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Abstract

Biomechanical analyses are commonly conducted to investigate how craniofacial form relates to function,
particularly in relation to dietary adaptations. However, in the absence of corresponding muscle activation
patterns, incomplete muscle data recorded experimentally for different individuals during different feeding tasks
are frequently substituted. This study uses finite element analysis (FEA) to examine the sensitivity of the
mechanical response of a Macaca fascicularis cranium to varying muscle activation patterns predicted via multi-
body dynamic analysis. Relative to the effects of varying bite location, the consequences of simulated variations in
muscle activation patterns and of the inclusion/exclusion of whole muscle groups were investigated. The resulting
cranial deformations were compared using two approaches; strain maps and geometric morphometric analyses.
The results indicate that, with bite force magnitude controlled, the variations among the mechanical responses of
the cranium to bite location far outweigh those observed as a consequence of varying muscle activations.
However, zygomatic deformation was an exception, with the activation levels of superficial masseter being most
influential in this regard. The anterior portion of temporalis deforms the cranial vault, but the remaining muscles
have less profound effects. This study for the first time systematically quantifies the sensitivity of an FEA model of
a primate skull to widely varying masticatory muscle activations and finds that, with the exception of the zygo-
matic arch, reasonable variants of muscle loading for a second molar bite have considerably less effect on cranial
deformation and the resulting strain map than does varying molar bite point. The implication is that FEA models
of biting crania will generally produce acceptable estimates of deformation under load as long as muscle activa-
tions and forces are reasonably approximated. In any one FEA study, the biological significance of the error in
applied muscle forces is best judged against the magnitude of the effect that is being investigated.

Keywords: Cranial deformation; finite element analysis; geometric morphometrics; multibody dynamic analysis;
muscle activation; sensitivity study.

ring forces generated by jaw-closing muscles to the items
held between the teeth. As the jaw opens and closes, mus-
cles vary in their lines of action and their force production

Introduction

In this paper we assess the sensitivity of a finite element

analysis (FEA) model of a macaque cranium to varying mus-
cle loads because there is often uncertainty about what
muscle loads should be applied in such studies. The magni-
tude of force produced by a muscle is a product of its phys-
iological cross-sectional area (PCSA), maximum muscle
stress (N cm™2) and degree of muscle activation. During
biting, the masticatory system functions as a lever transfer-
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capacity. Consequently, for a specific biting task, the
recruitment patterns of the muscles of mastication will vary
according to the degree of jaw opening, bite location, bite
direction and magnitude of biting force required (Pruim
et al. 1978; Manns et al. 1979; Hylander & Johnson, 1985;
van Eijden, 1990; Lindauer et al. 1993; van Eijden et al.
1993; Mao & Osborn, 1994; Blanksma & van Eijden, 1995;
Paphangkorakit & Osborn, 1997; Spencer, 1998; Farella
et al. 2002; Olmsted et al. 2005). In recent years, many in
vivo electromyographic (EMG) studies have been conducted
in relation to primate masticatory function (Hylander et al.
2000, 2005; Ross & Hylander, 2000; Vinyard et al. 2005,
2006; Wall et al. 2006). Muscle activations recorded experi-
mentally have consistently demonstrated a high degree of
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variability interspecifically, intraspecifically, within an indi-
vidual, during different feeding tasks and during different
masticatory cycles of a particular feeding bout (Doty &
Bosma, 1956; Shaffer & Lauder, 1985; German et al. 2008;
Vinyard et al. 2008). EMG activity has been shown to vary
due to differences in the food material and mechanical
properties (Agrawal et al. 1998; Hylander et al. 2000; Peyron
et al. 2002; Vinyard et al. 2008), and to be related to differ-
ences in muscle morphology, including: the mechanical
advantages of muscles (Maynard Smith & Savage, 1959;
Herring, 1992); muscle internal anatomy (Herring et al.
1979; van Eijden et al. 1997; van Eijden & Turkawski, 2001;
Vinyard & Taylor, 2010); and other factors, such as the mor-
phology of the teeth and bones (Hylander et al. 2000, 2005;
Vinyard et al. 2005, 2006, 2008). The jaw-closing muscles are
also architecturally complex, meaning that when carrying
out submaximal bites they can be recruited in different ways
(Hylander, 1979), yet achieve the same force.

This variability in muscle activation patterns adds a
degree of complexity to biomechanical modelling. In par-
ticular, over the last decade, functional morphologists
have applied the engineering approach of FEA to a range
of extant and extinct primate species (e.g. Ross et al. 2005,
2011; Strait et al. 2007, 2009; Kupczik et al. 2007; Wroe
et al. 2007; Panagiotopoulou etal. 2010; Wang et al.
2010; Chalk et al. 2011; Cobb & Panagiotopoulou, 2011;
Groning et al. 2011), with the aim of understanding skull
anatomy, adaptation and development, with regard to
masticatory biomechanics. However, in order to carry out
FE modelling and simulate a feeding task, the relevant
muscle loading is required. Ideally the skull under exami-
nation should possess individually specific muscle activa-
tion patterns recorded in vivo. However, to date this has
not been the case and, indeed, is not feasible for most
comparative studies of primates. Thus, while it is known
from EMG experimental studies that the activation pat-
terns of the masticatory muscles vary between individuals
and during different feeding tasks, muscle activation
patterns acquired for one individual experimentally are
often substituted in FEAs of different individuals (Ross
et al. 2005, 2011; Strait et al. 2007, 2009; Kupczik et al.
2007; Wroe et al. 2007; Panagiotopoulou et al. 2010;
Wang et al. 2010; Chalk et al. 2011; Cobb & Panagioto-
poulou, 2011; Groning et al. 2011). Muscle loadings used
in biomechanical models are therefore frequently not
related to the specific individual being studied, yet the
effects such assumptions have on skull deformation and
FEA interpretation are not well understood. Applying
non-individual specific loadings is almost inevitable, partic-
ularly for fossils where muscle data are completely lacking
(Strait et al. 2009). The effects need to be understood
because errors in applied muscle forces could well swamp
the effects under investigation, for instance, differences in
skull deformations between different (e.g. molar bites in)
simulated feeding tasks.

Here we aim to assess the impacts of errors in applied
muscle loads by using varying muscle activations in a single
FE model of a macaque cranium (Macaca fascicularis). In
order to create a series of loading conditions where only
the muscle activation pattern varies (i.e. bite direction, mag-
nitude and gape remain constant and thus controlled for),
we use multibody dynamics analysis (MDA). Using MDA we
can estimate muscle activations based on an optimisation
criterion, in this case, minimising total muscle energy
(proportional to muscle stress) for various biting tasks
(Rasmussen & Voigt, 2001; Heintz & Gutierrez-Farewik,
2007). Using this approach a number of activation patterns
can be predicted for the same individual, reflecting the
variability of recruitment patterns found in vivo (Hylander,
1979), but all producing the same bite (direction and
magnitude) with the masticatory apparatus held in equilib-
rium. The optimisation criterion can also be used to pro-
duce extreme experimental muscle activation patterns,
reflecting what may occur, for example, when various
muscles of mastication are omitted from the model (e.g.
when their force vectors are unknown, or for model simpli-
fication). Using these pseudo-realistic muscle loadings, the
role that each muscle of mastication plays in subsequent
cranial deformation during biting can be examined. Such
an approach would not be feasible using in vivo data.

Multibody dynamics analysis has been applied extensively
to locomotor studies, and more recently to studies of masti-
catory biomechanics in fish (Westneat, 2003), pigs (Koolstra
& van Eijden, 1997, 1999; Langenbach et al. 2002, 2006),
lizards (Moazen et al. 2008a; Curtis et al. 2010), humans
(Langenbach & Hannam, 1999; Sellers & Crompton, 2004;
Koolstra & van Eijden, 2005) and non-human primates
(Curtis et al. 2008). We use MDA here to simulate biting
forces of 100 N (which are less than the maximal forces pre-
dicted by MDA at all bite points) at various bite points
along the dental row, and to predict the optimal muscle
activation pattern for the individual. In order to test the
sensitivity of FEAs to muscle activation patterns, we subse-
quently generate permutations of these that produce the
same sub-maximal bite force of 100 N at one particular bite
location, the upper second molar, while the system is held
in equilibrium. This results in several activation scenarios
which, while different in relative and absolute activation
patterns of muscle, all produce the required biting task and
force. These varying loading conditions are then applied to
a FE model, and we examine how it deforms in response to
these varying loading regimens (Koolstra & van Eijden,
2005; Curtis et al. 2008, 2010; Moazen et al. 2008b).

Materials and methods

Model creation

The cranium and mandible of an adult male M. fascicularis
(referred to as Mac17) were segmented from a MicroCT (voxel
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size: 0.142 x 0.142 x 0.142 mm; X-Tek HMX 160 uCT system; X-
Tek Systems, Tring, UK) using Avizo image-processing software
(Visualisation Sciences Group, USA). Bone and teeth were sepa-
rated from the surrounding air by a user-defined density thresh-
old based on the half-maximum height protocol (Spoor et al.
1993). The model was subsequently downsampled to a voxel
size of 0.428 x 0.428 x 0.428 mm to reduce processing time. Dur-
ing a previous dissection of this macaque (Kupczik et al. 2007),
muscle attachment points were recorded and PCSA calculated
for the main muscles of mastication following the protocol in
Anapol & Barry (1996). These anatomical data are used in subse-
quent FE modelling and MDA.

Multibody dynamics model

A three-dimensional multibody model of Mac17 was developed
within ADAMS (MSC Software, USA). The model incorporated a
fixed cranium, a moveable mandible with 6 degrees of freedom,
three-dimensional representations of the temporomandibular
joints (TMJs) and the main muscles of mastication (Fig. 1a). Both
jaw-closing and -opening muscles were modeled, although jaw-

Fig. 1 (a) MDA model of M. fascicularis showing a left M? bite at 3
degrees of jaw opening, the jaw-closing muscles are represented as
strands: green; superficial masseter, red; deep masseter, yellow;
medial pterygoid; pink; sup. lat. pterygoid and blue; post. and ant.
temporalis. (b) Macaca fascicularis FE model boundary conditions.
Jaw-closing muscle forces from MDA are applied to the coloured
regions, and the common vector of action for each muscled region is
shown by a line in the same colour; green; superficial masseter, red;
deep masseter, orange; medial pterygoid; purple; sup. lat. Pterygoid;
dark blue; post. temporalis and light blue; ant. temporalis. The glenoid
fossae are constrained in all directions and the bite points are
constrained in the y (vertical). Seventy landmarks used in the GMM
analyses to assess deformation of the skull under the various loading
scenarios are displayed as white dots.
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opening muscles are not considered further in this study
because their activations are negligible. The jaw-closing muscles
include the fan-shaped temporalis muscle (PCSA of 4.94 cm?)
divided equally into anterior and posterior functional parts; the
deep (1.40 cm?) and superficial bellies of masseter (1.99 cm?),
the medial pterygoid (2.61 cm?), and the superior head of the
lateral pterygoid. The superior head of the lateral pterygoid
was modelled because it has been previously associated with
posterior retraction of the mandible caused by biting (Osborn &
Baragar, 1985; Osborn, 1995; Hiraba et al. 2000). This muscle
was not dissected, instead PCSA data published in Anton (2000)
for the upper range of M. fascicularis females were used
(0.14 cm?). All muscle groups were modelled as strands passing
from origin to insertion, including extremes of attachment
areas. The temporalis muscle was wrapped over the surface of
the cranium by splitting the strands into five serial sub-strands
connected to one another by small contact spheres that slide
over the surface of the cranium as they act (see Curtis et al.
2008 for further details).

Hill-type muscle models were applied (van Ruijven & Weijs,
1990), comprising an active muscle force (contractile element)
in series with a passive muscle force (elastic element). Peak
muscle forces (Fnax) Were calculated as PCSA multiplied by a
muscle stress constant of 37 N cm™ (Weijs & Hillen, 1985). The
muscle force generated in any particular biting task is the
product of Fnax the muscle’s active force/length relationship
(FA), an activation factor (FQ) and a passive muscle tension
(FP). In our modelling the passive tension of the muscle
reached a maximum of 0.3 N and FA was constant. Thus, the
force produced by each muscle group in each particular bite
is principally controlled by the unknown activation factor FQ.
The activation factor was specified as a design variable within
a specialist unit of ADAMS (ADAMS/Insight), and was defined
to have a range of 0-1 (i.e. no activity-100% activity).

To estimate muscle activation factors (FQ) biting simulations
were carried out in ADAMS using a spring element positioned
unilaterally (on the left side of the skull) between the upper
and lower teeth in question. The jaw was opened so that 3
degrees of rotation at the joint was produced. While this pro-
duced a different gape at each tooth, the muscle orientation
and stretch remained the same, keeping FA and FP constant.
The jaw was first opened (during which time the spring element
was specified to carry no resistance) and then a biting simula-
tion was undertaken with the spring element made stiff. The
force generated in the spring element is equivalent to bite
force. The location of the mandibular condyle on the articular
eminence at this gape angle was determined from the measure-
ment of 130 macaque heads that were scanned following death
with jaws at different gapes (assuming a linear fit, R?=0.87; JF
Shi, unpublished data). To compensate for the totally uncon-
strained contact between the condylar head and articular sur-
face, antero-posterior and medio-lateral bushing sensors were
included at each joint to simulate the stabilising role of the
joint capsule and temporomandibular ligament (Koolstra & van
Eijden, 1999, 2001; Koolstra, 2002). Each MDA solution then pre-
dicted the muscle forces needed to produce not only the
required bite force but also minimal reaction forces in the
bushings. Using these output data from multiple (non-optimal)
solutions, optimisation was then carried out to determine the
optimum muscle recruitment solutions for the specified bite
force at each of the different bite locations. The optimisation
criterion we used was the minimisation of squared muscle stress,
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which appears to effectively predict muscle recruitment patterns
in M. fascicularis under various biting scenarios (JF Shi, N Curtis,
LC Fitton, P O'Higgins, MJ Fagan, unpublished data). Optimisa-
tion was achieved using a genetic algorithm available within
ADAMS.

Muscle activation patterns were predicted for unilateral bites:
first incisor (I'), second incisor (%), first premolar (P'), second
premolar (P?), first molar (M"), second molar (M?) and third
molar (M3), with the jaw rotated to 3 degrees. Canine bites
were excluded from the present analyses because the large
gapes required during canine biting would have altered the
lengths and orientations of the muscles and introduced addi-
tional sources of error. These biting tasks were simulated with
the model optimised to produce a force of 100 N, which is less
than the maximum predicted at each bite point.

In order to test the sensitivity of the FE models to variations in
activation patterns 10 different (sub-optimal) activation patterns,
each producing a 100 N bite at the M2, were also derived by limit-
ing the peak activation of a particular muscle and optimising all
muscle forces as before. Six further optimised loadcases were
derived omitting various muscles or muscle parts to investigate
the effects of selective exclusion (deactivation). These activation
patterns were applied to a series of 24 FEAs, described below, in
order to assess the impact on cranial deformation of varying bite
points, forces, muscle activations and exclusions.

FEAs

The segmented 3D volume of the Mac17 cranium was exported
as BMP stacks and converted, into eight-noded linear brick FE
meshes, by direct voxel conversion (i.e. each voxel was con-
verted into a FE). This resulted in FE models consisting of
724 095 elements. The FEA was performed using VOX-FE, our
custom FEA pre- and post-processing voxel-based software (Liu
et al. 2012). A Young's modulus of 17 GPa was assigned to bone
(Kupczik et al. 2007) and teeth. All materials were modelled as
linear elastic and isotropic with a Poisson’s ratio of 0.3. The
model was constrained at the working (left) side tooth in the in-
fero-superior direction and the glenoid fossae in all three direc-
tions (x, y, z; Fig. 1b). Muscle forces for each loadcase were
calculated by multiplying PCSA by muscle intrinsic stress
(37 N cm™%; Weijs & Hillen, 1985) to obtain the maximum muscle

force and then scaling to actual muscle force using the % acti-
vation predicted via MDA. Muscle attachments were observed
from previous dissections, and muscle orientations, at 3 degrees
of jaw rotation, were obtained from MDA. The predicted mus-
cle forces were incorporated into FE models with each loadcase
run sequentially. The voxel-based models were solved using
VOX-FE.

FEA interpretation

The deformations resulting from the FEA were represented by
series of strain maps (Figs 2, 4 and 6) to facilitate visual compari-
son of results. Further, large-scale deformation of the cranium
was quantitatively compared between loadcases (Figs 3, 5, and 7)
using geometric morphometric approaches (O’Higgins et al.
2011) applied to the 3D coordinates of the same landmark config-
uration taken from the unloaded and loaded models (Fig. 1b).
The use of geometric morphometric methods (GMM) facilitates
the assessment of variations in form (size and shape) among
landmark configurations taken on different specimens (or in this
case loadcases) using multivariate methods (Bookstein, 1991;
O'Higgins, 1997; Dryden & Mardia, 1998; Rohlf, 2000; Slice, 2005,
2007). These methods lead to quantitative descriptions of cranial
deformation under loading as represented by alterations in the
size and shape of the landmark configuration. Such analyses do
not consider forces, energies, material properties, which are best
approached through standard engineering analyses of stress and
strain. Rather they lead to visual appreciation and comparison of
how whole or part skeletal elements deform in terms of changes
in the form of landmark configurations. The distance metric used
here is that of form space [shape including /og(centroid size)].
Arguably using an alternative space in which size is retained
without using the logarithm would give it a weighting more
appropriate to engineering assessment of deformations. This
issue requires further investigation and theoretical development
in future studies. In any case, here we found negligible differ-
ences between these alternatives as size varies very little relative
to shape among deformed crania.

It is of interest to understand the impact of landmark choice on
the assessment of deformations. To these ends, sensitivity analy-
ses were first carried out comparing deformations among differ-
ent loadcases. A dense landmark configuration (comprising 300
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Fig. 2 Muscle forces predicted via MDA during 100 N bites at each tooth for both working and balancing side muscles. Colour maps of von Mises

strain are displayed beneath the corresponding loadcases.
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Fig. 3 PCA of 70 Procrustes registered coordinates representing overall cranial deformation during different 100 N biting tasks. PC1 (91% total
variance) vs. PC2 (7%). U represents the unloaded and thus undeformed macaque cranium; M>-I" represents the deformations due to biting on
specific teeth. A smooth curve joins these points. The deformations are visualised using transformation grids and a deformed surface. The grids are
drawn vertically through the left zygomatic region, and horizontally through the maxilla and cranial base. The reference specimen for the

transformation grids is U, with the target specimens being I' and M? b

points on surfaces and at the locations of some anatomical fea-
tures, including those landmarks displayed in Fig. 1b) was located
over the model using Avizo. Note that there is no issue of homol-
ogy in comparing deformations as these analyses relate to the
same FE model. The resulting Procrustes form distance matrix
between all models (unloaded and loaded) was computed for
sequential analysis using progressively reduced numbers of land-
marks. The resulting matrices were then compared with that from
the full set of landmarks. The resulting matrix correlations were
very high (> 0.97) when landmarks were removed in such a way
that anatomical coverage remained even, but when specific
regions, especially the zygomatic arch, were denuded of land-
marks the matrix correlations diminished markedly (~0.7). Sev-
enty anatomical landmarks (Fig. 1b) resulted in a distance matrix
that strongly correlated (r = 0.96) with the matrix from 300 land-
marks, and appears optimal in this study from the perspective of
minimising computations while preserving information regarding
all aspects of deformation.

In subsequent analyses the 70 landmarks from the unloaded
case and each loadcase were subjected to generalised Procrustes
analysis followed by principal components analysis of the result-
ing shape variables plus the natural log of centroid size (form
space analysis, see above). The GMM analyses were carried out
using the EVAN toolkit (http:/www.evan.at/). Results are pre-
sented as principal component plots, and deformations (multi-
plied sufficiently to make them interpretable) are visualised
using a warped macaque surface with superimposed transfor-
mation grids computed using triplets of thin plate splines
between the reference and target loadcases. The resulting trans-
formation grids indicate relative stretchings and contractions of
the space in the vicinity of the landmark configuration, but
because it is interpolated it cannot be used to assess strains,
these are appropriately examined directly using the strain maps.
Rather the visualisation is a convenient graphic to aid under-
standing of how the skull deforms at a much larger scale than is
used to compute the strain map.

© 2012 The Authors
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ites.

Loadcases: muscle activation patterns and biting
force

In order to investigate the sensitivity of FEAs to variations in
muscle activation patterns we focused on the effects on defor-
mations arising from M? bites of constant magnitude. Thus, 24
loadcases were run in total; eight using optimised activation
patterns from MDA to simulate a 100 N bite on each tooth
along the working side dental row; 10 representing different
activation patterns that each produced 100 N bites on the M?;
six representing 100 N bites on the M? with a major jaw-closing
muscle group excluded in each case.

Inevitably, the FEA simulation differed slightly in detail from
the MDA. In the former, muscles were connected to every node
on the surface where the muscles attached and possessed a sim-
ple force vector. In comparison, muscles in the MDA model were
represented by series of strands, with wrapping of the tempo-
ralis (compare Fig. 1a and b). In consequence when the forces
derived from MDA were applied to FEA, the resulting bite
forces [assessed by computing the sum of reaction forces (N) at
the constrained nodes located on the biting tooth] were not
exactly the same as those predicted by MDA. Bite magnitude
for this study varied by less than 3% for most loadcases, but
some muscle activation patterns (especially for some excluding
whole muscle groups) resulted in bite forces from FEA that were
10% less than predicted by MDA. Such differences in the bite
reaction forces predicted between models were unacceptable in
this study. Therefore, the resulting cranial deformations for
each loadcase were scaled linearly to ensure a response to a
constant 100 N bite reaction force (rather than, e.g. a 95N
bite). This scaling was carried out by first computing the actual
bite forces produced in the FEA, and then the strains and defor-
mations (in the GMM analyses) were scaled according to the
ratio between measured bite force and 100 N bite. This scaling
was acceptable because it was a linear elastic analysis and the
magnitude of biting force has previously been shown not to
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influence the muscle recruitment pattern (van Eijden, 1990; Mao
& Osborn, 1994; Farella et al. 2002).

Results

Optimised muscle activations from MDA resulting in
100 N bites at each tooth.

We first characterised the effects on cranial deformation of
varying the bite location. Loadcases were predicted for fully
MDA-optimised 100 N unilateral bites at each tooth along
the left side dental row. This allowed us to later assess the
magnitudes of ‘errors’ associated with muscle activation
patterns by relating deformations due only to variations in
muscle activation to the differences in cranial deformation
due to bite point.

Figure 2 presents the muscle forces (calculated from the
predicted working and balancing side activations) used to
generate 100 N of vertical bite force at each tooth along
the dental row together with maps of surface von Mises
strains for each bite. Anterior temporalis and superficial
masseter have the greatest activations (and thus increase in
force) during the more mesial incisor bites, with the poster-
ior temporalis increasing slightly in relative activation
during biting on the more distal molars. As expected from
simple lever mechanics, in order to maintain a 100 N bite,
absolute muscle activations are greater when biting at the
mesial than the distal teeth (Fig. 2). Consequently, when
compared with the other loadcases the incisor bites gener-
ate relatively higher levels of strain in the nasal, premaxil-
lary and circum-orbital regions (Fig. 2). The P', P? and M’
bites produced similar patterns and levels of strain distribu-
tion. During these bites there is a graded reduction in the
magnitudes of muscle activations from more mesial to more
distal bite locations, but the pattern of relative muscle acti-
vations appears quite similar; 100 N bites at M? and M3
require much less muscle activation than do bites at the
incisors, and somewhat less than bites at the premolars and
first molar. Not surprisingly this, combined with the struc-
tural characteristics of the beam-like rostrum, results in gen-
erally lower levels of von Mises strain in premolar and
molar bites than in incisor bites of 100 N. The distribution
of von Mises strain magnitudes differs markedly between
molar and incisor bites, with peri-nasal regions showing
large strains in the case of incisor bites, and the lateral and
more posterior aspects of the maxillary alveolus being more
strained in more distal bites. In all cases the zygomatic
region shows large von Mises strains but these diminish
with more distal bite points, in concert with the diminution
of superficial and deep masseter activation. The overall
impression is of a clear trend in the spatial distribution of
von Mises strain magnitudes and general diminution in the
overall level of strain as the bite point shifts from incisors to
molars.

Form space principal components analysis (PCA) leads to
an alternative representation of these deformations. Thus,
the plot of PC1 (91% total variance) vs. PC2 (7%) in Fig. 3
indicates that the most distal bites deform the cranium
least, with the point representing the cranium deformed by
the M3 bite being closest to the unloaded skull (U) and pro-
gressively more mesial bites resulting in progressively
greater distance from the unloaded. Additionally, the
points representing the deformed cranium from successively
more mesial or distal bites are arranged in an ordered,
smooth curve.

The deformations that this curve represents are visual-
ised in Fig. 3 using two warped surface models with
superimposed transformation grids computed between
the unloaded specimen (U — with reference grids and sur-
face shown in Fig. 3) and M? and I' bites. The warpings
have been exaggerated by a factor of 500 to aid visuali-
sation because the actual magnitudes of the deforma-
tions are very small. With decreasing PC1 scores (M3-I1
bites) there is an increase in dorso-ventral bending of the
rostrum. PC2 appears to reflect torsion within the ros-
trum, with unilateral biting on P? producing the greatest
degree and incisor bites the least. During all biting tasks
there is a considerable degree of downward deflection
of the zygomatic arch. Higher PCs show little of interest
and account for a very small percentage of total variance.
The low dimensionality reflects the simplicity of our
experiment; simulated loadcases differing principally in
bite point and overall absolute (rather than relative) mus-
cle activation.

Ten different activation patterns each producing the
same bite

The 10 different muscle activation combinations and loads
producing 100 N of vertical bite force at M? are presented
in Fig. 4. Compared with the fully optimised M? loadcase
used in this study (Fig. 2), muscle activations were allowed
to vary while maintaining a bite force of 100 N. In conse-
quence, medial pterygoid force differed by up to 15.51 N;
anterior temporalis, 15.23 N; superficial masseter —13.07 N;
posterior temporalis, —11.08 N; deep masseter, —9.68 N; and
superior lateral pterygoid, —1.16 N. While small, these
differences are representative of ‘errors’ in muscle forces
that are frequently introduced to FEA studies of cranial
function. Furthermore, they vary considerably more than
the activation patterns predicted here for different bites.
With increasing anterior temporalis activation there is fre-
quently an accompanying decrease in superficial masseter
muscle activity and vice versa; however, the relationship is
not consistent and in some cases other muscles have
increased activation to compensate for the loss in overall
muscle force when these two main muscles decrease in
activation.

© 2012 The Authors
Journal of Anatomy © 2012 Anatomical Society



Masticatory loadings and Macaque cranial deformation, L. C. Fitton et al.

Muscle force (N)

10 varying M? loadcases

PRRPPRPR

Von Mises Strain (ustrain)
T T e

0 25 50 75 100

Fig. 4 Ten different muscle activation patterns (loadcases) predicted via MDA, each produces a 100 N bite at the M?. Colour maps of von Mises

strain are displayed beneath the corresponding loadcases.

The corresponding von Mises strain maps are shown in
Fig. 4. Visually and within the limits of the contour ranges,
they appear similar to that for the fully optimised muscle
activation M? loadcase in Fig. 2, differing principally in the
extent to which strains are large over the zygomatic arch
and maxillary root. The cases have been ordered according
to the combined force of deep and superficial masseter,
and this ordering corresponds to ordering of magnitudes of
zygomatic strain. Other regions of high strain, for example
the nasal region and orbital rim, appear relatively unaf-
fected by alterations in masseter activity. Interestingly, load-
cases 7 and 2, in which the medial pterygoid was more or
less active, produced no obvious difference in the facial
strain distribution, although some isolated increases in von
Mises strain were evident at elements closer to the muscle’s
origin.

Form space PCA was carried out on these 10 variants of
muscle activation and the deformed crania resulting from
bites of the fully optimised M', M? and M? loadcases as well
as the unloaded cranium to facilitate assessment of the
effects of altered muscle activation in relation to the effects
of varying bite point. PC1 accounts for 90% of the total var-
iance and PC2 explains 5%. Subsequent PCs represent a
small and diminishing proportion of total variance.

The resulting plot of PC1 vs. PC2 is presented in Fig. 5a.
As in Fig. 3 the points representing fully optimised bites are
ordered along PC1 according to their position in the dental
row. The 10 variants of muscle activation for M? bite are
scattered in the vicinity of the points representing fully opti-
mised M? and M" bites, forming an ellipse whose major axis
is approximately as long as the distance between M' and
M2 and, in this projection, at approximately 45 degrees to
the vector connecting these bites. The points representing
the deformed crania due to varying muscle activation pat-
terns are approximately ordered along this axis according
to activation of masseter (combined deep and superficial),
with that with greatest masseter activation (loadcase 10)
being most distant from the curve connecting the molar
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bites. The transformation grids superimposed over the
warped surface (warp magnified x 500 to facilitate visuali-
sation) representing form variation along this axis indicate
that a major aspect of the variation in deformation among
different muscle activations comprises the extent of down-
ward deflection of the zygomatic arch. Loadcases 7 and 8
fall out of sequence and, compared with the other load-
cases, they simulate greater medial pterygoid muscle activa-
tion; 25.05 N (loadcase 8) and 31.70 N (loadcase 7) than
occurs in the rest (between 14.98 N and 20.45 N).

Figure 5b presents a similar analysis excluding zygomatic
landmarks. PC1 explains 87.53% of the variance and PC2
9.51%. The variation among the 10 experimental loadcases
is much reduced, and they all lie close to the fully optimised
loadcase when compared with differences in deformation
due to bite point.

Muscle groups deactivated

A similar but more dramatic experiment involved the deac-
tivation of each of the six muscles or muscle groups on both
working and balancing sides before MDA optimisation of
muscle action. The resulting relative activations are shown
in Fig. 6 together with the resulting maps of von Mises
strain. In general, masseter and, to a lesser extent, medial
pterygoid compensate for temporalis inactivity and vice
versa. The result is that the strain maps, while all bearing
similarity to that from the fully optimised model, show con-
siderable variability, particularly with regard to zygomatic
arch and zygoma strain, associated with variations in masse-
teric activation.

These results are reflected in the PCA of Fig. 7a (PC1
86% total variance vs. PC2 8% total variance). The scatter
of experimental loadcases is very long; spanning a
greater distance in this plot than is evident between the
fully optimised molar loadcases, and it is again at approx-
imately 45 degrees to the vector connecting M' and M>.
The extremes of this distribution are represented by load-
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Fig. 5 (a) PCA of 70 Procrustes registered coordinates representing overall cranial deformation during 10 different loadcases on the M?. Loadcase
numbers correspond to those in Fig. 4. Different muscle activation patterns (each producing 100 N) are applied during each loadcase. PC1 (90%
of total variance) vs. PC2 (5%). The undeformed (U) cranium and those due to M' and M? bites are also included to provide comparison. The
reference (upper left) for the transformation grids and surface warps is the M? loadcase, with the target (lower right, deformation x 500) being
loadcase 10. (b) PCA, plot of PC1 (87%) vs. PC2 (10%) of a subset of 54 landmarks omitting those from the zygomatic arch. Loadcases not

labelled, the outlier above the curve is loadcase 10.
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Fig. 6 Muscle forces predicted via MDA for M? bite, while 100 N of biting force is produced at the M? with the following muscles deactivated: A,
ant. temporalis; B, deep masseter; C, sup. lat. pterygoid; D, medial pterygoid; E, post. temporalis; F, sup. masseter. Bottom: resulting von Mises

strain maps.

case F in which superficial masseter is deactivated, and
loadcase A with anterior temporalis deactivated. Visualisa-
tions of the warped surface with transformation grids
computed between F and A (insets; x 500 magnification)
indicate that with anterior temporalis deactivated (A)
there is considerable inferior deflection of the zygomatic
arch when compared with loadcase F. The remaining
loadcases with deactivated muscles or part muscles lie
between A and F.

Thus, as in the study of loadcases 1-10 (Fig. 5a), the varia-
tion among loadcases A-F is dominated by inferior bending
of the zygomatic arch. Similarly to Fig. 5b, when zygomatic

arch landmarks are omitted (Fig. 7b), the degree of varia-
tion apparent among deformed crania due to these load-
cases diminishes markedly; they all lie close to the fully
optimised M? loadcase in the new PC plot (PC1 79% total
variance vs. PC2 10% total variance). However, PC3 remains
informative (8% variance), and a plot of this against PC1
(Fig. 7¢) shows that the scatter of these loadcases is quite
large relative to the distances between fully optimised
molar loadcases. Visualisation of the differences between
loadcases A (reference) and F (target) using a warped sur-
face and transformation grids (x 2000, four times greater
magnification of warping than in Fig. 7¢) indicates that

© 2012 The Authors
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Fig. 7 (a) PCA of 70 landmarks representing overall cranial deformation when various muscle groups are deactivated. PC1 (86% of total variance)
vs. PC2 (8%). Loadcases and labels as in Fig. 6. The undeformed (U) cranium and those due to M' and M? bites are also included to provide
comparison. Note that loadcase C is overlain by the full M?. The reference (upper left inset) for the transformation grids and surface warps is
loadcase F (deactivated superficial masseter), with the target (lower right inset, deformation x 500) being loadcase A (deactivated anterior
temporalis). (b) PCA from the same FEA analyses, but of a subset of 54 landmarks, excluding the zygomatic arch. Labelling as above. PC1
accounts for 79% of total variance and PC2 for 10%. (c) PC1 (79% total variance) vs. PC3 (8%) from the same analysis excluding zygomatic arch
landmarks. The reference (lower right inset) for the transformation grids and surface warps is loadcase A (deactivated anterior temporalis), with
the target (lower right inset, deformation x 2000) being loadcase F (deactivated superficial masseter).
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these principally relate to a relative vertical compression of
the vault and deformation of the periorbital region in load-
case F, due to the increased action of temporalis.

Discussion

In using FEA to assess the response of a cranium to biting
loads, numerous decisions have to be made in the process
of model building and loading regarding, among other
things, model geometry, material properties and boundary
conditions, including muscle activation patterns and loads.
These all impact on the ways in which the cranium deforms,
and the last of these, varying muscle loadings, is the subject
of this study. In order to make reliable statements based on
FEA it is important that the errors introduced by modelling
decisions are small in relation to the effects that are being
assessed. Here we have assessed errors due to muscle load-
ings in relation to the effects of varying bite point in a sin-
gle model of an adult M. fascicularis.

As different points along the dental row are simulated,
using MDA-optimised muscle activations, the ways in which
the cranium deforms vary. In this analysis more mesial bites
(incisors) required considerably greater muscle force in
order to achieve the same 100 N bite than was the case at
the molars. This contributed, together with skull geometry,
which in this study was invariant, to greater deformation of
the cranium with mesial bites than with distal as assessed
by both the strain maps of Fig. 2 and the PCA of Fig. 3.
These visualisations indicate that besides magnitude, the
deformations differ in nature between bites, with more
mesial bites causing greater superior bending of the maxilla
with respect to the orbits and braincase while torsion is
more characteristic of distal bite points, particularly in the
premolar region. General patterns of strain during all bites
(incisor to molar) are consistent with previous work con-
ducted on macaques, in which strain in the supraorbital
region is recorded as being lower than that seen in the lat-
eral orbital wall, which itself is lower than that recorded
from the zygomatic arch (Hylander et al. 1991; Hylander &
Johnson, 1992, 1997; Ross & Hylander, 1996; Ravosa et al.
2000a,b). Levels of strain in the interorbital region are also
highest during mesial bites, reflecting the suggestions of
others (Ross, 2001) that bending moments in this region will
be greatest during incision as a consequence of a longer
bite force moment arm. In the PCA of Fig. 3 the trend in
deformation with bite point is described by a smooth curve
with the first PC approximating the degree of dorso-ventral
bending and the second, twisting or torsion. For the more
mesial teeth this trend generally fits well within the simple
beam mechanics theory of maxillary function (Greaves,
1985; Ross, 2001; Rafferty et al. 2003; Metzger et al. 2005),
which suggests that dorso-ventral bending predominates
during anterior bites and torsion predominates during pos-
terior bites. Increased levels of torsion were observed in the
premolar region compared with the molar, with the highest

levels observed during P? bites. In Mac17 the P', P> and M’
teeth are located anterior to the anterior-most attachment
of the muscles, whereas the M? and M> are located poster-
ior to the muscles. This may help explain the reduction in
torsion observed during these more posterior bites, with
the muscle possibly contributing to the counteraction of
torque in the craniofacial region superior to these bites
(Ross, 2008). The reduction in torsion observed during the
molar bites compared with the premolar may also be a con-
sequence of the geometry and increased cross-sectional
area of the region immediately above the molar tooth row,
whereas the premolars are anterior to this region and
located at the part of the rostrum that is more (hemi) cylin-
drical (Ross, 2001). The P? teeth are also the most laterally
located teeth in the dental row, which may further explain
the higher degree of torsion during bites on this tooth.

We utilise this reference analysis to assess ‘error’ when
using different muscle forces in the FEA to produce the
same 100 N bite at M2 Two experiments were carried out,
one using all modelled muscles but with varying activations,
and the second where MDA-optimised forces applied in
FEA were computed with different muscles or muscle parts
missing. In the former, differences in muscle loads were
smaller than in the second. The resulting strain maps (Figs 4
and 6) all bear a general similarity to that arising from the
fully MDA-optimised loading scenario (Fig. 2; M?), but there
are key differences. The strain maps show a similar degree
but different pattern of variation to that encountered
along the molar row in the reference analysis of bite points.
PCAs (Figs 5a and 7a) clarify the modes of variation in
deformation due to varying loadings, and indicate that
while variations due to ‘errors’ in loading are large with
respect to the effect of bite point these are different in
character from those due to bite point. Thus, the angle
between among-bite-point and among-‘error’ vectors in
Figs 5a and 7a is approximately 45 degrees. The strain maps
of Figs 4 and 6 and the visualisations from the PCAs (Figs 5a
and 7a) both indicate that the principal effect of varying
muscle activations is on the zygomatic arch. This region
varies in the extent to which it is deflected inferiorly accord-
ing to the activity of, especially the superficial portion of
masseter.

Further PCAs excluding zygomatic landmarks (Figs 5b, 7b)
indicate that when this effect is ignored, the variations in
deformation due to variations in muscle activation are small
with respect to the differences among bite points. Indeed,
when zygomatic landmarks are excluded all of the variants
of muscle activation used in this study, which include load-
cases where muscles or muscle parts have been eliminated
entirely, do not produce ‘errors’ that could lead to
mis-assignment of the deformation due to M? bite as M" or
M?* bites on plots of PC1 vs. PC2 (Figs 5b, 7b). However,
when zygomatic arch landmarks are omitted in the second
assessment of ‘error’ (Fig. 7b, ¢), excluding muscles in part
or completely, there is marked residual variation visible
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particularly on PC3 (Fig. 7b). This is because eliminating
zygomatic arch landmarks in the PCA does not completely
exclude the effects of superficial masseter in deforming the
cranium; as superficial masseter contracts its main impact is
on the zygomatic arch, but the malar region and lateral
orbital rim are also deformed.

Conversely, when superficial masseter is absent, tempo-
ralis and especially anterior temporalis compensates with
greatly increased activation, the resulting force vertically
compresses the vault. In consequence, omitting superficial
masseter or anterior temporalis introduces deformations of
the cranium which, even excluding the effect on the zygo-
matic arch, are of similar magnitude, but quite different in
nature, to the differences in deformation due to M2 vs. M3
bite points. While the effects of altered anterior temporalis
activation are small when compared with those due to
variations in superficial masseter activation, they are likely
significant if the mechanical response of the vault to masti-
catory loads is of interest.

Omission of key masticatory muscles is an unlikely source
of error in FEA simulations of biting; however, these analy-
sis do point to the zygomatic arch as being particularly
sensitive to ‘errors’ in muscle loads, with masseter loading
being responsible for a large proportion of the variation in
strains observed during M? bites with varied loadings. In
practical terms this means that cranial FEAs simulating
biting are most likely to fail to match reality in the zygo-
matic arch and zygoma. This region is known to possess a
steep strain gradient (Hylander & Johnson, 1997). Interest-
ingly, in relation to this, a recent study (Curtis et al. 2011)
has suggested that the temporalis fasciae might play a key
role in mitigating the effects of superficial masseter on the
zygomatic arch by exerting a superiorly directed force on
the arch as temporalis contraction tenses them. This would
have the benefit of not only considerably reducing the
localised impact on the zygomatic region of errors in masti-
catory loading, but also lead to a considerable reduction of
the very large strains, and steep strain gradient commonly
found in FEA simulations of this structure. These have hith-
erto required zygomatic arch form and function to be
explained in relation to varying strain sensitivities through-
out the skull (Ross & Hylander, 1996). Further in vivo work is
needed to test this hypothesised temporal fascial mecha-
nism, but it is possible that future studies should include
tensed temporalis fascia in FEA models.

The sensitivity of the above FE results to masseter muscle
loadings highlights concerns over comparative studies that
focus on the zygomatic region when comparable muscle
data are completely lacking. However, our findings indicate
(ignoring the zygomatic arch) that when bite force is held
constant, this macaque cranial FEA model is relatively insen-
sitive to reasonable variants of muscle loading during an
M? bite when compared with the effects of varying bite
point. Consequently, in the absence of in vivo data for the
individual being studied, and for those asking broad ques-
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tions regarding cranial deformation, a common (reason-
able) pattern of relative activation (in this case predicted via
MDA), which is scaled to create equal bite force magni-
tudes, could be used without much detriment to FEA
results. This is important because it suggests, in studies of
fossils and of living rare or large animals where dissection
and EMG measurement of muscles is not feasible, we can
still make reasonable FEA predictions of cranial deforma-
tion. It must be highlighted, however, that solution by
MDA in the present study ensured that all variants in muscle
loadings not only produced the required bite force, but also
minimal reaction forces at the TMJ. This will not be the case
where randomly estimated muscle loads are applied.

Finally, it should be noted that our results apply specifi-
cally to the cranium with simple compressive bite forces,
and that similar studies are required for other skeletal ele-
ments, such as the mandible. Furthermore, sensitivity analy-
ses of muscle activity were conducted only during an M?
bite. It is therefore possible that during other bites, particu-
larly the more mesial incisor bites, cranial deformation is
more sensitive to muscle activation patterns. An extension
of this sensitivity study to different biting points would be
informative. Nonetheless, this study contributes important
new data to our understanding of the sensitivity of cranial
FEAs in terms of the mechanical response of the cranium to
different loadcases. It suggests that, if controlled for, errors
in muscle activation patterns may have minimal impact on
FE interpretation, opening up the opportunity for future
comparative functional analyses, including extinct taxa,
where muscle data are limited or absent.
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