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Abstract

A model of the sagittal plane motion of the tongue,
jaw, hyoid bone and larynx is presented, based on the
� version of equilibrium point hypothesis. The focus
is on the organization of control signals underlying
vocal tract motions. A number of muscle synergies
or `basic motions' of the system are identi�ed. It is
shown that systematic sources of variation in a X-ray
data base of midsagittal vocal tract motions can be
accounted for with six independent commands, each
corresponding to a direction of articulator motion. It
is further shown that hyoid position and orientation
can be predicted from the application of other vo-
cal tract commands and need not be explicitly con-
trolled. The dynamics of individual commands are
also assessed. It is shown that the dynamic e�ects
are not neglectable in speech-like movements because
of the di�erent dynamic behavior of soft and bony
structures.

1. INTRODUCTION

Investigations of the physiology of speech production
have shown that the oral apparatus { the `plant' that
needs to be controlled by the nervous system to pro-
duce speech sounds { has an intricate structure that
involves a huge number of mechanical degrees of free-
dom, and a mechanical behavior that is complex and
often counter-intuitive. This suggests that the me-
chanics of vocal tract structures have to be taken
into account when investigating the neural control of
speech production.

The bony parts are relatively simple to character-
ize, but until recently [3] there have been no attempts
to understand empirically observed movements of the
jaw [6] by means of a dynamic model in which mus-
cle properties, re
exes and neural signals are repre-
sented. Moreover, the di�erent vocal tract structures
are known to interact mechanically [10] and therefore
must be considered as a whole. Attempts to investi-
gate these interactions are however still at a prelimi-
nary stage { see, for instance, the work of [2] on the
mechanical interaction between tongue and larynx.

In the case of the much better studied movements
of the arm, it has been suggested that the viscoelas-
tic properties of muscles and re
exes, in particular
the stretch re
ex, have a built-in capability to `com-
pensate' for the e�ects of inertia, dynamic interaction
forces, gravity. This would imply that muscle prop-
erties and the peripheral circuitry are important de-
terminants of the dynamic behavior of the body, and
therefore needs to be accounted for in formulating
a biomechanical model. Re
ex mechanisms are of-
ten neglected in biomechanical studies but have been
explicitly accounted for in our recent models of the
jaw-hyoid system [3] and tongue [8]. In the present
paper, we report initial simulation results of a sagittal
plane biomechanical model of the jaw, tongue, hyoid
and larynx systems, which accounts for dynamics at
a mechanical and a neuromuscular level.

2. METHODS

The tongue has been modelled by means of Finite El-
ements (FE) techniques; the bony structures (i.e. the
jaw and the hyoid bone) are approximated as rigid
bodies. Vertical movements of the larynx which is
represented as a point mass are modelled as well; see
Fig. 1. The modelled muscles include: genioglossus,
hyoglossus, styloglossus, superior and inferior longitu-

dinalis, verticalis, the jaw opener group (geniohyoid
+ anterior belly of digastric) and masseter, anterior
and posterior temporalis, superior and inferior heads
of lateral pterygoid, mylohyoid, the hyoid retractors
(stylohyoid + posterior belly of digastric), sternohy-
oid, sternothyroid, and thyrohyoid. The modelled dy-
namic behavior of muscles and re
exes is based on the
Equilibrium-Point (EP) hypothesis of motor control
{ �-model [1]; see Fig. 2.

The � model assumes that neural control signals
produce voluntary movement by acting on motoneu-
rone (MN) membrane potentials. The e�ect at the
level of the muscle is to change the threshold mus-
cle length (�) at which � MN recruitment begins [1].
By changing the values of �s over time, the muscu-
loskeletal system may be caused to move to a new
equilibrium position.



Figure 1: Biomechanical model of the oral cavity
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Figure 2: Block diagram of the muscle model

A number of additional assumptions may be made
concerning the organization of control signals. The �
model proposes that central control variables can be
interpreted as geometric quantities, namely, thresh-
old muscle lengths. In the case of multiple muscle
systems, because of their spring-like behavior, the set
of �s associated with individual muscles (or muscle
compartments) specify an equilibrium con�guration
for the system. This does not mean that the individ-
ual �s are independently controlled. Indeed, control is
presumably organized into a relatively small number
of di�erent combinations of � changes, or muscle syn-
ergies, each corresponding to an elementary or prim-
itive motor behavior. All possible movements may
result from the combination of these basic motions.

How can such muscle synergies or basic motions
be identi�ed for the jaw-hyoid-tongue-larynx system?
In the case of jaw motion, the observation of a vari-
ety of di�erent patterns of coordination between jaw
protrusion and rotation has suggested [6] that dur-
ing speech its mechanical degrees of freedom can be
controlled independently.

Moreover, the data of [11] suggest that the ob-
served patterns of motion of the hyoid bone are largely
uncorrelated with jawmovements. On the other hand,
simulation studies [2] have demonstrated a close me-
chanical coupling between the hyoid bone, the lar-

ynx and the tongue. These �ndings suggest that the
hyoid-larynx system can move independently of the
jaw. It is however unclear whether hyoid bone po-
sition and orieintation result from active control or
are a consequence of mechanical interaction with the
surrounding structures.

[5] and [9] have suggested that the tongue system
consists of a number of separately controlled muscle
groups. In particular, it appears that the tongue tip
can move independently of the tongue body. How-
ever, unlike jaw movements, there is no a priori basis
for the identi�cation of functional degrees of freedom
of tongue motions [4, 10].

3. RESULTS

3.1. Determination of independent commands

The commands were derived by �tting the model to
a cineradiographic data base and assuming that con-
trol signals to muscles are organized to produce max-
imally independent motions [10]. This resulted in in-
dependent commands associated with: jaw protru-
sion (JP) and rotation (JR), larynx elevation (LY),
tongue dorsum (arching/
attening, TD), tongue body
(front/back, TB), tongue tip (raised/lowered, TT),
that are related to geometric arrangement of muscles;
the e�ects of the individual commands are displayed
in Fig. 3.

Moreover, we also found that predicted changes
to articulator positions resulting from the commands
derived above were found to be largely independent
of the initial vocal tract con�guration. That is, when
a given commandwas applied at di�erent initial vocal
tract con�gurations, similar changes in con�guration
were produced. This means that a postural change
which results from a combination of the above com-
mands can be interpreted as the combination of the
changes elicited by the individual commands.

3.2. Control of the hyoid bone

It is our assumption that hyoid bone motion is not ex-
plicitly controlled. To test this possibility, at least for
this particular data set, we assessed the proportion of
variance in hyoid position and orientation which is ac-
counted for by the six commands shown in Figure 3.
The basic idea here was to compare the variance as-
sociated with the actual hyoid position and orienta-
tion to the residual variance after the application of
the �rst six commands derived from the �tting pro-
cedure. There are no direct ways to compute these
variance estimates, because in general the three hy-
oid coordinates (two positions and one orientation)
are correlated. To avoid this problem, the raw data
were �rst rotated and scaled to give three indepen-



Figure 3: E�ect of individual commands on vocal
tract con�guration. Top, from left to right: Jaw pro-
trusion (JP), Jaw rotation (JR). Middle: Larynx ele-
vation (LY), Tongue dorsum (TD). Bottom: Tongue
tip (TT), Tongue body (TB)

dent coordinates which were normalized to have stan-
dard deviation equal to one. The residual was pro-
jected onto this new coordinate system. The spread
of the data is accounted for by a volume which may
be obtained from the principal axes of the covariance
matrix. The computed volume for the residual (pro-
jected on the new coordinate system) was 0.3522 and
hence the proportion of variance not accounted for by
the six commands was 12.4%, which is the squared
value of the volume of the residual.

In conclusion, the six commands account for 87.6%
of the variance in hyoid position and orientation. This
is consistent with the suggestion that hyoid position
and orientation result from the application of other
vocal tract commands.

3.3. Inter-articulatory coarticulation

A crucial issue in understanding phenomena such as
inter-articulator coordination and coarticulation is how
such elementary motions or central commands com-
bine to yield the intricate temporal structure of the
observed speech movements. To this regard, a con-
sequence of system dynamics is that movements are
delayed with respect to the hypothetic central com-
mands; such a delay may be at least partially respon-
sible for the observed coarticulatory e�ects [7], with-
out need for explicit planning.

The issue has been addressed with the model in
the case of the sequences /igi/ and /ugu/. For each
sequence, the con�gurations corresponding to the vow-
els (/i/ and /u/) and to /g/ are displayed, as well as
the time course of commands TD and TB, and the co-
ordinates of the highest point of tongue surface (xtd
and ytd); see, respectively, Fig. 4 and Fig. 5.

It can be observed that, due to the dynamic ef-
fect and to mechanical interaction between tongue
and palate, while in both simulations the central com-
mands for /g/ are the same, the place of articulation
of /g/ is substantially di�erent in /igi/ and /ugu/;
this is consistent with the observations of [5].

4. CONCLUSION

This simple �nding emphasizes the need to model
muscle properties, re
exes and dynamics before draw-
ing conclusions about the characteristics of vocal tract
movement which are explicitly accounted for in plan-
ning orofacial motions. These preliminary studies
have shown that plant dynamics, i.e. inertial and cen-
trifugal/Coriolis forces are almost completely com-
pensated for by muscle visco-elasticity. This is con-
sistent with the idea that commandsmay indeed have
a relatively `simple' structure. The present model al-
lows us to assess the plausibility of this hypothesis in
detail.
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Figure 4: Simulation of sequence /igi/
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Figure 5: Simulation of sequence /ugu/
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