tiss@iduck, 1990—
ticulators differ. E=6.2kPa. A Poisscl)an’s ratio of=0.49 is used(Hash-
imoto and Suga, 1986 This approximates conservation of
volume at a microscopic leve(By microscopic level, we

Jaw motions in the model have two degrees ofmean here the limit behavior for an infinitely small discreti-
freedom—orientation in the sagittal plane and translatiorzation of the continuous tongue tissue. As our §iBite
along the articular surface of the temporal bone; also seelement discretization is quite coarse, volume conservation
Laboissiee et al. (1996; the hyoid has three degrees of free- is not completely guaranteed in our mog&l/e assumed that
dom, horizontal and vertical position and sagittal plane orithere is no deformation in the transverse direction, and that
entation. The larynx is modeled as a point mass with a singléhe X and Y components of deformation only depend on
degree of freedom—uvertical position, which has the largesposition on theXY plane(this corresponds to the hypothesis
kinematic effect. Midsagittal plane tongue movements aref plane strain
modeled, as described below, using finite element techniques Tongue mass has been assumed tarhe 0.1 kg. Its
(Schwarz, 1984 density has been taken to be that of muscle tissue, which is

Previous studies have suggested that interactions bel=1040 kg/mi (Duck, 1990. This is slightly greater than
tween the individual vocal tract structures—between hardhe density of water.
and soft tissuegSanguinetiet al, 1997 and between the The interaction of the tongue and the palate has also
larynx and the tongue or the hyoid borfelonda et al,  been accounted for. Contact forces are assumed to be elastic
1994—are significant in determining the global mechanical(depending of the level of “penetration” of each node into
behavior of the system. For these reasons, care has bette palatg and directed normally. It is thus assumed that
taken in modeling the interaction between individual struc-there is zero friction.
tures, by deriving the global equations of motion for this By applying standard finite elemerdFE) techniques
system(see the Appendix This ensures that mechanical in- (Schwarz, 1984 the tongue configuration has been approxi-
teractions including reaction forces and velocity-dependentnated by a discrete medlfrig. 1), whose configuration is
forces are accounted for. completely specified by the vectgrthat includes theX and

The model geometrysee Fig. 1is that of a young fe- Y coordinates of each of the nodes in the mesh. We used a

I. THE MODEL

1616 J. Acoust. Soc. Am., Vol. 103, No. 3, March 1998 Sanguineti et al.: Biomechanical model for speech production 1616



6X8 mesh to describe the tongue, thus yielding a 96- This mechanism is modeled by assuming that muscle
dimensional configuration vector. However, some of the activation (A) develops in proportion to the difference be-
nodes are fixed with respect to either the jaw or the hyoidween\ and a reflex component, depending on actual muscle
bone(see the Appendix and Fig. 1 for details length () and its rate of change:

A =[1(t—d)=\(t)+ul(t—d)]*, &)

where[x]" =max[x,0] andd is reflex delay. The parameter
The geometrical arrangement of jaw and hyoid bone iy characterizes the dependence of the muscle’s threshold
based on Laboissie et al. (1996. The jaw is represented as length on velocity and provides damping due to propriocep-
a rigid body that can rotate about the temporomandibulative feedback. Damping due to muscle intrinsic properties is
joint and translate along the articular surface of the temporadlso includedsee below. For simplicity, we have assumed
bone. The shape of this surface has been described bythat « is the same for all muscles and constéh07 9. The
third-order polynomial, y=a;x3+a,x* (see Laboissie value foru was set on the basis of simulation studies carried
et al, 1996. Thus, ifx, is theX coordinate of the center of out with a multi-joint arm mode{Gribble et al., 1998—the
rotation of the jaw, the corresponding coordinate isy,  value of u was adjusted so that simulated joint viscosity in
=Y(Xo). Accordingly, jaw configuratiom; is a vector with  statics matched empirically obtained estimates for this vari-
two componentsx,, and the orientation angle;, relative  able (Tsuiji et al, 1995, see Gribblet al,, 1998 for details
to the occlusal plane. As in Laboissieet al. (1996, jaw  We have used a reflex delay, of 15 ms for all muscles. The
mass and inertia have been estimated torbe 1 kg andl value was based on observed delays in human jaw openers
=0.0042 kg m. and closer musclefLamarre and Lund, 1975; Ostst al,,
The hyoid bone has been modeled as a free rigid body1997h.
characterized by its position and orientation. In particular, It should be noted that the model assumes that afferent
hyoid configuration is described by the vectay, inputassociated with muscle length and velocity is combined
=[xghah]T, wherexgy, represents th& andY coordinates  with descending input tee MNs to yield muscle activation.
of the center of mass, ang, is the orientation. Hyoid mass Position- and velocity-dependent afferent input in limb
has been assumed to bg=0.1kg; its corresponding mo- muscles arises from muscle spindle receptors. However, sev-
ment of inertia(relative to the center of mashas been cal- eral orofacial muscles including the jaw opener, anterior di-
culated to bd,,=2.8x 10" ° kg n?. This value has been es- gastric, and the jaw protruder, lateral pterygoid, have few if
timated by approximating the hyoid bone as a U-shapedny muscle spindles. We have nevertheless recently demon-
object of midsagittal length of 3 cm and radius 1.5 cm, withstrated both phasic and tonic stretch reflexes in human jaw
uniformly distributed mass. opener muscle®stry et al,, 1997. This suggests that these
The larynx is a complex musculo-cartilagenous structureeflexes are not necessarily mediated exclusively by muscle
whose main function is to control vocal fold configuration. spindle afferents. In tongue muscles, stretch responses have
Only the thyroid cartilage is attached to the bony structureslso been reportetsee Sanguinett al, 1997 for review.
of our model, namely the hyoid bone and the sternum. As we  Increases in muscle activation due to changes @re
assume that the muscles originating on these bony structuressociated with MN recruitment and increases in firing rate
insert on the thyroid at a single point, the larynx is modeledand muscle force. Active forcd/, has been modeled as an
as a point mass withn;=0.1 kg. We assume also that it can exponential function of the form
only translate vertically, which is a good approximation for
our x-ray data. In summary, the height of the larynx is as- M=plexp(cA)—1], 2

sumed to correspond to the observed height of the vocalhich has been suggested by the experimental studies of
folds as determined from the x-ray tracingee Sec. )l Feldman and Orlovsky1972 and accounts for both the in-
Other degrees of freedom of the laryngeal system, retrinsic and reflex components of active force. The parameter
lated to the motion of the vocal folds and to the relativep is assumed to vary with muscle force generating ab|||ty,
motions of the cricoid and the therId Cartilage, have notand may be estimated from each muscle’s maximum force
been modelled. Although horizontal thyroid motion is impor- capability. In particular, a value gf equal to 25% of maxi-
tant aCOUStica”)(Hondaet al., 1994, its amplitude is small. mum muscle force has been foufﬂbe Gribbleet aL’ 1997
It has been omitted since the primary focus here is on biofor detailg to be consistent with the static stiffness observed
mechanics rather than acoustics. in the human arm. Here is a form parameter, related to the
MN recruitment gradient, and is assumed to be equal for all
muscles(see Laboissie et al, 1996. The exponential rela-
tionship between force and muscle length is consistent with
The\ model assumes that neural control signals produc¢he size principle(Hennemanet al, 1969, that is, as the
voluntary movement by acting on motoneurgidN) mem-  difference between the actual and threshold muscle length
brane potentials. The effect at the level of the muscle is tancreases, progressively larger motor units are recruited and

B. Jaw, hyoid bone, and larynx

C. Muscle properties and neural control

change the threshold muscle lengiy at whicha MN re-  larger increments in force are obtained.

cruitment begins(Feldmanet al, 1990. By changing the We also included in the modésee Fig. 2 for a sche-
values of\’s over time, the musculoskeletal system may bematic diagram the dependence of muscle force on muscle
caused to move to a new equilibrium position. lengthening or shortening velocifyjoyce and Rack, 1969
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FIG. 2. Block diagram of the muscle modglee text for details

rate of change _|
of length

the graded development of force over tirfiéuxley, 1957,
and the passive elastic stiffness of mugéieldman and Or-
lovsky, 1972; see Laboissie et al. (1996 for details. The
force—velocity relation was modeled with a sigmoidal func-FIG. 3. The geometric arrangement of tongue muscles. Top, from left to
tion (Laboissiee et al, 1996 which was obtained by fitting right: genioglossu$GG, 5 macro-fibefs hyoglossugHG, 3 macro-fibers
data for cat soleus muscle. Separate parameter estimaf@y09/0ssus(SG, 2 macro-fibejs Bottom: mylohyoid (MH, 4 macro-

. ’ . 1ibers, superior(SL, 6 macro-fibersand inferior(IL, 2 macro-fiber$ lon-
were obtained for tongue muscles and for other Orofa}m itudinalis, verticaliS VE, 3 macro-fibers Thick lines represent the macro-
muscles. The parameters were selected to match empiricaliers that were used to model each muscle.

reported force-velocity functions for fagtibialis) and slow

(soleus muscle, respectivelyWells, 1965. The gradual de- terygoid (SP and IP. The mylohyoid(MH) originates on
velopment of muscle force was modeled using a seconoﬁne jaw and inserts onto the tendinous median Taaftt on

order low pass filtering of active muscle fordd, The filter e hyoid bone. In the present model, we focused on its role
was critically damped and had a time constant of 15 m$p forming the tongue floor, and accordingly its attachments
which led to an asymptotic response to a step input in abou, the hyoid bone are not included. However, its effect on the
90 ms(Miller, 1991). Passive muscle stiffness was assumedyoid bone is taken into account by the finite element mod-

to vary with physiological cross-section area. eling of the tongue floor. In other words, despite the fact that
no connection is explicity modeled between MH and the
D. The muscle system hyoid, the model accounts correctly for the effect of MH

The muscles of the oral Cavity have a Comp|ex geometri.contraction, i.e., raiSing and prOtrUSion of the hyOld bone.
cal arrangement. The individual fibers within a muscle may  Additional muscles that act on the hyoid bone and lar-
have very different lines of action and their paths may beynx include a hyoid retractdiRE), which models the effects
curved. Thus, the directions of muscle action may not be@f the posterior belly of digastric and the stylohyoid, the
simply approximated as a straight line. thyrohyoid(TH), the sternohyoidSH), and the sternothyroid

In the present model, we have assumed that som&T). It should be noted that by modeling the larynx as a
muscles are made of a discrete number of “macro_fibers”pOint mass, the attachments of muscles to the |arynX had to
that are formed by division of a distributed muscle into abe restricted to this point. This results in some inaccuracy in
number of spatially segregated compartments. The numbéhe lines of action of TH and ST. The musculo-skeletal ge-
of compartments used for each muscle depends upon tHmetry of the model is depicted in Figs. 3 and 4.
shape of the muscle and in particular upon its directions of ~ Individual\’s are associated with each muscle and each
action. The geometric arrangement of each macro-fiber imacro-ﬁber in the model. The latter pOint requil’es comment.
approximated by a series of line Segments that connect tHaeIatively little is known about the neural Organization of
nodes of the tongue mesh or connect the tongue mesh to
specific points on the bony structures. Each macro-fiber i
treated as a single entity. Its length and velocity are define:
as the sum of the lengths and velocities of the individual
segments.

The geometrical arrangement of modeled muscles i
based on anatomical descriptiofMiyawaki, 1974; Dickson
and Maue-Dickson, 1982; McDevitt, 1988nd on previous
modeling work (Laboissee et al, 1996; Sanguinetet al,
1997. In the tongue model, we have included three extrinsic
muscles, genioglossy&G), hyoglossugHG), and styloglo-
ssus(SG), and three intrinsic muscles, superior longitudinalis
(SL), inferior longitudinalis (IL), and verticalis (VE).
Muscles acting on the jaw include a jaw opef®@P), which  FIG. 4. The geometric arrangement of jaw, hyoid, and laryngeal muscles.
models the effects of geniohyoid and the anterior belly ofteft: opener(OP, 2 macro-fibejsand retracto(RE). Middle: closer(CL),

; : ; : anterior(AT), and posteriofPT) temporalis, superiofSP and inferior(IP)
digastric, a jaw close(CL), which represents the effects of erygoid. Right: thyrohyoid(TH), sternohyoid(SH), and sternothyroid

. . . . pt
the mas§9ter and medial pterygmq, ante”_or a_nd pOSte”CFéT). Thick lines represent the macro-fibers that were used to model each
temporalis(AT and PT), and superior and inferior lateral muscle.
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TABLE I. The estimated muscle parameters.

Muscle CSA (mr) M3 (N) p (N) K, (N/m)
GenioglossusGG) 309 67.8 13.6 0
HyoglossusHG) 296 65.1 13.0 0
StyloglossugSG) 110 24.2 4.84 0
Mylohyoid (MH) 186 40.9 8.18 32.2
Superior longitudinaligSL) 65 14.3 2.86 0
Inferior longitudinalis(IL) 88 19.4 3.88 0
Verticalis (VE) 66 14.5 2.90 0
Jaw openefOP) 115 23.0 34.7
Jaw closerCL) 639 128 192
Retractor(RE) 86.3 17.6 23.1
Superior pterygoidSP 126 25.2 38.0
Inferior pterygoid(IP) 252 50.4 76.0
Anterior temporalig/AT) 362 72.6 109
Posterior temporali$PT) 197 39.4 59.4
Thyrohyoid (TH) 28.7 5.74 8.65
Sternohyoid(SH) 28.7 5.74 8.65
Sternothyroid(ST) 28.7 5.74 8.65

control signals in distributed muscle structures such as the How can such muscle synergies or basic motions be
tongue. There is some evidence in the context of empiricaldentified for the jaw—hyoid—tongue—larynx system? A first
electromyographic data of functional partitioning of the ge-possible criterion is that of independent motions. In the case
nioglossus muscl¢Baer et al, 1989 and some suggestion of jaw motion, the observation of a variety of different pat-
that the superior longitudinalis may not behave as a singléerns of coordination between jaw protrusion and rotation
muscle (Dickson and Maue-Dickson, 1982However, our has suggeste@Ostry and Munhall, 1994that in speech its
decision, in the present context to associate a sepanatth mechanical degrees of freedom can be controlled indepen-
each macro-fiber, arises as a compromise. Since the dimedently. Moreover, the data of Westbu(¥988 suggest that
sionality of control to individual muscles is essentially un-the observed patterns of motion of the hyoid bone are largely
known, by providing individual’s to each macro-fiber we uncorrelated with jaw movements. On the other hand, simu-
are able to analyze the dimensionality of control on the basitation studiegHondaet al., 1994 have demonstrated a close
of the patterns of covariation ofs which arise in fitting the mechanical coupling between the hyoid bone, the larynx and
tongue model to the x-ray data basee Sec. Il for details  the tongue. These findings suggest that, although the hyoid—
The maximum forces for tongue musclegs,?, have larynx system and the jaw are not mechanically independent,
been determined from estimates of their cross-sectional aretisese structures are controlled by different muscle synergies.
on the basis of anatomic atlases®e Sanguinegt al, 1997 A second criterion is that of independent muscle groups.
for detailg, and by assuming a maximum specific tension ofOhman (1967 and Perkell(1969 have suggested that the
22 N/mnt, reported in Wilhelms-Tricaric61995 for the ge-  tongue system consists of a number of separately controlled
niohyoid muscle. In the case of jaw and hyoid muscles, thenuscle groups. In particular, it appears that the tongue tip
values of maximum force and passive stiffnéss, reported  can move independently of the tongue body. However, un-

by Laboissiee et al. (1996 were usedsee Table)l like jaw movements, there is re priori basis for the iden-
tification of functional degrees of freedom of tongue motions
E. Organization of control signals (Maeda, 1990; Sanguinegt al, 1997.

A number of additional assumptions may be made con- Our approach to this identification problem is essentially

. o ; L data driven, as will be described in Sec. Il. Central com-
cerning the organization of control signals to individual

muscles. The. model proposes that central control variablesmands("e" synergies of muscla’s) are inferred from an

. . " pirical data set using a humerical optimization technique
can be interpreted as geometric quantities, namely, threShoeF%{rPd a factor analysis. The obtained results reflect the vari-

muscle lengths. In the case of multiple muscle systems, beaibility of vocal tract configurations present in the corpus
cause of their springlike behavior, the setXd$ associated '
with individual muscles(or muscle compartmentspecify

an equilibrium configuration for the system. This does not
mean that the individuak’s are independently controlled. In this section, we focus on the organization of control
Indeed, control is presumably organized into a relativelyand its relation to the mechanical properties of the system
small number of different combinations ®fchanges, which and the anatomical arrangement of muscles. In Sec. Il A, we
we will refer to as “commands.” Commands in effect define identify the basic motions of the system and their associated
muscle synergies that correspond to elementary or primitiveommands. In Sec. Il B, we examine the related issue of
motor behaviors. All possible movements may result fromwhether the individual compartments of the spatially distrib-
the combination of these basic motions. uted muscles of the tongue are independently controlled. In

Il. RESULTS
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Sec. Il C, we explore the extent to which summation applies  The procedure resulted in a setXd§ that can be inter-
to the system’s basic motions. Finally, in Sec. Il D we preted as the representation, in the space of muscle control
present simulations of the dynamic behavior of the system isignals, of the variety of configurations that the system can
response to simple rhythmic commands that act on indiassume during speech movements.
vidual articulators. These results provide initial predictions =~ Commands associated with the motion of individual ar-
concerning the dynamic behavior of the tongue/jaw systemticulators were derived from the above set of muscieby
means of a two-step factor analyfsee Maed41990 for a
similar approach First, the contributions of jaw rotation,
Based on empirical evidence which shows that the bejaw protrusion, and larynx elevation to musals were de-
havior of orofacial structures may each be characterized by gved by linear regression. This step was motivated by em-
small number of independent motiortsee Sec. Il E we  pirical observations which suggest that the nervous system
have used the Strasbourg x-ray data @tthorel etal,  controls jaw and larynx motion in terms of their mechanical
1986 in conjunction with our model to identify these basic degrees of freedontOstry and Munhall, 1994; Laboisse
motions, and to infer the mapping between their associategt al, 1996. In total, 15.8% of variance in the set of muscle
commands and the control signals to individual muscles. )'s (derived from the x-ray data baseas attributable to the
Consistent with expe(imental evidence and with relatednotion of the jaw and larynx.
simulation studie$Laboissiee et al,, 1996; Sanguinett al., The contributions of tongue motion to musales were
1997, each of these motions can be represented as a diffefterived by carrying out a principal components analysis in
ent combination of changes to musals. One combination  the subspace of musclés that were not correlated with jaw
of N's results in an increase of the global stiffness of thegng |arynx motions. In fact, principal component\ispace
system, without accompanying motion. define a number of muscle groups that act independently and
We will show that systematic sources of variation in thepaye orthogonal directions of actiofSanguineti et al,
x-ray data can be accounted for with six independent com1997 . This is a property of the geometric arrangement of
mands, each corresponding to a direction of articulator mogyngue muscles that is implied in the conjectd@hman,
tion, or more specifically, to a linear combination of control 1957: perkell, 196pthat tongue motions are determined by a
signals to individual muscle@’s). There are two commands gma|| number of independently controlled components, or
for the jaw corresponding to sagittal plane jaw rotation andyticylators.
jaw protrusion, one command controlling larynx height, and  gach of the factors or regression coefficients described
three comman@s for the tongue correspond.ing to forward ?”Qbove is a vector specifying a direction of changa space.
backward motion of the tongue body, arching and flatteningrne application of the vector corresponds to a shift of the

of the tongue dorsum, and motion of the tongue tip. _equilibrium configuration of the system. Movements of dif-

The Strasbourg data base consists of 519 frames of Miggrent amplitude can be obtained by varying the magnitude
sagittal plane x-ray images of a single female speékeb- ¢ tha vector. This vector thus defines a “command” for the
ject number 3, PBduring the continuous production of ten system.

short sentences, pronounced in a normal-to-fast rate. The g ¢a0t0r analysis led to the identification of three com-
sentences fwere cnosehn to be Ir_epr$sentat|ve ]?f the phonefig, s for tongue motion: tongue dorsum arching/flattening,
varlatl_on of French. T € sampling frequency Tor x-ray Im- ngue tip raising/lowering, and tongue body front/back. The
ages is 50 Hz. The midsagittal tongue contours and those (?gngue movement commands accounted for 40.5% of the

the bony structures were estimated by hand tracing from th?otal variance in the set of musciés derived from the x-ray

x—ra)'/: Iateralhwews._ trained optimizati data. Note that while the tongue, jaw, and laryngeal com-
or €ach x-ray image, we ran a constrained optimization,, s taken together account for only 57% of the total vari-

procedure, in order to determine the set of individual muscle, | .. i\ space, the residual factors have almost no observ-

A's and the corresponding model configuration. The CONple effects on the posture or configuration of the system.

strlalnts .‘I’_Vbe'fe the redqij;]retn;r?nts tzat the ?zstem be mdme(;htz;\]m- In addition to the commands which result in tongue, jaw,
'::(?n el?éjlrw;er;l;ln?;’a agn thsemeirr;c(:)alleso(:)nser\?egagﬁr jcla (e:o(;tour nd larynx motion, a command controlling the global level
9 Y P y 9 f muscle cocontraction could be defined. The cocontraction

The observed positions and orientations of jaw, hyoid, an Lommand was determined by finding, in the space of the
larynx were also extracted from the x-ray image, thus deter-__. | factorgthe factors not alread i'ncluded in the set of
mining the positions of the associated model articulators.reSIdua ac y Incl
The criterion to be minimized was the level of cocontraction,JaW’ tongue, an_d Iarynx commar)da dl_rectlon of\ change
which was defined as the squared distance between actuva\{P'Ch resulted in an increase in fo'rce in each of the mode_led
muscle lengths ana’s: muscles. By chang!ng the magnltqde of the cpcontractlon
' command, global stiffness may be increased without move-
ment.
C(QN=[I(Q)—A]"-[I(Q)—Al, ©) Figure 5 shows the effects of the above commands. Each
panel shows three tracings corresponding to the effects of a
whereQ is the system configuratioisee the Appendjx The  single command on the configuration of the system. All pan-
guantities(Q) and\ are, respectively, the vectors of lengths els show a neutral configuratidnorresponding to the statis-
and \'s for each of the muscles and macro-fibers in thetical mean of all\’s) plus two additional tracings represent-

model. ing =4 times the standard deviation of the factor associated

A. Determination of independent commands
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in this fashion are primarily dependent upon the geometrical
arrangement of muscles and not upon the cost function used
to do the optimization. This was shown by repeating the
procedure using a different cost function. One cost function,
shown in Eq.(3), determines the set of's which minimize

the average squared distances between actual muscle lengths
and\’s. A second cost function determing%s which mini-

mize the average squared muscle forg®rmalized for
muscle cross-sectional ajedVhile both cost functions can

be interpreted as measures of cocontraction, they are not lin-
early related and therefore they should yield different values
of the optimal\’s.

Differences between the resulting commands and their
effects were assessed quantitatively by computing the angles
between each of the six tongue, jaw, and larynx commands,
obtained by using the two different cost functions. The
angles ranged from 14 to 42 deg, with an average 29.5 deg
(in the space of\ changes Moreover, the commands de-
rived with the second cost function resulted in vocal tract
configurations that were comparable to those shown in Fig.
5. This was assessed quantitatively in terms of the positions
of three selected nodes on the tongue surface, naffreln
anterior to posterigrtongue tip(TT), tongue blad€TB), and
tongue dorsum{TD) (see also Sec. Il C The directions of

FIG. 5. Effect of individual commands on vocal tract configuration. Top, mation of these points as a result of the application of each
from left to right: jaw protrusion, jaw rotation. Middle: larynx height,

tongue dorsum. Bottom: tongue tip, tongue body. Arrows indicate the moof the Command:éranging from—4 to 4 as_in Fig. bwere
tion of each structure; arrow lengths reflect actual movement magnitudecompared for the two different cost functions. The average
The penetration of the palate in the lower right-hand panel is a consequenegngle between the directions of motion was found to be 18
of modeling contacts with elastic forces. deg

In summary, the musclk’s for tongue, jaw, hyoid, and
rynx muscles were derived by fitting the model to the
trasbourg x-ray data base. Commands corresponding to ba-

The top two panels of Fig. 5 show the results of the jawSiC motions of the tongue, jaw, and larynx were obtained

commands. The protrusion command produces, in additioHSing factor analysis. The commands are associated with

to jaw protrusion and retraction, small but noticeable_m""X'm""IIy independent sources dfvariation and may be

changes in tongue elevatidm particular during retraction mterpr_eted as Corresponding to the muscle synergies which
but little movement of the hyoid bone. The command forjawunderlle motions of this system.
rotation affects both jaw orientation and tongue position.
Both lowering and raising appear to have an active effect orﬁS
tongue postures. In both cases greater movements of the No direct empirical evidence exists on which to identify
tongue blade are observed than would be expected if thihe organization of control signals to spatially distributed
tongue simply moved passively with the jaw. Such a synermuscles. In the present section, we attempt to infer this or-
gistic action of jaw and tongue—when the jaw opens, theganization in the context of the tongue on the basis of pattern
tongue is actively lowered—can be observed in this particuef variation of tongue musclg’s.
lar x-ray data set, and is therefore reflected in our factor = The spatially distributed nature of tongue muscles was
analysis. represented by a number of macro-fibers which were treated
The middle panel of Fig. Jleft-hand sid¢ shows the as if they were independently controlled. This leads to an
effect of the larynx height command. Changes in larynxincrease in the number of degrees of freedom of the tongue.
height are observed to affect hyoid vertical position but haveHowever, systematic patterns of correlation were found
little effect on hyoid orientation or upon the positions of the among the set oh’s for the macro-fibers associated with
jaw and tongue. individual muscles. To assess the dependence amongghe
The three tongue commands affect the tongue and hyoidf the macro-fibers of each muscle, we carried out, for each
and, in one case, the elevation of the larynx. The tonguenuscle separately, a principal components analysis on the set
dorsum command produces arching and flattening of thef \'s associated with all macro-fibers for that mus@ier
tongue, the tongue tip commands produce raising and lowethe entire data sgtFigure 6 gives the cumulated proportion
ing of the tip with almost no effect on the posterior profile of of variance accounted for by the principal components of
the tongue, and the tongue body command advances am@ch muscle. The figure shows that 75% or more of the vari-
retracts the tongue. ance in\’s in extrinsic tongue muscles can be accounted for
It should be noted that the set of the commands derivethy two factors for genioglossus, one each for styloglossus

with that command. These outer tracings are the extrem
positions for each command.

. Functional independence of muscle compartments
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100 100

The top two panels show the jaw protrusion and jaw
rotation commands, the middle panels are for larynx height
and for the tongue dorsum command, and the bottom panels
give the tongue tip and tongue body commands. The critical
aspect of each figure is the behavior of the node most closely
associated with a particular command. Hence, with the ex-
ception of the larynx command which results in little move-
ment of the tongue and jaw, each of the other commands
produces movements of its associated node that change little
in direction as a result of changes in the configuration of the

100 tongue and jaw.
50 We have assessed the extent to which the individual
IL commandgexcept for the larynx commangroduce move-
0 ments of comparable direction in their associated nghié

for jaw commands, TD for tongue dorsum, TT for tongue tip,

10 TB for tongue bodywhen initiated from different vocal tract
50 op configurations. For each of the tongue and jaw commands,
the standard deviation of the direction of hode movements,
0 shown in Fig. 7, was computed about their respective popu-

4 1 2 . . L
123 > 0 ENT lation means. The resulting standard deviations of command
PRINCIPAL COMPONENTS directions with changes in vocal tract configuration were
protrusion command, 3 deg, jaw rotation command 0.8 deg,
FIG. 6. Cumulative percentage of variance accounted for by the principa i
components associated with the macro-fibers of each tongue nidSeteof {Ongue dorsum command, 6.5 deg, tongue tip command, 1.9

total variance is shown with solid lingsSee text for muscle labels. deg, and topgqe body Comm'and 3'8_ deg. .
These findings are consistent with the idea that the ef-

_ ~_ fects of different commands are additive, in terms of posi-
and hyoglossus and two for mylohyoid. For the intrinsicjoning of points on the tongue surface inside the oral cavity.
tongue muscles, two factors are required for verticalis angjnce a given command has essentially the same effect in
inferior longitudinalis and three for superior longitudinalis. tarms of postural change for any workspace configuration,
One factor is sufficient to account for control signals to theinis means that a postural change which results from a com-
jaw opener muscleganterior digastric and geniohydid pination of the above commands can be interpreted as the

Thus, the analysis suggests that control signals to the spgpmbination of the changes elicited by the individual com-
tially distributed fibers which comprise each of the musclesygngs.

of the tongue may themselves be grouped into a small num-
ber of independent commands.

50 50

100 100

50 50

100

50

100

CUMULATIVE PERCENTAGE OF VARIANCE

50

&N

C. Additivity of commands

o

%

Articulatory models sometimes assume that the effects
of commands are additivéor example, Maeda, 1990How-
ever, it is unclear whether this assumption holds in systems
that have complex geometry and mechanics.

In the case of the present model, predicted changes to
articulator positions resulting from the commands derived
above were found to be largely independent of the initial
vocal tract configuration. That is, when a given command
was applied at different initial vocal tract configurations,
similar changes in configuration were produced.

System behavior was characterized in terms of the posi-
tions of three selected nodes on the tongue surface, namely
tongue tip (TT), tongue blade(TB), and tongue dorsum
(TD), and of the tip of the mandibular incisoiMN).
Changes of their positions were assessed as a result of the
application of each of the commands. The procedure was
repeated for a wide range of initial vocal tract configurations.

Figure 7 shows, for each command, the displacement of!IG. 7. Effect of each individual command in different initial configura-
nodes as arrows connecting the initial to final positions. | ions. Top, from left to right: jayv protrus?on, jaw rotation. Middle: larynx

. height, tongue dorsum. Bottom: tongue tip, tongue body. In each panel, the
some cases, the arrows overlap and thus the number of lin@&piacement of selected nodésom left to right, MN, TT, TB, and TD is
may appear to differ. represented by arrows connecting their initial and final positions.

\

wﬁ
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&
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D. Dynamics of articulators l\;/;\-/'\; "z

Aspects of the dynamic behavior of the system have
been assessed by examining simulated movements which re-
sult from simple periodic commands. Simulations were car-
ried out for each of the jaw, larynx, and tongue commands
individually. The tests used cyclistepwise linegrcontrol
signals at different frequenciésamely, 1, 3, and 5 Hzand,
to test system nonlinearity, at different amplitudeso and
three times the standard deviation; see Fig.The simula- ST Ty Tex By TDx Ty
tions were repeated at different levels of cocontraction: 0%,

i i 0 -
l.e., no cocontraction, and 2564 level of 100% correspond FIG. 9. Averaged phase lags observed in motions of jaw and tongue nodes,

ing to the_ Situatioln in which at least oné of the muscles hagyring jaw rotationttop) and tongue bodybottom) movements. Continuous
reached its maximum force capabilityThe above com- lines represent absolute motions, dashed lit@s panel indicate motion of

mands and levels of cocontraction are assumed to be repr@.ﬂgue nodes relative to the jaw. Error bars reflect variability across com-

. . . - _mand amplitudes and levels of cocontraction. The three families of lines
sentative of the Worklng conditions of the system durlngcorresponc:l to the three different command frequencies; from top to bottom,

speech. 1, 3, and 5 Hz.
System behavior was characterized in terms of the time-

varying trajectories of MN, TT, TB, and TD. For both the  ponents to the overall tongue motion can be assessed by
and Y coordinates of these nodes, we estimated amplitudestimating the motion of each tongue node with respect to
and phase lag of the fundamental Fourier compokemtre-  the jaw, and its corresponding phase lag. The phase lag of
sponding to the frequency of the commanskee Fig. 8. In  this “fast” component of tongue motion is comparable to
the case of jaw rotation and protrusion, tongue motion can béhose observed in pure tongue movements.
decomposed into a “passive” component due to jaw move-  The simulations also show that, regardless of the par-
ment, and an “active” tongue deformation. In this situation, ticular command, horizontal tongue movements tend to be
the estimation procedure was carried out for tongue movefaster than the vertical ones. This effect can be observed in
ments relative to the jaw. Fig. 9 (bottom), which shows movements resulting from the

This procedure allows us not only to assess the generddngue body command. The pattern observed here may be
dynamic behavior of the system, but also to identify differ-due to mechanics of muscular hydrostats, for which move-
ences in the dynamics of individual structufesg., jaw and ments along the main dimensidthe long axi$ are larger
tongue, i.e., bony and soft structureand also of different and faster than the transverse on&hiel etal, 1992.
portions of the tongue. It may be predicted, for instance, tha€hanges in the level of cocontraction result in small but
the tongue can move faster than the jaw due to its smallepbservable modifications of the phase lags of the observed
mass, and also to the larger proportions of “fast” fiber typesmovements. Figure 10 shows this effect in the typical case of
that are found in tongue muscles. Figure 9 summarizes thi@w rotation. In particular, it can be observed that increases
phenomena observed in the simulations, averaged acro#s the level of cocontraction result in a smaller phase lag,
command amplitudes and levels of cocontraction. As exthus suggesting a decrease in the apparent “damping” of the
pected, in jaw rotation movements the vertical motion of MNSystem. This is consistent with the notion that cocontraction
displays a phase lag that is much larger than that observed ontrols the stiffness of the entire system.
tongue nodes; see Fig.(fp).

The vertical motion of tongue nodes results from thelll- PISCUSSION
combined effect of a “slow” component, due to jaw rota- We have presented a physiological model of the motions
tion, and a “fast” component, due to active tongue lowering.of the tongue, jaw, larynx, and hyoid bone, based onXhe
The relative contributions of these “slow” and “fast” com- version of the equilibrium point hypothesis.

|
I
3

Phase [rad]
I
« w
& &
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Maeda and Hondé1994), the effects arise in different ways.

e 7 Whereas in previous work functional subdivisions in tongue
§ 0 motion have been associated with disjoint subsets of tongue
S_| muscles(Maeda and Honda, 1994; Perkell, 1968 the
0 0.05 o3 015 02 025 o3 present model, the control signals to all tongue muscles con-
0.1651 -~ C=0% tribute to the production of each of the basic motigakso
 017f see Smith, 1992
%0»175' Moreover, consistent with previous findings, our corre-
) lation analyses suggest that the tongue muscles which con-
0185 005 o1 o1 o0z 0z 03 tribute to these synergies may not act as unitary structures.
0.1851 Thus, we have been able to observe a functional subdivision,
— 017

based on groupings of change, of genioglossus and mylo-

hoid, each of which contributes to tongue movements in two

‘ . . . . . different ways. It should be noted, however, that the subdi-

0 005 01 018 ot 2 0.25 03 visions observed in the pattern of control signals to tongue
muscles does not appear to have direct parallels to anatomi-

FIG. 10. Effect of cocontraction on vertical motion of mandibular incisor cal subdivisiondsee, for example, Baet al, 1988.

and tongue tip, in the case of jaw rotation commands of amplitude 3 S.D. A pgrticularly interesltir.‘g and indeed SomeWhat surpris-
and frequency of 3 Hz. ing finding was that individual tongue and jaw command

changes result in similar changes in tongue and jaw position
Using empirical x-ray data in conjunction with the regardless of the initial configuration of the system. The re-
model, we have shown that the motions of these articulatorgult is surprising since with changes to vocal tract configu-
can be accounted for by a small number of independent confations, the distribution of forces associated with commands
mands in\ space. For the jaw and larynx, we identified defined in terms ok shifts might have varied considerably
commands that are related to the mechanical degrees of fredd led to significant variation in the resulting movements.
dom of these articulators. For the tongue, the commands cof-he observed invariance in the effects of these commands
respond to different combinations of control signals to indi-Presumably occurs as a result of compensations which arise
vidual muscles which produce maximally independentat the geometrical level. A consequence of invariance is that
motions. We have shown that these commands have essdhpermits an exceedingly simple organization of commands
tially similar effects regardless of the vocal tract configura-(hamely, an additive modeln which computations are un-
tion and therefore any movement can be expressed as tfigeded to account for changes in workspace geontesry
composition of such independent commands or basic mddoissige et al, 1996; Ostryet al, 1998.
tions. Few models of orofacial motion have explicitly included
The idea that control is organized in terms of coordi-dynamics—see Laboissieet al. (1996 for the jaw—hyoid
nated commands or muscle synergies derives in part froraystem, and Wilhelms-Tricaricdl 999 and Payan and Per-
observations that, in the jaw, independent motions may bger (1997 for the tongue. Those which have assume that the
produced in the jaw’s mechanical degrees of freed@stry  individual structures are mechanically independent. In the
and Munhall, 1994; Ostrgt al, 1997a. Data on tongue mo- present paper, we show that consideration of the dynamic
tions are also consistent with the idea that muscles act syrnteraction of vocal tract bony and soft structures is needed
ergistically to produce the basic or elementary vocal tracto correctly account for orofacial dynamics. Failure to ac-
motions. man (1967, for example, suggested that there count for these structures results in a model which does not
was independent motion of different parts of the tongue deaccount for forces acting on the tongue and as a result leads
pending on phonetic context. Harshmahal. (1977 and to incorrect predictions of tongue movements and achieved
Maeda (1990 have shown that tongue shapes and tongudongue positions in behaviors such as speech. Thus, the jaw
motions can be partitioned into statistically independenis not simply a moving frame of reference for the tongue but
components. jaw motion imparts force to the tongue which changes its
Accordingly, in the context of the model, we explored ashape. In the case of the larynx, changes in tongue shape
hypothesis of organization of control signals that is based ohave been shown to be capable of producing changes in pitch
the following assumptions(i) for the jaw, rotation and due to the mechanical coupling of the tongue and the larynx
protrusion/retraction movements are separately controlledHondaet al, 1994.
(i) vertical motions of the larynx—hyoid complex can be The “simplicity” of the central commands that the ner-
carried out independently of jaw movemerntig;) the tongue vous system must provide is a major problem in understand-
can move independently of the bony parts; &gl the basic  ing how speech production is planned. In the case of human
motions of the tongue reflect the geometric arrangement cdirm movements, it has been suggestgdbble et al,, 1997
tongue muscles. that muscle viscoelastic properties and the peripheral neural
In particular, consistent with related approactidaeda, circuitry have a built-in capability to “compensate” for dy-
1990, we have found that tongue movements can be acramic effects such as inertia and Coriolis/centrifugal forces,
counted for by three independent commands. While the efa feature that is captured by themodel. Such a compensa-
fects of the commands are similar to those reported byory ability of muscles and reflexes suggests that the nervous

‘=0.175}F

0.18f

0.185
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system may not need precise information about the dynamigsletely different temporal structure, and synchrony of move-
of the body and of the external world in order to plan move-ments could emerge as the result of mechanical interactions.
ments. Hence, “central” control commands may belt must be noted, however, that these and other hypotheses
“simple” in the sense that they only need to account for thecan only be addressed by interpreting empirical observations
kinematic aspects of the desired movement. by means of a realistic physiological model that accounts for

In the neural control of speech production, this featurethe mechanical interaction among the different structures.
would be particularly desirable because of the mechanical
complexity of the system and of the pgrformance require- ~ NOWLEDGMENTS
ments of speech movemer(speed, precision, need for an
accurate synchronization of motions of different articula- This research was supported by National Institutes of
tors). However, the differences in jaw and tongue dynamicsHealth Grant No. DC-00594 from the National Institute on
which emerge from our simulations, appear to challenge th®eafness and Other Communication Disorders—USA,
hypothesis of command “simplicity,” in particular with re- NSERC—Canada, FCAR—Qhec, and by a postdoctoral
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In fact, orofacial movements in speech must satisfy preauthors thank the Institut de Phonetique de Strasbdi®
cise timing constraints. For instance, what makes voiced anfbr providing the data set, and Arturo Galvan for the port of
voiceless stops perceptually distinguishable is the differenctéhe data to MATLAB. We are also indebted to the reviewers
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havior, such a synchronization can only be achieved at the
planning level, by means of some form of prediction of Sys-, o oe\ 5. DERIVATION OF THE EQUATIONS OF
tem dynamics. For instance, it has been sugge@®edrier MOTION
et al, 1996 that the amplitude of equilibrium shifts for the
different commands may be varied to maintain the basic tem- The dynamic behavior of the whole system is com-
poral synchrony of movement. More specifically, the com-pletely specified by its global kinetic and potential energy
mands related with slower structures may overshoot the spddnction.
tial endpoint of the movement. Or, the different structures  In the case of the jaw, kinetic energy is given By
could well be controlled by commands that have a com—= %qJT Mj(qj)-qj, where

mj[l‘f'y,(XO)z] mJ[ly’(XO)R(aj—6’+77/2))A(GJ]
M;(a;)= / _ " (AL)
|
is the matrix of inertia of the jawn; andl; are, respectively, As regards the tongue, kinetic energyTis=1/2d,fu’"

jaw mass and its moment of inertial with respect to the centeru dV, whereu is the deformation field and, is tongue
of the condyle, Whereaist is the position of the center of density, assumed uniform; potential energyMs=1/2f o’
mass relative to the center of the condylds jaw orienta- - & dV—d,g"- fu dV, whereo and & are, respectively, the
tion at occlusion(constant, estimated from the x-ray data stress and the strain fieldgis the constant gravity accelera-
andy’ (Xo) =dy(x)/dX|,. tion.

The matrix R(«) represents a rotation of an angie Strain is the gradient of the deformation field, i.e.,
The only contribution to potential energy is that of gravity

and, therefore, supposing that gravity is directed vertically: i i 0 i
X
Vj=m;g[Xo cos 0+Y(Xp) sin 6+ §<Gj 003a1+§/Gj sin a;], p
whereXg; andyg; are the components of; . e=| 0 ay u. (A3)
In the case of the hyoid bone, kinetic energy is defined PR
asTp= 2G5 - M- @, where the matrix of inertia, diagonal, is - =
L X dy]
m, 0 O
M=o m o0 A2 Stress is related to strain through the Hooke’s law that, in the
h— h ' (A2) case of the plane strain hypothesis, is defined as
0 0 I
. L 1-v 4 0
whereas the potential energy is given Wy=m,gVygh- E
Finally, the kinetic and potential energy functions for the o= Arv)(1-2v) v 1-w 0 E.
larynx are simply expressed, respectively, *t'),y:1/2m,y|2 0 0 (1-2v)/2
andV,=mgy, . (A4)
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M=o ol g o |FTTQMIQ
0 0 0 m
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J(Q=|0 Jap 0 0], (AB)
0 0 Jn(gn) O

where | is an unit matrix,J;(q;) =dx;/dq;, and Jn(qp)
=dX,/dqy . Similarly, the “global” potential energy can be
rewritten asv=V(Q).

Feldman, A. G., Adamovich, S. V., Ostry, D. J., and Flanagan, §1$Q0.
“The origins of electromyograms—Explanations based on the equilibrium
point hypothesis,” inMultiple Muscle Systems—Biomechanics and Move-
ment Organizationedited by J. M. Winters and S. L.-Y. Wd&pringer-
Verlag, New YorK.

Gribble, P. L., Ostry, D. J., Sanguineti, V., and Laboissji®.(1998. “Are
complex computations required for the control of arm movement?,” J.
Neurophysiol.(in press.

Harshman, R., Ladefoged, P., and Goldstein(1977). “Factor analysis of
tongue shapes,” J. Acoust. Soc. ABR, 693—-707.

Hashimoto, K., and Suga, $1986. “Estimation of the muscular tensions
of the human tongue by using a three-dimensional model of the tongue,”
J. Acoust. Soc. JprE) 7(1), 39-46.

Henneman, E., Somjen, G., and Carpenter, D(1965. “Functional sig-
nificance of cell size in spinal motoneurons,” J. Neurophys?&. 560—
580.

Honda, K., Hirai, H., and Dang, J1994. “A physiological model of
speech production and the implication of tongue-larynx interaction, in
International Congress on Spoken Language Processfogfohama, pp.
175-178.

Huxley, A. F.(1957. “Muscle structure and theories of contraction,” Prog.
Biophys. ChemZz, 255-318.

Joyce, G. C., and Rack, P. M. 1969. “Isotonic lengthening and short-
ening movements of cat soleus muscle,” J. Physiobndon 204, 475-
491.

Kiritani, S., Miyawaki, K., and Fujimura, O(1976. “A computational
model of the tongue,” Res. Instit. Logoped. Phoniatr. Annu. B0,

It is now possible to derive the global equation of mo- 243-252.
tion for the jaw—hyoid—tongue—larynx system, which hasLaboissiee, R., Ostry, D. J., and Feldman, A. @996. “Control of multi-

the form

M(Q)-Q+C(Q.Q)-Q=G(Q)+J(QT-f(lN), (A7)
where

Cij(QrQ):EkaMij 19Qy- Q— 1125, M kj/9Qi- Qx

defines a velocity-dependent interaction term, ahndQ)

muscle systems: Human jaw and hyoid movements,” Biol. Cybe#(8),
373-384.

Lamarre, Y., and Lund, J. R1975. “Load compensation in human mas-
seter muscles,” J. PhysiolLondon) 253 31-35.

Lee, Y., Terzopoulos, D., and Waters, K.995. “Realistic modeling for
facial animation,” in Computer Graphics Proceedings, Annual Confer-
ence Seriespp. 55-62.

Maeda, S.(1990. “Compensatory articulation during speech: evidence
from the analysis and synthesis of vocal-tract shapes using an articulatory
model,” in Speech Production and Speech Modelliegited by W. J.

=4l/9Q is the Jacobian of the transformation between the Hardcastle and A. March@Kluwer Academic, Dordrecht pp. 131-149.

configurationQ and the vectol=1(Q) of muscle lengths.
The termG(Q) = —dV/dQ accounts for gravity and for the
passive elastic properties of the tongue, whefgékl, \) is
the vector of muscle forces.

The above equation completely describes the forwarg,

Maeda, S., and Honda, K1994. “From EMG to formant patterns of
vowels: The implication of vowel spaces,” Phonetis&1-3), 17-29.

McDevitt, W. E. (1989. Functional Anatomy of the Masticatory System
(Wright, London, UK.

Miller, A. (199]). Craniomandibular Muscles: Their Role in Function and

Form (CRC, Boca Raton, FL

iyawaki, K. (1974. “A study on the musculature of the human tongue.”

dynamics of the whole system, relating the forces generatedannu. Bull. Res. Instit. Logoped. Phoniatr., Univ. Tok§p23-50.
by muscles to motion generated in the mechanical degrees ofiiller, E. M., Milenkovic, P. H., and MacLeod, G. E1984. “Perioral
freedom of the system. The equation was numerically inte- tissue mechanics during speech production,"Proceedings of the Sec-

grated by using Gear's algorlthm for stiff systems. Jaw, hy,_ edited by C. DeLisi and J. Eisenfe{tllorth-Holland, Amsterdam

ond IMAC International Symposium on Biomedical Systems Modeling

oid, larynx, and tongue motions were therefore obtained Sitohman, s. E. G(1967. “Numerical model of coarticulation,” J. Acoust.

multaneously.

1626 J. Acoust. Soc. Am., Vol. 103, No. 3, March 1998

Sanguineti et al.: Biomechanical model for speech production

Soc. Am.41, 310-320.

1626



Ostry, D. J., and Munhall, K. G(1994. “Control of jaw orientation and (1980. “Cephalometric analysis of dentofacial normals,” Am. J. Orthod.
position in mastication and speech,” J. Neurophysidl. 1515-1532. 78(4), 404-420.

Ostry, D., Gribble, P., and Gracco, ¥1996. “Coarticulation of jaw move- Schwarz, H. R(1984. Finite Element Method§Academic, Londoh
ments in speech production: Is context sensitivity in speech kinematicSmith, A.(1992. “The Control of Orofacial Movements in Speech,” Crit.
centrally planned?,” J. Neuroscl6(4), 1570-1579. Rev. Oral Biol. Med.3(3), 233-267.

Ostry, D. J., Vatikiotis-Bateson, E., and Gribble, P.(L9973. An exami- Terzopoulos, D., and Waters, KL990. “Physically-based facial modeling,
nation of the degrees of freedom of human jaw motion in speech and analysis and animation,” J. Visual Comput. Animét.73-80.

mastication, J. Speech Lang. Hear. R&X6), 1341-1352. Throckmorton, G. S., and Throckmorton, L. @9853. “Quantitative cal-
Ostry, D. J., Gribble, P. L., Levin, M. F., and Feldman, A. @G997b. culations of temporomandibular joint reaction forces—I. The importance
“Phasic and tonic stretch reflexes in muscles with few muscle spindles: of the magnitude of the jaw muscle forces,” J. BiometB, 445-451.
Human jaw opener muscles,” Exp. Brain R446(2), 299—-308. Throckmorton, G. S., and Throckmorton, L. @985b. “Quantitative cal-
Otten, E.(1987. “A myocybernetic model of the jaw system of the rat,” J.  culations of temporomandibular joint reaction forces—II. The importance
Neurosci. Meth21, 287-302. of the direction of the jaw muscle forces,” J. Biomed®8, 453-461.

Payan, Y., and Perrier, P1997. “Synthesis of V-V Sequences with a 2D Tsuji, T., Morasso, P. G., Goto, K., and Ito, K1995. “Human hand
Biomechanical Tongue Model Controlled by the Equilibrium Point Hy- impedance characteristics during arm posture,” Biol. Cyb&).475—

pothesis,” Speech Commufin press. 485.
Perkell, J(1969. Physiology of Speech Producti@dIT, Cambridge, MA. van Eijden, T. M. G., Klok, E. M., Weijs, W. A., and Koolstra, J. 1988.
Perkell, J.(1974. “A Physiologically-Oriented Model of Tongue Activity “Mechanical capabilities of the human jaw muscles studied with a math-
in Speech Production,” unpublished doctoral dissertation, Departement of ematical model,” Arch. Oral Biol33, 819-826.
Electrical Engineering, MIT. Wells, J. B.(1965. “Comparison of mechanical properties between slow
Perrier, P., Ostry, D. J., and LaboissieR.(1996. “The Equilibrium Point and fast mammalian muscles,” J. Physi@london 178 252-269.
Hypothesis and Its Application to Speech Motor Control,” J. SpeechWestbury, J. R.(1988. “Mandible and hyoid bone movements during
Hear. Res39, 365-378. speech,” J. Speech Hear. R&4, 405-416.
Sanguineti, V., Laboissie, R., and Payan, Y1997. “A control model of Wilhelms-Tricarico, R.(1995. “Physiological modeling of speech produc-
human tongue movements in speech,” Biol. Cybéfi(1), 11-22. tion: Methods for modelling of soft-tissue articulators,” J. Acoust. Soc.

Scheideman, G. B., Bell, W. H,, Legan, H. L., Finn, R. A., and Reisch, J. S. Am. 97, 3085-3098.

1627 J. Acoust. Soc. Am., Vol. 103, No. 3, March 1998 Sanguineti et al.: Biomechanical model for speech production 1627



