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Abstract

Our understanding of human jaw biomechanics has been enhanced by computational modelling, but comparatively few studies have

addressed the dynamics of chewing. Consequently, ambiguities remain regarding predicted jaw-gapes and forces on the mandibular

condyles. Here, we used a new platform to simulate unilateral chewing. The model, based on a previous study, included curvilinear

articular guidance, a mobile hyoid apparatus, and a compressible food bolus. Muscles were represented by Hill-type actuators with drive

profiles tuned to produce target jaw and hyoid movements. The cycle duration was 732ms. At maximum gape, the lower incisor-point

was 20.1mm down, 5.8mm posterior, and 2.3mm lateral to its initial, tooth-contact position. Its maximum laterodeviation to the

working-side during closing was 6.1mm, at which time the bolus was struck. The hyoid’s movement, completed by the end of jaw-

opening, was 3.4mm upward and 1.6mm forward. The mandibular condyles moved asymmetrically. Their compressive loads were low

during opening, slightly higher on the working-side at bolus-collapse, and highest bilaterally when the teeth contacted. The model’s

movements and the directions of its condylar forces were consistent with experimental observations, resolving seeming discordances in

previous simulations. Its inclusion of hyoid dynamics is a step towards modelling mastication.

Crown Copyright r 2007 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Mastication is an essential function compromised by
developmental abnormalities, oro-facial reconstruction,
and stroke, (Sze et al., 2002; Curtis et al., 1997; Hamdy
et al., 2000; Bakke et al., 2007). Its biomechanics however
are not fully understood, though some insight has been
gained from the principles governing jaw dynamics (see
Palla et al., 1997; Langenbach and van Eijden, 2001;
Koolstra, 2002; Gallo, 2005).

The average chewing cycle lasts about 0.7 s (Ahlgren,
1976). The movement trajectory of the lower incisor is
nearly perpendicular to the dental occlusal plane (Gibbs
and Lundeen, 1982; Ogawa et al., 1996) with inter-incisal
gapes reaching 17–20mm. On jaw-closing, the incisor
region typically laterodeviates about 5mm, then moves
medially as the food bolus engaged (Ahlgren, 1976; Gibbs
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and Lundeen, 1982; Miller, 1991). The mandibular
condyles’ lateral translation is minimal (0.4–0.6mm)
during chewing and other tasks (Gibbs and Lundeen,
1982; Payne, 1997; Okano et al., 2002; Otake et al., 2002;
Miyawaki et al., 2004; Huang et al., 2006). During bolus
compression therefore, the jaw rotates around its ipsilateral
condyle as the contralateral condyle returns to its
articular fossa (Gibbs and Lundeen, 1982; Gallo et al.,
2000, 2006; Palla et al., 2003; Gallo, 2005; Miyawaki et al.,
2001).
Jaw movements during chewing are part of a kinetic

chain, synchronising with rhythmical motions of the hyoid,
tongue and soft-palate, (Hiiemae and Palmer, 2003;
Matsuo et al., 2005). Studies in two-dimensions suggest
the hyoid moves upwards and forwards relative to the
occlusal plane, and returns to its initial position near the
end of jaw-opening, (Hiiemae et al., 2002; Hiiemae and
Palmer, 2003).
As jaw biomechanics are difficult to study directly,

modelling has become an important investigative tool
r Ltd. All rights reserved.
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Fig. 1. Oblique view of the model. Control surfaces at the teeth and joints

are semi-transparent. Sites of muscle attachment are indicated by spheres.
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(van Eijden, 2000; Koolstra, 2002; Hannam, 2005;
Koolstra and van Eijden, 1995, 1997, 1999, 2005; Peck
and Hannam, 2007; van Eijden and Koolstra, 1998; Peck
et al., 2000, 2002; Sanguineti et al., 1998; Hansma et al.,
2006; Stavness et al., 2006; Leon et al., 2006; de Zee et al.,
2007). Simulations of the chewing cycle are rare however.
Langenbach and Hannam (1999) analysed muscle tensions
and condylar forces in a forward-dynamic model with
planar articular guidance, and a fixed hyoid apparatus. It
produced less jaw-gape than is usual during chewing, and
higher loads on the ipsilateral than on the contralateral
condyle. Notably however, condylar movements during
human chewing and lateral tooth-clenching suggest the
contralateral condyle is the more-heavily loaded (Palla
et al., 1997; Okano et al., 2002). The temporomandibular
ligaments had little effect in the model, although they are
believed to limit extreme jaw movements, (Koolstra
and van Eijden, 1999; Langenbach and Hannam, 1999;
Peck et al., 2000; Koolstra et al., 2001; Hansma et al.,
2006).

Recently, we developed a forward-dynamic model of the
jaw with a platform integrating multiple system compo-
nents (Stavness et al., 2006; Fels et al., 2006; http://
www.artisynth.org). Here, we used it to determine the
muscle drive needed to create plausible motions of both the
mandible and the hyoid during unilateral chewing. We then
focused on the apparent conflict between condylar forces
predicted in the previous model, and condylar movements
seen experimentally. We postulated that differences in the
timing, magnitudes and directions of forces generated
during the compressive phase of chewing might explain the
condylar movements observed in vivo.

2. Materials and methods

2.1. The model

We have described the generic model elsewhere (Stavness et al., 2006;

see Fig. 1). Its cranial and mandibular meshes were derived from cone-

beam CT images of an adult male (via Amira 4.0, Mercury Computer

Systems Inc., Chelmsford, MA, USA) which provided sufficient informa-

tion to locate, but not reconstruct, all model components. Consequently,

CAD-designed meshes of the hyoid, thyroid, cricoid and teeth were

imported, morphed and positioned to match respective tissue boundaries

in the image set. The co-registered meshes shared a coordinate frame with

axes orthogonal to the Frankfort horizontal plane and permitted

identification of muscle, articular and dental landmarks. The jaw’s inertial

properties were based on Langenbach and Hannam (1999). The small

masses (10, 24 and 23 g) and other inertial properties assigned to the

hyoid, thyroid and cricoid were estimated from their mesh geometries

(assuming uniform densities) since we expected their dynamics would be

dominated by the stiffnesses and viscosities of the surrounding muscles.

Jaw and hyoid motions were damped with rotational and translational

constants, and thyrohyoid, cricothyroid and cricotracheal membranes

were modelled with spring-meshes.

Each temporomandibular joint was modelled as a point coinciding with

the anatomical centre of the condyle, and constrained by frictionless

surfaces. Its superior movement was limited by a curvilinear surface which

was flat mediolaterally, and progressively changed in inclination from

posterior to anterior; at its posterior end, it angled 401 downward, while

1 cm further forward, it angled 151 downward relative to the horizontal
plane. A planar surface perpendicular to this prevented any posterior

movement of the point from its initial position, while a third planar

constraint prevented lateral motion. Its medial movement was uncon-

strained. This arrangement allowed realistic translation and rotation of

condylar anatomy, and estimation of a reaction force expressed through

its centre. Bilateral dental contact was simulated with frictionless, planar

constraints oriented 101 forward and downward at the lower first molars.

A Lagrangian rigid-body constraint formulation was used to compute

exact reaction forces at all constraining surfaces. An elastic, spherical

‘‘food bolus’’ (10mm in diameter) was positioned between the right first

molars, and collapsed when any applied force reached 30N.

Muscle tensions were simulated with Hill-type actuators representing

the right and left anterior, middle and posterior temporalis, deep and

superficial masseter, medial pterygoid, superior and inferior lateral

pterygoid, and anterior digastric muscles. Their cross-sectional areas,

length-tension and velocity-tension functions were based on Langenbach

and Hannam (1999) and Peck et al., (2000) as was the constant (40N/cm2)

used to transform maximum muscle areas into maximum-possible

tensions. As the properties of the laryngeal muscles are not well-described

in the literature, we approximated their maximum tensions according to

their differences in length and cross-sectional areas relative to the jaw

muscles; thus, the sternohyoids were assigned maximum tensions of 50N,

the posterior digastrics and stylohoids 30N, and the mylohyoids and

geniohyoids, 20N. The maximum possible tensions for all muscles in the

study are shown in Table 1.

http://www.artisynth.org
http://www.artisynth.org
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Table 1

Maximum and peak muscle tensions

Right

muscles

Maximum

tension (N)

Peak

tension (N)

Left

muscles

Maximum

tension (N)

Peak

tension (N)

RAT 158.0 30.0 LAT 158.0 26.9

RMT 95.6 22.0 LMT 95.6 16.3

RPT 75.6 11.3 LPT 75.6 12.1

RSM 190.4 32.4 LSM 190.4 30.5

RDM 81.6 13.1 LDM 81.6 7.3

RMP 174.8 28.0 LMP 174.8 24.5

RSP 17.0 1.02 LSP 17.0 0.68

RIP 50.0 5.0 LIP 50.0 4.5

RAD 50.0 5.0 LAD 50.0 4.5

RPD 30.0 1.2 LPD 30.0 1.2

RGH 20.0 1.8 LGH 20.0 1.8

RAM 20.0 1.6 LAM 20.0 1.8

RPM 20.0 1.6 LPM 20.0 1.8

RSH 30.0 2.4 LSH 30.0 2.4

RST 50.0 3.0 LST 50.0 4.0

Maxima for the right and left anterior temporals (RAT, LAT) middle

temporals (RMT, LMT) posterior temporals (RPT, LPT) superficial

masseters (RSM, LSM) deep masseters (RDM, LDM) medial pterygoids

(RMP, LMP) superior lateral pterygoids (RSP, LSP) inferior lateral

pterygoids (RIP, LIP) and anterior digastrics (RAD, LAD) were based on

Langenbach and Hannam (1999). Maxima for the posterior digastrics

(RPD, LPD) geniohyoids (RGH, LGH) anterior mylohyoids (RAM,

LAM) posterior mylohyoids (RPM, LPM) stylohyoids RSH, LSH) and

sternohyoids (RST, LST) were arbitrary. The peak tensions occurred at

different times in the movement cycle.
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2.2. The Artisynth software platform

The physics-based simulation used fourth-order Runge–Kutta integra-

tion in 0.1ms timesteps. A graphical timeline depicted input and output

probes. The input probes were time-referenced, cubic-spline functions

ranging from zero to unity, the latter representing maximum muscle drive.

These were shaped interactively, each function scaling the maximum

tension assigned to its actuator. The output probes included incisor-point

and condylar displacements, as well as bolus, dental, and condylar

reaction forces. These were post-processed using Matlab (The Mathworks

Inc., Natick, MA, USA).

2.3. Simulations

2.3.1. Laterodeviation

The model already attained 3mm incisal separation at rest, and 50mm

separation at maximum jaw-gape, (Stavness et al., 2006). Prior to the

chewing simulation, we also performed a right lateral jaw movement in the

horizontal plane to ensure that the model would accommodate a chewing

cycle. Simultaneous activation (sustained for 1 s at 10% of maximum

drive) of all the right temporalis muscles and the deep masseter, plus the

left superficial masseter, medial pterygoid, lateral pterygoid and mylo-

hyoid, caused an incisor-point laterodeviation of 11.5mm, i.e. similar to

the 12mm deviation reported in a comparable study by Koolstra and van

Eijden, (1999).

2.3.2. Chewing

The target cycle’s duration was 0.7 s (Ahlgren, 1976) with pre-

determined kinematic goals. During opening, we required initial motion

of the incisor-point to the left, followed by an inter-incisal gape of

17–20mm to the right. Viewed laterally, the opening and closing

trajectories had to approximate a perpendicular to the occlusal plane.

During early closing, the incisor’s deviation to the right had to reach
5mm, with an earlier return of the ipsilateral than of the contralateral

condylar-point (Gallo, 2006). The hyoid’s target trajectory included a

midline, upward and forward excursion 3–5mm, completed by the end of

jaw-opening (Hiiemae et al., 2002).

Chewing was simulated by finding the muscle activation profiles needed

to create the target incisor-point and hyoid trajectories within the specified

time. Profile-shaping was guided by previous reports of muscle activation

during unilateral chewing, (Moller, 1966; Hannam and Wood, 1981;

Belser and Hannam, 1986; Wood et al., 1986), but required trial-and-error

adjustments to reach the movement targets (Langenbach and Hannam,

1999). During jaw opening, the superior and inferior lateral pterygoid

muscles were coactivated (Murray et al., 2004, 2007) as were the anterior

and posterior digastric, geniohyoid and stylohyoid muscles. The infra-

hyoids were activated selectively to maintain the target hyoid trajectory.

During early closing, the right anterior, middle and posterior temporalis,

deep masseter, plus the left medial pterygoid and superficial masseter

muscles were all active. During late closing, the right superficial masseter

and medial pterygoid, plus the left temporalis group and deep masseter

muscle also participated.

3. Results

3.1. Jaw and hyoid displacement

Frontal and lateral views of incisor-point motion are
shown in Fig. 2, and time-referenced motion of the incisor-
point, condylar-points and hyoid are found in Fig. 3. The
total cycle duration was 732ms. Jaw-opening lasted
335ms, followed by a closing phase of 217ms, and a
dental ‘‘dwell’’ phase of 180ms. At maximum gape, the
incisor-point was 20.1mm downward, 5.8mm posterior,
and 2.3mm to the right of its initial position. During
closing, its maximum lateral excursion was 6.1mm. When
the ipsilateral condylar-point returned to its initial posi-
tion, the contralateral one remained 3.4mm downward,
6.4mm forward, and 0.3mm medial. These differences are
evident in Fig. 3.
The bolus was struck 459ms after onset of the cycle, i.e.

when the incisor point was 14.5mm downward, 4.6mm
posterior, and 6.1mm lateral. Medial jaw deviation
occurred throughout bolus compression, and ceased on
tooth contact.
The hyoid’s midline upward (3.4mm) and forward

(1.6mm) movements were completed before the jaw
reached maximum gape. During jaw closure, and from
bolus strike to dental contact, there was minimal deviation
from its initial resting position.

3.2. Muscle activation

All muscle excitation profiles are shown in Fig. 4. The
activation needed in the jaw-opening muscles was sub-
stantially less than in muscles used to crush the bolus.
Asymmetrical activity in the mylohyoid and lateral
pterygoid muscles was needed for the jaw to reach its
lateral target locations during late opening and closing.
During early closing, asymmetrical drive in the closing

muscles returned the ipsilateral condylar-point before the
contralateral one. During late-closing, the closer muscles
combined with the superior surface constraints to return
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both condylar-points to their starting positions before
bolus collapse. Working-side lateral pterygoid activity
was needed to slow otherwise-premature backward motion
of the ipsilateral condylar-point during closing, while
prolonged activity in the contralateral lateral pterygoid
was required to delay the return of the condylar-point on
that side. The timing of lateral pterygoid activity (albeit
at low amplitudes) was therefore a critical factor in
controlling laterodeviation during jaw-closure and bolus
compression.
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Hyoid movement during opening was sensitive to
posterior digastric, stylohoid and sternohyoid activation.
The former muscles had a strong effect on its antero-
posterior movement, while sternohyoid activity affected its
vertical motion.

Peak muscle tensions associated with the excitation
profiles in Fig. 4 are found in Table 1. To position the
hyoid during jaw-opening, less peak tension was required
in the posterior than in the anterior digastric. The highest
opening tensions (3–5N) occurred in the inferior lateral
pterygoid and sternohyoid muscles. During jaw-closing,
peak tensions were high in all the jaw-elevator muscles,
especially on the working-side.

3.3. Condylar forces

During jaw-opening, top-surface reaction forces at both
condylar-points were low, increasing substantially when
the bolus was crushed, and on dental contact (Fig. 5).

During bolus compression, the top-surface reaction force
at the contralateral condylar point was higher than that
ipsilaterally. At bolus fracture, the overall resultant force
on the contralateral side was 24.4N, directed downwards
and backwards. No lateral force occurred on this side
during jaw-closing or bolus compression. The correspond-
ing resultant at the ipsilateral condylar point was 29N,
directed downward, slightly forward and medially relative
to the Frankfort horizontal and midline planes. After bolus
fracture, i.e. when the teeth contacted, and both ‘‘con-
dyles’’ were ‘‘seated’’, the highest top-surface force
transferred to the ipsilateral side (Fig. 5).
4. Discussion

4.1. Model limitations

Actuators allow functional differentiation, but do not
reflect the complex pennation and compartmentalisation in
the jaw muscles; nor are they ideal analogues for curvi-
linear muscles like the mylohyoid (see van Eijden and
Koolstra, 1998). We did not attempt to model the anatomy
of the articular interface since the joint’s composite
structure and varying physical properties require sophisti-
cated approaches such as dynamic, non-linear finite-
element analysis. Other limitations included simplified
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tooth guidance and bolus properties, sparse representation
of the infra-hyoid muscles, and omission of the tongue.

Models of the human jaw are difficult to validate
(Hannam, 2005; Leon et al., 2006; Peck and Hannam,
2007; de Zee et al., 2007) since detailed exploration of the
muscles and joints is restricted technically and ethically.
Like others, our model is at best a working hypothesis
strengthened by its performance of tasks with outcomes
falling within normal ranges (Hannam, 2005; Peck and
Hannam, 2007).

4.2. Jaw and hyoid movements

We believe this is the first model to show correlated jaw
and hyoid movements during chewing. Its incisor-point,
condylar-point and hyoid movements closely matched
targets based on experimental studies by Ahlgren, (1976),
Gallo, (2005), Gibbs and Lundeen, (1982), Hiiemae and
Palmer (2003), Gallo et al., (2000, 2006), Hiiemae et al.,
(2002) and Palla et al., (2003). Also, its condylar-point
movements were consistent with observed condylar
motions during chewing (Gallo et al., 2000). Although
the ipsilateral ‘‘condyle’’ had not quite returned to its initial
position when the bolus was struck, it did so by the end of
bolus collapse, about 100ms later; thus, bolus compression
mostly occurred during movement of the chewing-side
teeth upwards and medially, while the contralateral
‘‘condyle’’ was returning to its initial position. The model’s
hyoid motion was also consistent with in vivo descriptions,
although some muscles were omitted, and the digastrics did
not pass through a hyoidal sling. Our simulation of the
infra-mandibular biomechanics, although producing a
realistic result, therefore remains incomplete.
The jaw’s range of motion was greater, and the food

bolus thicker, than in the Langenbach and Hannam (1999)
model. The increased gape conformed to the chewing
parameters reported by Ahlgren, (1976), while the larger
bolus reflected the correlation between jaw-gape and bolus
size, (Miyawaki et al., 2000). The force required to crush
the bolus was half that used by Langenbach and Hannam,
(1999) but remained within the normal range for human
chewing; the average force on a single molar during peanut
chewing is 57.7N735.7 for example (Kawata et al., 2007).

4.3. Muscle excitation

While the muscle excitation profiles we used may not be
unique, they enabled the model to meet its targets. The
tensions that resulted were the products of assumed
constants, which, if inappropriate, would have been
modified by compensatory changes in muscle-drive ampli-
tudes. The peak tensions therefore provide a better
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estimate of the differential muscle-contraction amplitudes
actually needed by the model.

The anterior digastric, posterior digastric, geniohyoid
and stylohyoid muscles were co-activated because we were
unable to find experimental data to the contrary. Our co-
activation of the superior and inferior pterygoid muscles
was based on recent evidence provided by Murray et al.
(2007).

Asymmetric activation of both the lateral pterygoid and
mylohyoid muscles was required to effect jaw laterodevia-
tion during closing. These muscles produce horizontal
torque, but do not encourage jaw-closure. Complex
interactions among torques and forces can occur during
jaw movements (Koolstra and van Eijden, 1999). Elevator
muscle action encouraged retrusion of both condylar-
points in the steeper sections of superior-surface guidance,
while lateral pterygoid activation was needed to ‘‘brake’’
posterior motion of the condylar-point during late-closing.
This was not required at wide gape, where the superficial
masseter (our most anteriorly-oriented actuator; and see
van Spronsen et al., 1997) had an improved angle-of-
attack, and helped reduce condylar-point retrusion. It is
likely there are associations among functional articular
guidance, fibre-orientations in the superficial masseter, and
perhaps in the medial pterygoid. Differential activation of
obliquely oriented fibres in their posterior regions would
help control the rate of condylar return over a wider range
of incisal separation than in our model.

4.4. Jaw forces

The model’s condylar-point forces until bolus collapse
are consistent with observations of condylar movement
during chewing (Palla et al., 1997; Okano et al., 2002)
which suggest that the contralateral articulation is more-
heavily loaded. If passive resistance from the articular
fossae, condyles and discs created reaction forces in line
with the force vectors we estimated here, compressive
stresses would be greatest on the ipsilateral condyle’s
superior and lateral surfaces. In contrast, the contralateral
condyle’s compressive stress would likely occur on its
superior aspect, causing a small upward condylar move-
ment. Significantly, higher loading of the contralateral
‘‘condyle’’ is also evident in the Langenbach and Hannam
(1999) report during actual bolus compression. The two
models differ, however, in the magnitudes of ‘‘condylar’’
loads during opening, and on the contralateral ‘‘condyle’’
during closing. Both were lower in the present study.

Our prediction of higher peak loading on the ipsilateral
condylar-point after bolus collapse agrees with Langen-
bach and Hannam’s (1999) findings. Since the forces due to
our model’s top and back surfaces were nearly equal,
articular compression during full dental contact would
approximate a perpendicular to the Frankfort horizontal
plane.

Changing bolus locations and properties would alter
muscle drive patterns and articular reaction forces during
natural chewing. Also, since static models have shown that
bite-force direction can influence articular forces (Iwasaki
et al., 2004), chewing with cusped teeth may produce
different condylar forces than those estimated here for a
flat dentition.
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