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ABSTRACT
Evaluating stress and strain ﬁelds in anatomical structures is a way
to test hypotheses that relate speciﬁc features of facial and skeletal morphology to mechanical loading. Engineering techniques such as ﬁnite element analysis are now commonly used to calculate stress and strain
ﬁelds, but if we are to fully accept these methods we must be conﬁdent
that the applied loading regimens are reasonable. Multibody dynamics
analysis (MDA) is a relatively new three dimensional computer modeling
technique that can be used to apply varying muscle forces to predict joint
and bite forces during static and dynamic motions. The method ensures
that equilibrium of the structure is maintained at all times, even for complex statically indeterminate problems, eliminating nonphysiological constraint conditions often seen with other approaches. This study describes
the novel use of MDA to investigate the inﬂuence of different muscle
representations on a macaque skull model (Macaca fascicularis), where
muscle groups were represented by either a single, multiple, or wrapped
muscle ﬁbers. The impact of varying muscle representation on stress
ﬁelds was assessed through additional ﬁnite element simulations. The
MDA models highlighted that muscle forces varied with gape and that
forces within individual muscle groups also varied; for example, the anterior strands of the superﬁcial masseter were loaded to a greater extent
than the posterior strands. The direction of the muscle force was altered
when temporalis muscle wrapping was modeled, and was coupled with
compressive contact forces applied to the frontal, parietal and temporal
bones of the cranium during biting. Anat Rec, 291:491–501,
2008. Ó 2008 Wiley-Liss, Inc.
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Analysis of motion and the stress/strain ﬁelds of the
masticatory apparatus are of interest for many reasons.
We may wish to explain or predict masticatory function
in extinct or extant animals, or understand how stresses
that contribute to the development and evolution of
skull form are created, or examine which structures are
related to stress alleviation and which are associated
with display or protection of sensory organs. Bone is a
dynamic structure that can modify its geometry in
response to applied loads, and even though our understanding has increased in recent years (e.g., Huiskes,
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2000; see, e.g., reviews in Pearson and Lieberman, 2004;
Ruff et al., 2006), we have known about the relationship
between bone loading and the development of bone morphology since the late 1800s (i.e., Wolff ’s Law; Wolff,
1892). In the facial skeletons of diverse New and Old
World monkeys growth remodeling ﬁelds show considerable and, as yet unexplained, ontogenetic and interspeciﬁc variability between primate groups (Bromage, 1986;
O’Higgins et al., 1991, 2001; Enlow and Hans, 1996;
Walters and O’Higgins, 1992). While it is likely that,
during growth, some depository ﬁelds and, potentially,
aspects of condylar, nasal septal, and sutural (MorrissKay and Wilkie, 2005) growth are intrinsically regulated, one strong candidate for the extrinsic modulation
of remodeling ﬁelds is the local mechanical environment
(Moss and Salentijn, 1969).
The development of high speciﬁcation computer systems has paved the way for detailed investigations into
the effect of skull loading. Muscle force generation, bony
translations, and subsequent stress/strain distributions
throughout the skull can all be analyzed using techniques such as ﬁnite element analysis (FEA) and multibody dynamics analysis (MDA). These technologies, and
in particular the former, have been used for decades in
the automotive and aerospace industries to reliably predict structural performance of mechanical systems.
Applying FEA and MDA to biological systems seems a
logical progression, and indeed mechanical modeling in
relation to the masticatory apparatus of humans and
other nonhuman primates has previously been conducted (Koolstra and van Eijden, 1995; Daegling and
Hylander, 2000; Koolstra, 2003; Sellers and Crompton,
2004; Ross et al., 2005; Strait et al., 2005; Ichim et al.,
2006; Kupczik et al., 2007). A common way of estimating
loading conditions is to compute physiological crosssectional areas (PCSA) to approximate the peak forces
that can be generated by muscles and, where available
to further reﬁne loadings using data from experimental
analyses of muscle activation (e.g., Ross et al., 2005).
This approach is not applicable in the many circumstances where such data are not available, for example
where experimentation and recording of muscle activation or anatomy is not feasible as in fossils. In these circumstances MDA offers an opportunity to estimate muscle forces and facilitates experimentation with muscle
architecture and activation patterns. Where experimental data from EMG studies are available, these can be
incorporated into MDA models to improve the estimation
of loading scenarios.
Most studies load anatomically accurate models and
assess the resulting deformations in what is termed an inductive approach; however, an alternative deductive
method is described in work by Witzel and Preuschoft (e.g.,
Preuschoft and Witzel, 2004; Witzel et al., 2004; Witzel and
Preuschoft, 2005). In this deductive approach extremely
simpliﬁed general skull forms are created and then loaded
with muscle and bite forces. Compressive stresses drive
the ‘‘synthesis’’ of the skull, which ends when compressive
stresses equilibrate to within set tolerance limits. Both the
inductive and deductive ﬁnite element techniques provide
important data with respect to skull form and mechanical
function, and are described more comprehensively in a
recent publication by Rayﬁeld (2007).
To accurately predict the mechanical environment of a
skull, not only must the loads (and constraints) be repro-

duced as faithfully as possible, but the material properties throughout the structure must also be incorporated
in the model. However, bone is anisotropic, or at best
orthotropic, and its properties vary not only between
individuals but also throughout each specimen, therefore
deﬁning accurate material properties in a speciﬁc skull
model is problematic. Strait et al. (2005) conducted a
sensitivity study into the effects of using isotropic and
anisotropic material properties in a Macaca fascicularis
cranium and found that even though the more deﬁned
models produced greater accuracy in relation to experimental strain results, isotropic material deﬁnition produced comparable results. Indeed, a validation study by
Kupczik et al. (2007) showed good correlation to experimental data using isotropic material properties, and it is
also true that most investigations into complex threedimensional structures apply isotropic material properties with successful results (e.g., Witzel and Preuschoft,
1999; Rayﬁeld et al., 2001; Cattaneo et al., 2003; Cruz
et al., 2003).
The aim of the present study is to investigate the
MDA method in predicting the loading conditions of the
skull. The main part of the study will describe the novel
use of MDA to model skull mechanics of a Macaca fascicularis, where muscle forces will drive biting simulations in which bite forces and joint forces will be predicted. We will investigate the role of masticatory
muscles in terms of their force application, as well as
the importance of geometry and simulating muscle
wrapping. In addition to this, the loading derived from
the MDA will be applied directly to FEA to assess differences, if any, in the stress distributions between different muscle modeling and loading conditions.

MATERIALS AND METHODS
Micro-computed tomography (CT) skull data from a
male crab-eating macaque (Macaca fascicularis) were
obtained using an X-Tek HMX 160 micro-CT scanner (XTek Systems Ltd, Tring, Herts., UK). A 123-kV voltage
and 87-mA current were applied in conjunction with a
0.2-mm Cu ﬁlter. Voxel resolution was 0.23 mm in the x,
y, and z directions. The same CT data were used in a
previous study (Kupczik et al., 2007; MAC-14).

MDA
MDA is a technique by which rigid-body motion is
deﬁned for an object or group of objects, from which
forces can be derived. In relation to the present
research, a macaque skull with representative masticatory muscles was modeled. The jaw was subsequently
opened to a predeﬁned gape, and in doing so, the muscle
groups were extended. From this open position, a simulated food substance was placed between the teeth and
then muscle forces were applied to produce biting, where
bite and joint reaction forces were recorded.
To produce the MDA model, the micro-CT data were
segmented into separate mandibular and cranial portions using AMIRA image segmentation software (Mercury Computer Systems Inc, USA), and three-dimensional surface models were created and exported as
wavefront (.obj) ﬁles. The surface models were then
imported into MSC ADAMS multibody dynamics model-
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Fig. 1. A–C: Multibody dynamics analysis (MDA) models showing single (A), multiple (B), and wrapped
(C) muscle groups. Blue, red, and yellow represent the temporalis, masseter, and pterygoid muscle
groups, respectively.

ing software (MSC Software Corp, USA), where they
were treated as rigid-bodies. Multibody dynamics modeling requires the deﬁnition of the mass properties of the
moving bodies, the forces or movements applied to them,
and the constraints on their movement. The only moving
part in this simulation was the mandible, whose mass
was calculated from its volume and estimated density.
The volume was calculated directly from the AMIRA
segmentation software (1.79 3 1025 m3), which with
an assumed tissue density of 1,050 kg/m3 (Sellers and
Crompton, 2004) gave a mandibular mass of 0.019 kg.
The cranium was ﬁxed and the mandible rotated within
the temporomandibular joint (TMJ), which was modeled
as a bicompartmental joint that could translate in the
sagittal plane and rotate about the coronal axis. The
skull was initially scanned with the jaw open, which
required it to be repositioned into a closed position during the model setup so that the corresponding teeth in
the upper and lower teeth rows were aligned. The repositioning from an open to closed state resulted in a posterior translation of 5 mm and an axial rotation of 558.
The anterior/posterior temporalis, deep/superﬁcial
masseter, and medial/lateral pterygoid muscle groups
were represented in the model. Initially, the muscle
groups were represented by spring elements (‘‘strands’’),
which were later modiﬁed to behave according to realistic force–length characteristics, as deﬁned in equation 1.
Three methods of representing the muscle groups were
assessed, as shown in Fig. 1: (1) most simply, using single muscle strands for each muscle group directed in a
straight line from origin to insertion and positioned centrally within the muscle attachment area; (2) in a more
anatomical conﬁguration, using multiple strands for
each muscle group directed in a straight line from origin
to insertion and applied over the entire muscle area;
and (3) as anatomically as possible, using multiple muscle strands for each group combined with muscle wrapping of the anterior and posterior temporalis. For the
multiple muscle strand and muscle wrapping models,
the anterior and posterior temporalis were split into
three sections each, the deep masseter four sections, superﬁcial masseter ﬁve sections, and the medial and lateral pterygoids were split into four sections each (see
Fig. 1). The three simulations were designed to evaluate
the effects of different modeling approaches in providing
relevant information to guide future applications. Development of the MDA model to incorporate muscle wrap-

ping of the temporalis muscle groups involved splitting
each of the individual muscle strands into four sections,
and laying these sections around the cranium. To allow
contact between the muscle and the skull contact
spheres were placed at the junctions between the muscle
sections, as shown in Fig. 2. These contact spheres could
slide over the cranium, and for the purposes of the present study, their motion was frictionless.
To open the mandible, the TMJ was moved in such a
way that it both rotated and translated (where translation 5 [5 mm/558] 3 gape angle). As the mandible
opened the muscle strands elongated and shifted in relation to the underlying structures, except at the points of
origin and insertion. The strand force–length characteristics were used to estimate the muscle forces that would
generate the opposite motion. Biting simulations were
then carried out at a gape of 158 in all muscle models by
simulating a stiff, incompressible spring between the
teeth and allowing the muscle forces to be applied. A
stiff spring (2,000 N/mm stiffness) was positioned bilaterally at the second molar position to represent a rigid
food particle. To assess the effect of gape angle and bite
point, biting simulations were carried out at 58, 108, 158,
208, 258, and 308 at the M2 position, and at 158 gape at
the ﬁrst premolar, ﬁrst molar, and second molar positions with the multiple muscle strand model.
The muscles were modeled according to Van Ruijven
and Weijs (van Ruijven and Weijs, 1990), which were in
turn based on a Hill-type model (Hill, 1938):
F ¼ Fmax 3 ðFA 3 FV 3 FQ þ FPÞ

ð1Þ

where Fmax is maximal tetanic force (25 N.cm22 of crosssection; see for instance Herzog, 1994; Cleuren et al.,
1995), FA is a force/length factor, FV is a force/velocity
factor, FQ is an activation factor and FP a passive muscle element. The physiological cross-sectional area of the
muscles used to calculate Fmax were taken from the literature (Anton, 1999, 2000; Ross et al., 2005). Equation
1 was simpliﬁed to equation 2 because only static biting
was simulated (FV 5 1 when change in muscle length 5
0), FQ was assumed to be 100% (5 1), and FP was
excluded for simplicity. The passive element (FP) is attributable to the tendinous structures of the muscle, and
contributes to muscle forces beyond a speciﬁc gape. The
gapes assessed in the present study did not require the
representation of the passive element.
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Fig. 2. Temporalis muscle wrapping. A: Individual muscle strands are split into four segments and laid
around the cranium. B: View without the muscle strands showing the contact spheres that connect
each of the muscle strand segments. The dotted line represents the attachment point of the muscle on
the cranium.

F ¼ Fmax 3 FA

ð2Þ

The force length factor (FA) has been estimated using a
second order polynomial, and deﬁnes a force–length
curve that follows that of experimentally measured skeletal muscle (equation 3; Epstein and Herzog, 1998).
FA ¼ 6:25 3 ðL=LoÞ2 þ 12:5 3 ðL=LoÞ  5:25

ð3Þ

Where L is the muscle length and Lo is the optimal
length, that is, the length at which the muscle can apply
its maximum force. For each individual muscle strand,
the optimum was speciﬁed as its length (Lo) when the
model had a gape of 158. Lo was determined before the
biting simulations and was applied as a constant in
equation 3. Based on the experience of the authors
and what is stated in the literature (Turkawski and van
Eijden, 2001), a gape of 158 was deemed reasonable for a
macaque. The calculated Lo values are of course approximations, and when more comprehensive data become
available this value can be modiﬁed.

FEA
In brief, the ﬁnite element method works by dividing
the geometry of the problem under investigation (e.g., a
skull) into a ﬁnite number of subregions, called elements, which are connected together at their corners
(and sometimes along their mid-sides). These points of
connection are called nodes. For stress analysis, a variation in displacement (e.g., linear or quadratic) is then
assumed through each element, and equations describing the behavior of each element are derived in terms of

the (initially unknown) nodal displacements. These element equations are then combined to give a set of system equations that describe the behavior of the whole
problem. After modifying the equations to account for
the loading and constraints applied to the problem,
these system equations are solved. The output is a list of
all the nodal displacements. The element strains can
then be calculated from the displacements, and the
stresses from the strains. More detailed descriptions of
FEA principles and its applications to craniofacial
mechanics are available (e.g., Fagan, 1992; Rayﬁeld,
2007; Strait et al., 2007).
ANSYS 11 FEA software (ANSYS Inc, USA) was used
in the present study, and like most commercially available FEA software allows stress analyses to be conducted relatively simply. Using AMIRA image segmentation software the cranium surface model (previously created for the MDA analyses) was transformed into a solid
model and meshed into approximately 120,000 elements.
In ANSYS, isotropic properties were deﬁned with a
Young’s modulus of 17GPa and Poisson’s ratio of 0.3.
The Young’s modulus and Poisson’s ratio values are comparable to those used in other studies (e.g., Strait et al.,
2005; Witzel and Preuschoft, 2005); however, the speciﬁc
values were not critical to the present research, because
directly comparable models were being assessed relative
to each other and not with anatomical specimens. The
loading data were taken directly from the MDA simulations and included bite forces, joint forces, muscle forces,
and in the case of muscle wrapping, temporal muscle
contact forces. ANSYS then automatically calculated the
system equations, incorporated the boundary conditions,
performed the solution and calculated the strains and
stresses. Because all the loading data was taken directly
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Fig. 3. Effect of gape angle on bite force at the second molar position. Forces are a sum of the right and left sides.

from the MDA simulations, a state of equilibrium was
reached, allowing the FE models to be solved with minimal constraints. This resulted in zero reaction forces,
with the added beneﬁt of eliminating unrealistically
stressed regions at the constraints, which are observed
in models that are not in equilibrium.

RESULTS
MDA
All bite force and TMJ force data are a sum of the left
and right sides of the skull. At a gape of 158, bite force
and joint force were similar in the single strand, multiple strands and muscle wrapping models (bite force
127.4N 6 0.9N; joint force 170.7N 6 0.6N). Bite force
was greatest at lower gapes, reaching a maximum of
133.7N at 58 and a minimum of 103.5N at 308 (see Fig.
3). The second molar biting produced bite forces 30%
greater than those at the front of the mouth (126.3N
compared with 95.4N), with the greatest joint forces
noted at the front of the mouth (Fig. 4). Figure 5 visually displays the contact forces generated by the temporalis muscle groups as they wrapped around the cranium during biting at a 158 gape. A maximum contact
force was noted at the anterior portion of the anterior
temporalis and reached a value of 6.7N.
Muscle forces vary with gape, because they are a product of the force–length relationships assigned to the
muscle strands. Over the range of gapes assessed in the
present study, the anterior temporalis showed the maximum variation in muscle force (4N variation from a 158
gape to a 308 gape; single strand model). The multiple
muscle strand models showed that force distribution
between strands within individual muscle groups also
varied with gape. The maximum variation within an
individual muscle was noted at a gape of 308 in the anterior temporalis; posterior, middle, and anterior sections
of the muscle carried loads of 11.83N, 12.20N, and
12.66N respectively.

FEA
The ﬁrst principal stress was assessed in the face and
vault in the models, as shown in Figs. 6 and 7. The distribution of the stresses was similar in all the models,

Fig. 4. Effect of bite point on bite force and joint force. Forces are
a sum of the right and left sides at a 158 gape. M2, second molar
position; M1, ﬁrst molar position; and P1, ﬁrst premolar position.

but the peak values varied. In the face, stresses under
the single muscle strand loads were largest (3.33 N/
mm2) in the anterior region of the zygomatic bone (Fig.
6a), with the wrapping multiple strand muscle model
with compressive forces producing a value of 2.35 N/
mm2 at the same location (Fig. 6d)—a reduction of 29%.
In the vault, application of the temporalis compressive
muscle forces reduced the peak stresses in the lower
regions signiﬁcantly (see Fig. 7). For the models with
single strand, multiple strand, wrapping, and wrapping
with contact forces the peak stress in the lower vault
was 0.69N/mm2, 0.63N/mm2, 0.49N/mm2, and 0.11N/
mm2 respectively (peak stress reduction of 84% from a
single muscle strand model to a multiple wrapping muscle strand model with compressive forces—see Fig. 7d,b).
The inclusion of compressive muscle forces also resulted
in a more evenly distributed stress across the entire
region.

DISCUSSION
The aim of the present study was to describe the use
of MDA in relation to the analysis of a macaque skull.
Three methods of representing the jaw adductor muscles
were evaluated, namely using single muscle strands,
multiple muscle strands, and multiple muscle strands
with muscle wrapping. In addition to this, in the muscle
wrapping model, muscle contact forces were assessed.
Force–length characteristics were assigned to the muscle
strands and used to compute the maximum force that
each individual muscle can apply with varying gape.
Bite force and TMJ force predictions with all three muscle models were similar at a gape of 158 (bite force
127.4N 6 0.9N; joint force 170.7N 6 0.6N), because the
total magnitude of muscle forces acting to close the mandible did not vary signiﬁcantly between the models. This
bite force to joint force ratio of 1:1.3 was the same as
that reported by Throckmorton and Throckmorton
(1985). Dividing the muscles into several strands
allowed more detailed analysis of force distributions
within different portions of each muscle. As the muscles
were extended with increasing gape, the relative extension of the anterior and posterior portions varied; this is
potentially important in relation to functioning in vivo
and in terms of modeling because the maximum muscle
force is related to the length of the muscle ﬁbers. Bite
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Fig. 5. Visual representation of the contact forces produced during the contraction of the temporalis
muscle groups. A: Anterior view. B: Anterolateral superior view. C: Superior view. (The lines show the
direction and relative magnitudes of the contact forces).

force reached a maximum at the back of the mouth
(second molar position) and reduced steadily as the bite
point shifted anteriorly (for the same gape angle). This
ﬁnding agrees with experimental strain gauge studies
(e.g., Pruim et al., 1980; Koolstra et al., 1988). However,
others do suggest that in vivo bite forces are lower at

the second molar position when compared with the ﬁrst
molar (Mansour and Reynik, 1975; Spencer, 1998).
Spencer (1998) observed maximum muscle forces in
humans when biting on the ﬁrst molar, which would be
expected to produce the largest bite forces at this position. This ﬁnding may, however, be attributable to sen-
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Fig. 6. First principal stress of the face as a result of biting at the
M2 position. A–D: Represents the results using the single strand load
data (A), the multiple strands load data (B), muscle wrapping load

data without contact forces (C), and muscle wrapping data with contact forces (D). Units N/mm2. (The stresses in the gray regions are outside the limits of the contours).

sory rather than biomechanical issues (Koolstra et al.,
1988). The predicted TMJ reaction force was highest
when biting more anteriorly in the mouth, which agrees
with Hylander’s ﬁndings (1975, 1979). In addition to
bite point, gape angle had a notable effect on bite force.
There was a signiﬁcant negative relationship between
gape angle and bite force, which agrees with in vivo
data obtained by Dumont and Herrel (2003).
Quantitative comparison of the MDA-calculated bite
force with those reported in the literature must be

undertaken with care, because factors such as applied
muscle force, gape angle, and exact food particle position
all dictate the bite force produced. It is clear from
reported bite force data that these factors along with
assumed PCSA values affect the calculated bite forces,
with authors reporting values ranging from 678N to
1,080N in humans (Koolstra et al., 1988; Demes and
Creel, 1988; Sellers and Crompton, 2004). Assuming the
PCSA values of the human masticatory muscles are
approximately 5 times larger than those of a macaque

Fig. 7. First principal stress of the vault as a result of biting at the
M2 position. A–D: Represents the results using the single strand load
data (A), the multiple strands load data (B), muscle wrapping load

data without contact forces (C), and muscle wrapping data with contact forces (D). Units N/mm2. (The stresses in the gray regions are outside the limits of the contours). Main areas of interest are circled in d.
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Fig. 8. A,B: A sketch showing the direction of the muscle force vector without (A) and with (B) muscle
wrapping of the temporalis muscle. The yellow lines highlight the joints between the muscle segments.
Anterior view.

(Ross et al., 2005; van Eijden et al., 1997), then by scaling, macaque bite forces might be expected to be 136 N
to 216 N. The MDA model in this current study predicted bite forces of 104N to 134N between a gape of 58
and 308 (multiple muscle strand model at the second
molar position), and from 95N to 126N between the ﬁrst
premolar and second molar position (multiple muscle
strand model at a 158 gape). These results are closer to
the values reported by Hylander (1979) who used transducer plates to experimentally record bite forces of
between 70N and 120N in macaques.
In FEA of the cranium in which masticatory function
is modeled, forces, either in terms of force vectors or
force inducting elements, are applied to represent the
action of muscles of mastication (e.g., Witzel et al.,
2004; Ross et al., 2005; Witzel and Preuschoft, 2005;
Strait et al., 2007; Wroe et al., 2007). The application of
loading is usually in the form of single force components representing entire muscle groups. More recent
studies of skull loading have started to apply forces
more widely over muscle attachment regions (e.g., Wroe
et al., 2007; Grosse et al., 2007; McHenry et al., 2007).
Whether single or several muscle forces are applied,
muscle wrapping is rarely included, with only the most
recent publications looking into its effects (Grosse
et al., 2007). Muscle wrapping has two main consequences when assessing load application; ﬁrst, the ratio of
the orthogonal components of the force vectors vary signiﬁcantly, as highlighted in Fig. 8. For example, in the
anterior-most strand of the anterior temporalis at a
gape of 158, the lateral component of the force vector
increased by 135% to 9.4N when muscle wrapping was
included. At the same gape, the ventral component

reduced by 25% to 9.3N and the posterior component
reduced from by 26% to 2.6N. The second important
consequence of muscle wrapping is that compressive
forces are applied to the skull as the temporalis muscle
wraps around the temporal region. Here, we found compressive forces to reach a maximum of 6.7N under the
anterior-most portion of the anterior temporalis under
biting. The effects of representing muscles as single,
multiple, or wrapping strands on stress distributions
are shown in Figs. 6 and 7.
Because muscle wrapping was conﬁned to the temporalis muscles the effects on the maxilla and circumorbital regions are limited (Fig. 6). The masseter along with
bite forces are the main contributors to stresses in these
regions of the face, and the use of a single strand to represent the entire superﬁcial masseter focused all of the
force from masseteric contraction on the anterior region
of the zygomatic arch, which in turn produced increased
stresses in the face (see Fig. 6a). Fanning the muscles
over the entire attachment area distributed the masseteric muscle forces along the arch and, as a result, lowered the forces in the face. Ignoring the peak stresses at
the muscle attachment points, the vault muscle wrapping tended to put the anterior areas (i.e., the frontal
bone) under greater tensile stress, which is attributable
to the altered force directions, and in particular the lateral component of the force vector. Including the temporalis contact forces signiﬁcantly reduced the stresses in
the lower vault and resulted in a more uniform stress
distribution in this area (Fig. 7d). In future developments of this approach, it will be useful to consider the
effect of attaching temporal muscle strands over a wider
area, representing the wide attachment area of this
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muscle. In the present model, the temporal muscle was
only attached to the upper temporal region. If the
attachment was distributed over the whole temporal
area, its compressive effect in the lower vault may be
counteracted, to some extent, by the tensile force produced by the lower muscle strands.
The complexity of skull models is continually increasing, with some models now including a degree of variation in material properties across the skull, muscle
groups divided into different segments and the effects of
different loading conditions being assessed (e.g., Ross
et al., 2005; Strait et al., 2005; Witzel and Preuschoft,
2005; Wroe et al., 2007). MDA offers an opportunity for
a further improvement in the bioﬁdelity of these simulations. This study has demonstrated how we can calculate the loading conditions of several muscle groups,
joint reaction forces, and bite forces during a single bite
simulation, ensuring the skull remains in equilibrium.
There are still several assumptions and approximations
in the equations used to deﬁne the muscles’ behavior,
which need further development and reﬁnement.
Future application of MDA to model increasingly complex situations should provide novel insights into the
optimization of muscle and skull form. For example,
Macaca fascicularis has a wide and varied diet that
includes plants, fruits, seeds, and several small animals
(e.g., bird chicks, lizards, frogs). This alone tells us that
simulating one loading condition is not enough to fully
understand the form of the macaque skull. Variations in
bite point, food stiffness, chewing cycles (including possible grinding, shearing, snapping, and so on), as well as
forces not arising from mastication such as those arising
from expression, head motion, and so on, should also be
taken into account in attempting to evaluate craniofacial
form in terms of mechanical optimization. In addition,
sexual dimorphism clearly plays a pivotal role in shaping the skull, and these differences must lead to differences in skull loading between male and female primates. Beyond obvious variations such as the large canines
in the male, other, perhaps less obvious sexually dimorphic variations in muscle attachment zones (e.g., temporalis) and in skeletal form such as the shape of the TMJ
bearing surfaces point to differences in loading between
the male and female skulls. All these situations can be
realized by means of MDA to provide ever more realistic
loading data for FEAs.
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