J. Anat. (2008) 213, pp499–508

doi: 10.1111/j.1469-7580.2008.00980.x

Combined finite element and multibody dynamics
analysis of biting in a Uromastyx hardwickii lizard skull
Blackwell Publishing Ltd

M. Moazen,1 N. Curtis,1 S. E. Evans,3 P. O’Higgins2 and M. J. Fagan1
1

Department of Engineering, University of Hull, Hull, UK
Department of Biology and Hull York Medical School, University of York, York, UK
3
Research Department of Cell and Developmental Biology, UCL, London, UK
2

Abstract
Lizard skulls vary greatly in shape and construction, and radical changes in skull form during evolution have made
this an intriguing subject of research. The mechanics of feeding have surely been affected by this change in skull
form, but whether this is the driving force behind the change is the underlying question that we are aiming to
address in a programme of research. Here we have implemented a combined finite element analysis (FEA) and
multibody dynamics analysis (MDA) to assess skull biomechanics during biting. A skull of Uromastyx hardwickii was
assessed in the present study, where loading data (such as muscle force, bite force and joint reaction) for a biting
cycle were obtained from an MDA and applied to load a finite element model. Fifty load steps corresponding to
bilateral biting towards the front, middle and back of the dentition were implemented. Our results show the
importance of performing MDA as a preliminary step to FEA, and provide an insight into the variation of stress
during biting. Our findings show that higher stress occurs in regions where cranial sutures are located in functioning
skulls, and as such support the hypothesis that sutures may play a pivotal role in relieving stress and producing a
more uniform pattern of stress distribution across the skull. Additionally, we demonstrate how varying bite point
affects stress distributions and relate stress distributions to the evolution of metakinesis in the amniote skull.
Key words: biting; finite element analysis; multibody dynamics analysis; skull.

Introduction
This study addresses the mechanical function of the skull
of the lizard Uromastyx hardwickii (Squamata, Agamidae)
using a combined finite element analysis (FEA) and multibody dynamics analysis (MDA) approach. Uromastyx is
generally considered to be one of the two basal agamid
genera (the other being Leiolepis) and is interesting as (1)
being primarily herbivorous, (2) having a specialized
arrangement of the pterygoideus muscle whereby an
additional external slip attaches to the outside of the skull,
and (3) in having a skull that is said to be essentially
akinetic (lacking obvious intracranial movements) but
hyperstreptostylic (Throckmorton, 1976). Uromastyx is a
common ground-living lizard in India, Africa and the
Middle East and has therefore been quite well described in
the literature (e.g. Saksena, 1942; El-Toubi, 1945; George,
1955; Islam, 1955; Throckmorton, 1976). With regard to
mechanical function we are concerned to investigate the
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relationship between sutures and stress distribution, the
extent to which there is potential for metakinesis, and
the effects of varying bite point on stresses.
The application of FEA and MDA has increased rapidly in
the area of functional morphology, as these technologies
have the potential to advance our understanding of the
driving forces that shape bone, as well as more complex
and specific structures such as the skull (e.g. McHenry et al.
2007; Curtis et al. 2008). The advantages of using these
mechanical engineering tools is that forces acting upon
the skull can be estimated and then applied to a model of
it to estimate patterns of strain and stress across the skull.
In conjunction with knowledge of evolutionary paths, this
information can be used to develop hypotheses regarding
the genetic and epigenetic factors that shape the skeleton.
Both MDA and FEA warrant a brief overview.
MDA involves two or more rigid bodies whose motions
can be independent of each other, or whose motions are
constrained by joints or specified contact surfaces and
springs. As the term rigid body implies, no deformation of
the geometries occurs, and as such, deformation does not
affect gross body motion. This area of dynamics can be
divided into two disciplines: (1) a kinetic analysis, which is
the study of motion produced under the action of forces,
and (2) a kinematic analysis, which is the study of motion
regardless of the masses or forces. For example, a kinetic
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simulation is applied when assessing jaw motion that is
driven by the masticatory muscles, and a kinematic
simulation is applicable when a rotation is defined to a
joint and motion is produced without concern for mass
and muscle forces (e.g. Geradin & Cardona, 2001; Hannam,
2003). FEA works by dividing the geometry of the problem
under investigation (e.g. a skull) into a finite number of
sub-regions, 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 behaviour 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 which describes the behaviour 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; Richmond et al. 2005; Rayfield, 2007).
MDA, predominately an engineering tool, was brought
to the area of biomechanics to study human movement,
and more recently it is being used by those interested in
functional morphology (e.g. Langenbach et al. 2002; Sellers
& Crompton, 2004; de Zee et al. 2007; Curtis et al. 2008;
Moazen et al. 2008). MDA can be used to estimate the
loading conditions that act, for example, on the skull during
biting and which, if modelled accurately, will provide
more precise data for FEA. Whereas MDA is a relatively
under-utilized tool in this area, FEA is widely applied, with
some authors adopting inductive methods (Preuschoft &
Witzel, 2002, 2005) and some deductive methods (e.g.
Rayfield et al. 2001; Dumont et al. 2005; Ross et al. 2005).
Recent FEA studies have become increasingly complex,
with approximations in material properties of bone (e.g.
Strait et al. 2005; Wang & Dechaw, 2006) and the representation of muscle loading (e.g. Grosse et al. 2007; Wroe
et al. 2007) being addressed more thoroughly. However,
so far there are few combined MDA and FEA studies in the
literature (e.g. Koolstra & van Eijden, 2005, 2006; Curtis
et al. 2008).
The aim of this present phase of our work is to evaluate
the potential of an MDA approach to the loading of skulls
using a finite element model of Uromastyx. In this paper,
the resulting MDA load data are used to explore the
variation of stress across the skull to consider the possible
role of sutures, the potential for metakinesis and the
effects of varying bite point. During each simulation, gape
angle, muscle force, bite force and joint force all vary with
time, with the MDA solution outputting the load data at
discrete time steps. These load steps are then transferred

to the FE analysis, where the variation of stress and strain
over time can be examined. In this study we also compared
the results of FEA models that used MDA load data with
models using loading methods more widely described in
the literature.

Materials and methods
Multibody dynamics analysis
The development of a multibody dynamics model and its subsequent
simulations has been discussed in detail previously (Moazen et al.
2008). In brief, three-dimensional models of the cranium, mandible
and quadrates of a Uromastyx hardwickii skull were constructed
from microCT data and then imported into MSC ADAMS motion
simulation software (Santa Ana, CA, USA) in preparation for a
multibody dynamics analysis. Mass properties were assigned to
the moving parts (jaw and quadrates) and soft tissue structures
(i.e. muscles and ligaments) applied. The ligaments were modelled
as tension-only springs (i.e. no compressive resistance) and the
jaw-closing muscles [named as adductor mandibulae externus
superficialis anterior (MAMESA), adductor mandibulae externus
superficialis posterior (MAMESP), adductor mandibulae externus
medialis (MAMEM), adductor mandibulae externus profundus
(MAMEP), pterygoideus externus (MPTE), pterygoideus medialis
(MPTM) and the pseudotemporalis superficialis (MPST)] were
defined with Hill-type muscle properties (Hill, 1938) as described
by van Ruijven & Weijs (1990). A kinematic analysis was performed
to open the jaw, and then muscle forces, which varied with gape,
were applied to close the jaw during a forward dynamic biting
simulation. Ligament, bite and joint forces were calculated, as a
food particle with viscoelastic material properties (i.e. stiffness of
50 N mm–1 and damping ratio of 9 Ns mm–1) was modelled in the
mouth aligned perpendicular to the teeth. The food particle was
placed at three positions, moving from the front of the mouth
(incisiform tooth) to the back of the mouth (posterior teeth) (Fig. 2).

Finite element analysis
The three-dimensional model of the cranium developed for the
MDA was transformed into a meshed solid geometry using AMIRA
image segmentation software (Mercury Computer Systems Inc.,
Chelmsford, MA, USA). The model consisted of 207 000 quadratic
tetrahedral elements and was imported into ANSYS11 Mechanical
(ANSYS, Inc., Canonsburg, PA, USA) in preparation for FEA. Bone
was modelled as an isotropic material with a Young’s modulus of
10 GPa and a Poisson’s ratio of 0.3. These values are comparable to
bovine Haversian bone as used in other studies (e.g. Rayfield et al.
2001; Rayfield, 2005a). Although bone is known to be anisotropic,
previous studies (e.g. Strait et al. 2005) have shown that comparable
patterns of stress across the model are formed with an isotropic
assumption.
Boundary conditions (i.e. muscle force, ligament force , bite
force and joint force) were imported directly from the MDA
solutions, which were divided into 50 load steps for each bite
position (three bite positions in total), representing initial biting
at a gape of 32.6° until final biting at a gape of 0.9° (i.e. jaw closing
as the food particle was compressed). The force in each muscle or
ligament strand was applied in the FEA at one node, which was
chosen by finding the closest coordinate in the FE model to the
muscle force application in the MDA model. In the MDA model,
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Fig. 1 Sample muscle and ligament force data
plotted vs. gape angle from MDA
corresponding to an anterior bite. The MPST
is an internal muscle and it is not visible in this
figure.

Fig. 2 Variation in the bite force, joint force and ligament force as a
result of moving the bite point from the front of the mouth to the back.
All values are taken at a gape of 10° and reported for the right-hand side
of the model.

were then automatically written into an element table for each of
the loading conditions for postprocessing.
To demonstrate the effects of incorporating the load data produced
by an MDA analysis, a simple FEA comparison was carried out
between a model with one step of the MDA solution, and a model
with very simple loading and constraint conditions. In the latter, a
bite force was applied at the front of the cranium while three
nodes on the occipital condyle were fully constrained (Model A);
this is comparable to other similar studies (e.g. Tanne et al. 1988;
Miyasaka et al. 1994; Rayfield, 2005b). A second model was similarly
constrained, but loaded with the load data from an MDA solution
(i.e. bite force, muscle force, ligament force and joint force) corresponding to biting at the front of the cranium with a 23° gape angle
(Model B). Both models had the same applied bite force of 30 N.

Results
MDA of Model B

the cranium, quadrates and mandible were represented as
separate bodies, allowing the bite force, quadrato-mandibular
(joint 2) and quadrato-squamosal (joint 1) joint forces, and muscle
and ligament forces to be calculated. In the FE model, only the
cranium was represented with the relevant forces calculated by the
MDA applied directly to it. Thus the quadrate was not modelled
in the FEA, but its effect was included, without any loss of accuracy,
by application of the calculated quadrato-squamosal joint forces.
Three nodes were constrained at the back of the skull (occipital
condyle); however, as the loading data came directly from the
MDA models, where the muscle forces and reaction forces (bite
and joint) were in equilibrium, negligible stress values were subsequently recorded at the constraints. This is one of the important
advantages of using MDA before FEA. The element stress values

Sample muscle and ligament force data used in the MDA
are presented in Fig. 1. Many of the muscle forces were
relatively constant, despite the non-linear force–length
relationships used in their definitions (see Moazen et al.
2008), whereas the force in others [for example, the posterior
strand of the MAMESA 1 and ligament forces] gradually
increases or decreases as the geometry of the model and
moment arms of the muscles change with time. The muscle
forces were applied to biting simulations on a viscoelastic
food particle as described in Moazen et al. (2008), and
provided joint, bite and ligament forces for three different
bite positions, as shown in Fig. 2.
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Fig. 3 Comparison of von Mises stress of
two FE models in dorsal and ventral view.
Both Models A and B were loaded with the
same bite force (biting in front) and constraints
(at the occipital condyle – see text), whereas
Model B also included muscle, ligament and
joint forces. Note stress values are in MPa and
that grey colours indicate stresses in excess of
32 MPa.

Comparison of FEA for Models A and B
Finite element analysis produces a vast amount of data.
Interpreting those data, or even presenting it in a concise
way, can be difficult, and different studies often report
different output parameters. The most popular are principal
stresses, maximum shear stress and von Mises stress (or
strain). For example, the full three-dimensional stress field
at each point in the model consists of three direct stresses
in the x, y and z directions and three shear stresses. These six
values can be resolved into three perpendicular principal
stresses (which are the normal stresses on planes which
have no corresponding shear stresses). The advantage of
considering the principal stresses is that they show the
variation of the ‘most tensile’ and ‘most compressive’
stress through the structure and reveal information about
its mode of loading. Also, very importantly, their directions
show the load transfer paths through the structure. Of
course, on the surface of the model, the normal stress must
equal zero, thus only two principal stresses need to be
considered. The mode of loading and load path information is not provided by the maximum shear stress or the

von Mises stress (or strain) values. The maximum shear
stress is simply half the difference between the minimum
and maximum principal stresses. The von Mises stress
combines all the stresses at a point into a single parameter,
and is a convenient way of expressing the state of stress at
that point by a single value. Like the maximum shear stress
it gives no indication of whether the material is under
tension or compression. In engineering analyses, both the
maximum shear stress and the von Mises stress are used in
the prediction of failure of ductile materials – called
Tresca’s failure criterion and the von Mises failure criterion,
respectively (Timoshenko, 1955). As bone is a ductile
material (Nalle et al. 2003), failure is not considered in
most FE models of bone, and maximum shear stresses and
von Mises stresses are simply used as simple scalar measures
of stress level (e.g. Grosse et al. 2007; McHenry et al. 2007;
Wroe et al. 2007; Moreno et al. 2008).
In this part of the work, von Mises stress was plotted for
both Model A and Model B (as shown in Fig. 3) to get a
general indication of the stress levels in the two models
with an anterior bite point. In Model A high stress concentrations were observed in the basicranium in the region of
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Table 1 Comparison of von Mises stress between Model A and Model B over the 10 selected regions. Stress values are given in MPa

Model A
Model B

R1

R2

R3

R4

R5

R6

R7

R8

R9

R10

8.47
11.57

6.24
14.19

1.60
3.14

3.03
17.76

4.61
19.61

2.21
8.48

2.60
5.61

7.78
17.90

3.85
5.00

12.94
14.53

stress in different regions of the skull can vary (see Figs 4
and 6). Figure 7 shows a comparison between the first
principal (most tensile) stress and the third principal (most
compressive) stress obtained from a biting simulation in
the front of the mouth (biting at gape angles of 0.9°) and
a real Uromastyx lizard skull in which cranial sutures are
highlighted. The first principal stress and the third principal
stress are more relevant than von Mises stress for this
aspect of the research. From this analysis it was noted that
higher stress regions were formed near the suture locations.
A quantitative comparison of the von Mises stress at
three locations on the skull (R1, R3 and R7 see Fig. 4) was
made while biting at different positions in the mouth
(see Fig. 8). These three points (at the root of the left postparietal process, between the orbits, and at the root of the
left postorbital bar above the end of the tooth row) were
chosen to represent anterior, posterior, and lateral skull
regions. The maximum variation was noted at R3, where
biting at the back of the mouth led to a reduction in stress
of 81% compared to the front of the mouth (front –
2.96 MPa, back –0.54 MPa). A reduction of 23% was also
noted at R1 (front –11.40 MPa, back –8.81 MPa), but there
was a small increase in stress in R7.

Discussion
Fig. 4 Location of 10 identified regions used for quantitative
representation of results. (A) Ventral and (B) lateral views.

the constraints; however, in Model B the stress in this
region was negligible. Areas of high stress were seen in
Model B at the points of muscle force application. Table 1
presents a quantitative comparison of von Mises stress
between these two models over 10 selected regions whose
locations are shown in Fig. 4.

FEA of Model B
Figure 5 shows the von Mises stress distribution during
bilateral biting simulation at the front of the mouth
(incisiform teeth), where the stress varies as the jaw closes,
corresponding to the varying loading conditions (i.e.
muscle force, joint force and bite force) at different gapes.
Von Mises stress was again assessed at 10 selected regions
across the skull during this simulation to show how peak

Methodological approaches
Multibody dynamics analysis is a powerful tool that allows
many loading scenarios to be investigated, in turn providing
increased data for finite element analyses (i.e. unilateral
and bilateral bite forces, varying muscle loading at different
gapes, etc). The main goal of this study was to apply the
previously generated load data from an MDA simulation
(Moazen et al. 2008) to a finite element model. Moazen
et al. (2008) developed a model of jaw open/closing in
Uromastyx in which the jaw was opened by defined
motion data (Throckmorton, 1980), during which a mobile
quadrate moved anteriorly and resulted in a slack temporal
ligament. During jaw closing, muscle forces (assuming
100% activity) were applied to close the jaw against a
viscoelastic food particle. This resulted in posterior movement of the quadrate to its starting position while the
temporal ligament limited this backward movement by
becoming tense (see Fig. 1). Movement of a food particle
from the front of the mouth (incisiform tooth) to the back
of the mouth (posterior teeth) showed that biting
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Fig. 5 Model B: ventral and lateral views
showing the variation in von Mises stress durin
bilateral biting at the front teeth. (A–C) Biting a
gape angles of 32°, 23° and 0.9°, respectively
Note stress values are in MPa and that grey
colours indicate stresses in excess of 32 MPa.

toward the back of the mouth is more effective because it
leads to an increase in bite force, with a decrease in joint
forces, as well as less tension in the temporal ligament (see
Fig. 2).
There are currently two main methods of loading and
constraining FE models of skulls in the literature. The
simplest is to apply a bite force on one or more teeth on the
skull, possibly with additional muscle loads, while applying
rigid constraints at the occipital condyle. This ignores any
reaction forces acting upon the skull via the jaw joints, and
does not attempt to equilibrate the skull (e.g. Tanne et al.
1988; Miyasaka et al. 1994; Rayfield, 2005b). The second is
to constrain the skull at the jaw joints and the teeth in the
vertical direction while applying muscle forces directed
towards their mandibular insertions (e.g. Dumont et al.

2005; Strait et al. 2005). This second method is similar to
one solution step in the MDA method described above,
except (1) it does not easily allow for different gape angles
and changes in geometry; (2) it is time-consuming to calculate the directions of the muscle forces accurately; and
(3) it is not easy to incorporate the actual physiological
behaviour of the jaw joints – for example, the mobile
quadrate in the Uromastyx described here, or the translation
and rotation of the jaw joint observed in primate skulls.
These affect the moment arms of the muscles and create
more complex boundary conditions at the jaw joints.
Erroneous stress concentrations about constraints in the
FEA were noted in the simple model (bite force only with
constraints at the occipital condyle). These constraint
stresses were not present in the MDA-loaded FEA model,
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Fig. 6 Variation of von Mises stress during the biting cycle at 10 sample
locations, with an anterior bite point (see Fig. 4 for locations of the
sampling points).

as the bite and joint forces are derived in response to
applied muscle forces and provide a state of equilibrium.
Also, a quantitative comparison of the von Mises stress in
10 identified regions between these two models confirms
that the stresses recorded from the approach that was
implemented in this research are higher than in the simple
model, and depending on the area of interest on the skull
this can lead to significant differences (see Table 1 and
Fig. 3). Stress concentrations were, however, observed in
the MDA-loaded FEA model in the dorsal region of the
postorbitofrontal/jugal and jugal/squamosal sutures due
to the action of the muscle forces, which of course were
not present in the simply loaded model. The issue of higher
stresses in areas where distributed loads are applied as
point loads is a common problem in all finite element
analyses (because load is applied over a vanishingly small
area), and has been addressed in more detail for this
application by Grosse et al. (2007). An interesting finding in
this study was that in the ventral view, stress distributions
were similar in the nasal and frontal bones for both models,
confirming that the stress in this region is predominantly
due to the bite force, as expected (see Fig. 3).

Biting in Uromastyx
From Figs 5 and 6 it can be seen that stress varies throughout
the skull during biting, to different degrees in different

regions of the skull. This variation is due to the variation
in muscle, joint and ligament forces and their respective
moment arms at different gapes (see Figs 1 and 2). A
sudden increase of stress between a gape angle of 20° and
15° was noted during the biting simulation (see Fig. 6).
This occurs as a result of the combined increased tension
in the different muscle groups at this stage of jaw closure
and the resultant changes in reaction at the bite point and
joint 1 (see Fig. 1 – MAMESA 1; note other muscle strands,
not shown, follow a similar pattern to MAMESA 1). Whether
this happens as abruptly in vivo is not known, but the
identification of this likely cause and effect highlights the
value of MDA modelling.
One interesting finding during these FE studies is the
identification of higher areas of first principal and/or third
principal stress around anatomical suture zones (see
Fig. 7), most notably between the prefrontal, maxilla and
palatine in the antorbital margin; between the postorbitofrontals and parietal; at the junction of the nasals,
prefrontals, frontal and premaxilla on the snout; around
the junction of the frontal and parietal; and at the sutures
between the jugal and squamosal, and jugal and postorbitofrontal. This finding suggests that sutures are located
in areas of high tension/compression, and as such could act
to alleviate the stress arising from biting, which agrees
with previous experimental and computational studies
(Herring et al. 1996; Herring & Teng, 2000; Rafferty et al.
2003; Rayfield, 2005a). Further work is now on-going to
introduce sutures into these models to see whether they
do indeed reduce the level of stress in these regions.
There are also high levels of stress at many of the interfaces between the braincase and the dermal skull, notably
in the basipterygoid processes of the basisphenoid where
they meet the pterygoids, in the paroccipital processes
of the opisthotic (meeting the parietal, squamosal,
supratemporal and quadrate), and in the posterior
processes of the parietal. These strains may reflect the
tendency of the braincase to move in relation to the skull
roof and palate and thus be indicative of a selective
advantage for greater freedom of movement (metakinesis).
Comparison of the first and third principal stress (Fig. 7)
highlights a related feature not evident in the von Mises
plots, namely the high level of tension in the epipterygoids
during biting in Uromastyx (Fig. 7A). In lizards, the
epipterygoids are slender mobile columns. Each has a
synovial ventral joint with the pterygoid (in a pit, the fossa
columellae) and a ligamentous dorsal attachment to the
parietal and the braincase. Where present, the epipterygoids are the origin of parts of the m. pseudotemporalis.
They are thought to brace the braincase against the
dermal skull when (if) one moves against the other during
metakinesis, and may be absent or reduced in taxa where
this movement is lost (e.g. chamaeleons, snakes, some
agamids; Schwenk, 2000). The high level of tensile strain
seen in our model during biting may result from direct
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Fig. 7 (A) First principal (most tensile) stress. (B)
Real Uromastyx skull. (C) Third principal (most
compressive) stress. A comparison of the
distribution of the stress predicted by the FE
model with the location of the sutures in a real
skull of a Uromastyx hardwickii (UCL collection)
in ventral and lateral views. Note the quadrate
was included in the MDA model but is not
modelled in the FEA study, and hence is not
shown in the FE plot. The grey colour in (A)
shows values less than zero, whereas in (C) it
shows values greater than zero. FE plots
obtained from biting at a gape angle of 0.9° at
the front of the mouth. pop, postparietal
process; pof, postfrontal; pob, postorbital bar
(i.e. separating orbit from temporal region);
aom, antorbital margin; f, frontal; pf, prefrontal
j, jugal; n, nasal; oc, occipital condyle;
pal, palatine; par, parietal; pm, premaxilla;
q, quadrate; sq, squamosal; ep, epipterygoid;
pt, pterygoid.

Fig. 8 Comparison of the variation in von Mises stress in three sample
regions of the skull at varying bite points in the mouth.

muscle action, although (Fig. 2) the m. pseudotemporalis
does not generate much force at this stage of the bite.
Alternatively, like the stresses noted above, the tension in
the epipterygoid may reflect a tendency of the braincase
to rotate on the dermal skull during biting, pushing the
pterygoids apart. In the living animal, these strains in the
epipterygoid would be mitigated by its mobile dorsal and
ventral articulations.
This work has also shown the importance of considering
different loading scenarios, as the variation in stress across
the skull varies with different load conditions. Our results
agree with others who noted greater bite forces with a
more posterior bite point (e.g. Koolstra et al. 1988; Dumont
& Herrel, 2003; Sellers & Crompton, 2004). However, we also
© 2008 The Authors
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found that peak stress values generally tended to reduce
with more posteriorly positioned food boluses, even
though the bite force increased (see Figs 2 and 8). For
any lizard herbivore, the primary role of the jaws and
dentition is in cropping (Schwenk, 2000). Herbivorous
lizards tend to have shorter, deeper jaws than insectivores
(Herrel et al. 1999), with a higher mechanical advantage,
and this is the pattern seen in Uromastyx. Uromastyx
uses a combination of jaw closure and anteroposterior jaw
movement (streptostylic quadrate) to tear off plant food
and bring it into the mouth (Throckmorton, 1976), but
uses jugo-mandibular ligaments to fix the quadrate in
hard biting. An anterior bite, as in cropping, would induce
compressive stress in the premaxilla and up through to the
frontal, which it directly abuts between the nasals, to the
parietal; these bones are thick and strongly united. A
posterior bite would have a different force trajectory
with much of the stress passing through the jugal and
along the lateral aspect of the skull. The drop in strain at
R3 (frontal) and, to a lesser degree, R1 (parietal) between
anterior and posterior bite positions could reflect these
different trajectories, as might the slight increase in strain
at R7.

Limitations
As with most biomechanical simulations, there are a number
of simplifications and approximations in this analysis.
Probably the most significant is that we have assumed
100% activation for each muscle; this is a simple, convenient
approach, but is unlikely to be physiologically accurate.
For our long-term goal, to understand the structure of the
skull, it may be relevant because it allows us to predict the
maximum possible stress that the skull could experience,
and that it is perhaps ultimately constructed to withstand.
However, we aim to refine this aspect of the simulation to
allow us to explore the habitual stresses experienced by
the skull, rather than the exceptional. Both must affect
skull development but presumably in different ways. Also
in real life the position of the food particle in relation to
the teeth will change during the bite cycle. Here we only
consider a food particle positioned perpendicular to the
teeth (both in the MDA and FEA).
The assumption of isotropy in the bone properties is also
known to affect the level of stress in the bone, but not the
overall distribution (Strait et al. 2005). Detailed material
property values were not available for the specimen examined in this study, and would be extremely difficult to
obtain due to the size of the skull. Also, the use of assumed
non-isotropic material properties will introduce unquantifiable artefacts into the results. Therefore we followed the
usual pragmatic approach of assuming isotropic properties
(Witzel & Preuschoft, 1999; Rayfield et al. 2001; Cattaneo
et al. 2003; Cruz et al. 2003; Kupczik et al. 2007; Strait
et al. 2007).

Conclusions
Despite these limitations, this work demonstrates the
benefits of using MDA to estimate the biomechanical
loads for application to FE models of skulls. We feel this
is the best way to properly test hypotheses in functional
morphology in a more objective way, where muscle data,
joint data and bite data can all be obtained and then
applied to calculate stress and strains throughout the
skull. More work is required to improve the complexity
and realism of both the MDA and FEA models, but the
results shown here demonstrate the effects of different bite
positions on patterns of strain in the lizard skull, suggest
a selective advantage for the elaboration of joints involved
in relative movements of the braincase against the dermal
skull, and provide evidence of a functional role for cranial
sutures. Additional loading scenarios need to be considered
in the MDA, such as unilateral biting, and in the FEA the
inclusion of sutures and anisotropic material properties
would allow more accurate stress and strain results.
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