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Masticatory biomechanics and its relevance to early hominid phylogeny:
An examination of palatal thickness using finite-element analysis
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Abstract

It has been proposed that morphological characters functionally related to mastication may be unreliable indicators of early hominid
phylogeny. One hypothesis states that masticatory characters are highly prone to homoplasy. A second hypothesis states that such characters
are likely to be morphologically integrated and thus violate the assumption of character independence implicit in all phylogenetic analyses. Eval-
uation of these hypotheses requires that masticatory features be accurately identified, but, to date, there have been relatively few attempts to test
precisely which early hominid features are functionally related to chewing. This paper uses finite-element analysis to evaluate the functional
relationships of a characterdpalatal thicknessdthat is one of several Paranthropus synapomorphies putatively related to mastication. A
finite-element model of 145,680 elements was created from sixty-one 2-mm-thick CT scans of a Macaca fascicularis skull. The model was
assigned the elastic properties of facial bone and loaded with muscle forces corresponding to the moment of centric occlusion during mastica-
tion. The model was constrained so as to produce a reaction force (corresponding to the bite force) at M1. With a few exceptions, the strain
patterns in the finite-element model compare well with those gathered from published and unpublished bone-strain experiments. The model
was then modified to have a thick palate. The model was reloaded using an identical loading regime, and the strain patterns of the original
and thick-palate models were compared. Although a thickened palate acts to reduce palatal strain, strains are elevated in other facial regions.
This suggests that a thick palate would not have evolved in isolation as an adaptation to withstand masticatory stress. Rather, a thick palate may
have evolved in concert with a suite of other facial features that share a stress-resistance function. This appears to be consistent with hypotheses
positing that at least some facial features related to chewing evolved in an integrated fashion. More functional studies of other facial features are
needed, as are formal studies of morphological integration.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: Homoplasy; Paranthropus; Finite-element analysis; Mastication; Biomechanics
Introduction

The concept of homoplasy is inseparable from the concept
of phylogeny. To state that a character is homoplastic is also to
state that two or more taxa are not as closely related as one
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might expect given their similarity with respect to the charac-
ter. Moreover, it is difficult, if not impossible, to determine
a priori whether a character is homoplastic or homologous be-
cause, by definition, a homoplasy is a character that looks like
a homology (Cracraft, 1981). Thus, in practice, homologies
and homoplasies are identified as an a posteriori result of
a phylogenetic analysis (e.g., Lauder, 1994; Kitching et al.,
1998; Begun, 2007). Accordingly, this study examines
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homoplasy in early hominids within the context of the debate
about the phylogenetic relationships of those species.

One of the principal debates in early hominid phylogeny
concerns the question of whether the craniodental characteris-
tics shared by the ‘‘robust’’ australopiths are synapomorphies
or homoplasies. From the perspective of phylogenetic recon-
struction, this question is equivalent to asking whether these
hominids are monophyletic or polyphyletic. Resolution of
this question depends largely on interpretations of traits
thought to be functionally related to mastication. Phylogenies
supporting Paranthropus polyphyly generally rely on the as-
sumption that masticatory features are either highly prone to
homoplasy or are morphologically integrated such that they
represent only one or a few complexes whose weight in a cla-
distic analysis is minimal. However, although the ‘‘robust’’
australopiths unquestionably share a number of derived cra-
niofacial features, the inferred functional relationships of those
features have rarely been rigorously investigated. Many of
these features are thought to be related to mastication (e.g.,
Robinson, 1954, 1963; Jolly, 1970; Grine, 1981; Rak, 1983;
Skelton and McHenry, 1992), but the complex architecture
of the face has largely precluded attempts to evaluate these
functional inferences. If the functional inferences are false,
then the phylogenetic hypotheses based upon them may be
false as well. This paper uses an engineering method, finite-
element analysis (FEA), to test the functional relationships
of one of the charactersdpalatal thicknessdrelevant to this
debate.

Mastication and early hominid phylogeny

Prior to the discovery of KNM-WT 17000 (the ‘‘Black
Skull’’), the question of ‘‘robust’’ australopith monophyly
was hardly a critical phylogenetic issue. Indeed, although
two ‘‘robust’’ species were recognized, it was not uncommon
to see them depicted in phylogenetic trees as a single taxon,
‘‘P. boiseiþ P. robustus’’ (e.g., White et al., 1981). Following
the discovery of KNM-WT 17000, a consensus concerning
‘‘robust’’ australopith relationships has been lacking.

In their description of KNM-WT 17000, Walker et al.
(1986) noted that the specimen shared a few derived features
exclusively with fossils of P. boisei that were known from
chronologically younger strata. This suggested to them that
the specimen was plausibly an early member of the P. boisei
lineage. However, this would imply that P. robustus was ex-
cluded from this lineage because such features were lacking
in the southern African species. Thus, P. robustus was consid-
ered a probable descendant of A. africanus, indicating that the
many derived features shared between P. robustus and P. boi-
sei must have evolved in parallel. Walker et al. (1986) sug-
gested that such a scenario is possible because the features
presumed to be homoplastic are all related to mastication,
and thus they should be prone to evolve in parallel (but see
Collard and Wood, 2001, 2007).

The discovery of KNM-WT 17000 also coincided with
the widespread application of numerical cladistic methods
in paleoanthropology (e.g., Chamberlain and Wood, 1987).
Subsequent cladistic analyses of early hominids have all
found that P. boisei and P. robustus are more closely related
to each other than to non-‘‘robust’’ hominids, but their rela-
tionships to P. aethiopicus (represented by KNM-WT 17000)
remain controversial. Wood (1988) showed that a cladistic
analysis using the data set published by Walker et al.
(1986) resulted in Paranthropus polyphyly, with P. boisei
and P. robustus being sister taxa but P. aethiopicus being
more distantly related (i.e., the sister taxon of a clade com-
prising all hominids except Praeanthropus afarensis). In
a subsequent and morphologically more exhaustive study,
Skelton and McHenry (1992) obtained an identical tree.
They (Skelton and McHenry, 1992) noted that masticatory
and nonmasticatory traits appeared to support different phy-
logenies. Moreover, they reasoned that masticatory features
were both overrepresented in hominid trait lists and unlikely
to be independent because they were all related to a common
function (see also Skelton et al., 1986). Character indepen-
dence is a crucial assumption of cladistic analysis, and
thus, in their view (Skelton and McHenry, 1992), characters
related to ‘‘heavy chewing’’ were likely to bias results in fa-
vor of Paranthropus monophyly. Because of these apparent
deficiencies, Skelton and McHenry (1992) concluded that
masticatory features may be unreliable indicators of phylog-
eny in early hominids.

Although other phylogenetic analyses have supported Par-
anthropus monophyly (Wood, 1991, 1992; Strait et al., 1997;
Strait and Grine, 1999, 2001, 2004), these all explicitly or im-
plicitly assumed that masticatory features are independent of
each other, and that they are no more prone to homoplasy
than are other craniodental characters. Thus, interpretations
about ‘‘robust’’ australopith relationships depend critically
on how one interprets features that are functionally related
to chewing. However, this raises another issue: When one
speaks of masticatory features, precisely which features are
being discussed? For example, Strait and Grine (1998) identi-
fied 30 masticatory features in their (Strait et al., 1997) data
set, while Skelton and McHenry (1998) identified 26; only
17 of these were considered chewing features by both sets
of authors, and 13 of Strait and Grine’s (1998) chewing
features and 9 of Skelton and McHenry’s (1998) were not rec-
ognized as such by the other researchers. Thus, there was dis-
agreement concerning the functional relationships of 22
characters, representing more than a third of Strait and Grine’s
(1998) entire 60-character data set.

There is widespread agreement that evolutionary trends in
the masticatory apparatus play an important role in early
hominid evolution (e.g., Robinson, 1963; Jolly, 1970; Grine,
1981; Walker, 1981; Rak, 1983), so why is it that two sets of
researchers (Skelton and McHenry, 1998; Strait and Grine,
1998) can disagree so fundamentally about which traits are
functionally related to chewing? One possible answer is
that hypotheses about facial function are difficult to test. Un-
like the mandible, which has a relatively simple geometry,
the facial skeleton has a complex architecture that defies
simple attempts to model it biomechanically. Thus, although
hypotheses about facial function abound (e.g., Endo, 1966;
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Greaves, 1985; Preuschoft et al., 1986; Thomason and Russell,
1986), and although some of these that are specifically related
to hominids have been highly influential (e.g., Rak, 1983),
these hypotheses are either untested or have not been
supported by experimental data (e.g., Hylander et al., 1991;
Ross and Hylander, 1996). Thus, it is fair to say that the
masticatory significance of many osseous features of the early
hominid face is unclear, and this has made it difficult to
evaluate the phylogenetic relationships of the ‘‘robust’’
australopiths.

The character evolution of palatal thickness

Palatal thickness is an example of a phylogenetically signif-
icant character that is putatively related to mastication. ‘‘Ro-
bust’’ australopiths are unique among hominids in having
exceptionally thick palates (e.g., McCollum et al., 1993).
Rak (1983) hypothesized that a thick palate acts to resist shear
imposed by unilateral chewing. Consequently, palatal thick-
ness is among the masticatory features that Walker et al.
(1986) consider prone to evolve in parallel and that Skelton
and McHenry (1992) consider likely to be functionally
integrated with each other. Thus, in a phyletic tree consistent
with Walker et al.’s (1986) hypothesis (Fig. 1A), thick
palates evolve homoplastically in the P. robustus and P.
aethiopicusþ P. boisei lineages. In the cladogram proposed
by Skelton and McHenry (1992), they evolve in parallel in
the P. aethiopicus and P. boiseiþ P. robustus clades
(Fig. 1B). Alternatively, in analyses in which putative mastica-
tory characters are considered independent traits, a thick pal-
ate is one of many synapomorphies supporting a ‘‘robust’’
clade. For example, in the phylogenetic hypothesis of Strait
and Grine (2004), a hyperthick palate evolves in the last com-
mon ancestor of Paranthropus (Fig. 1C) (see also Strait et al.,
1997; Strait and Grine, 1999, 2001).

In contrast, McCollum (1999) suggested that palatal thick-
ness is neither an independent character, nor is it functionally
related to mastication. Rather, thickness is a nonfunctional
consequence of developmental constraints related to vomeral
position, and thus it is developmentally (rather than function-
ally) integrated with a suite of nonmasticatory characters.
McCollum (1999) did not propose a formal phylogenetic hy-
pothesis, but the implication of her developmental hypothesis
is that the number of independent characters supporting Par-
anthropus monophyly is overstated, and therefore polyphyly
is a reasonable hypothesis. If so, then features like palatal
thickness may have evolved in parallel in polyphyletic
‘‘robust’’ clades.

Insofar as palatal thickness is representative of a large
class of characters that might be both synapomorphies of
Paranthropus and functionally related to mastication, it is
clear that testing the functional relationships of these charac-
ters will have a major impact on phylogenetic hypotheses. If
the characters are not functionally related to mastication, then
phylogenies in which they are assumed to be either function-
ally integrated or prone to homoplasy can be correspondingly
discounted.
Functional hypothesis

The hypothesis tested here is that increased palatal thick-
ness is an adaptation to resist elevated shear stress during mas-
tication (Rak, 1983). This will be tested using finite-element
analysis (FEA) by comparing results from similar models in
which the relevant feature, the palate, has been modified.
Finite-element analysis is a widely used engineering and bio-
mechanical technique (e.g., Huiskes and Chao, 1983; Cook
et al., 1989; Gross et al., 1992) that has recently come to the
attention of paleoanthropologists and paleontologists (e.g.,
Korioth et al., 1992; Borrazzo et al., 1994; Spears and Cromp-
ton, 1994, 1996; Richmond and Qin, 1996; Ross and Chen,
1997; Ryan and Kappelman, 1997; Chen and Chen, 1998;
Richmond, 1998; Rayfield et al., 2001; Richmond et al.,
2005). Finite-element analysis should not be confused with
finite-element scaling analysis (FESA), which is a method
concerned with quantifying shape differences (Cheverud
et al., 1983; Richstsmeier et al., 1992). Rather, FEA is a tool

Fig. 1. Character evolution of palatal thickness in early hominids. Black rect-

angles represent the evolution of a thick palate. (A) Phyletic tree implied by

Walker et al. (1986). (B) Cladogram of Skelton and McHenry (1992). (C)

Cladogram of Strait and Grine (2004). A thick palate evolves homoplastically

in A and B.
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for studying the response of an object or tissue to an applied
load (Fig. 2).1

Two finite-element (FE) models of a Macaca fascicularis
skull were createddone with a regular (thin) palate and one
with an abnormally thick palate. The models were assigned
the elastic properties of facial bone and subjected to simulated
bites using muscle forces derived from experimental studies
(Ross et al., unpublished data). Resulting patterns of stress
and strain were observed. The functional hypothesis predicts
that maximum shear strains in the palate will be substantially
lower in the model with the thick palate. If not (i.e., if palatal
strains are broadly similar in the two models), then the
functional hypothesis is rejected, and one may conclude that
palatal thickness is unrelated to force resistance during
mastication.

Materials and methods

Sample

The finite-element models were based on the skull of
a male M. fascicularis specimen housed at the U.S. National
Museum of Natural History. Macaca fascicularis was chosen
because this species has been the subject of prior studies of
masticatory bone strain (e.g., Hylander, 1984; Hylander
et al., 1991; Borrazzo et al., 1994; Hylander and Johnson,
1997; Ross, unpublished data). Sixty-one 2-mm-thick CT
scans were obtained from the specimen. Scans were digitized
using reverse-engineering software, and a virtual solid model
was created (Fig. 3A).

Mesh creation

During mesh creation, a complex object is modeled as a vir-
tual mesh of many small, simple elements. These elements
generally take the form of bricks or tetrahedra. The elements
are linked at their corner points, called nodes, and strains
are generated as the nodes are displaced. In the present study,
the NORMAL (thin palate) model of the macaque skull was
constructed using 145,480 polyhedral brick elements contain-
ing between four and eight nodes each (Fig. 3B). Note that an
updated version of this model has been published elsewhere
(Strait et al., 2005; Ross et al., 2005), but the differences be-
tween that model and the present one should not have a pro-
found impact on the results. When the NORMAL model
was modified to have a thick palate (THICK model), the newly
generated mesh contained 290,639 elements. The discrepancy

1 In mechanical terms, the application of a load results in stresses and strains

in the structure. Stress (s) is defined as force per unit area (F/A) and is a mea-

sure used to describe the internal forces in an object (Currey, 1984; Cowin,

1989). Strain (e) describes the deformations that result from an imposed

load and is defined as the change in length divided by original length (DL/L).

By convention, stretching a bone in tension is a positive strain and compression

is a negative strain. The greatest tensile strain at a given point is termed

maximum principal strain, and the greatest compressive strain is termed

minimum principal strain. Maximum shear strain is calculated as maximum

principal strain minus minimum principal strain.
in element number is due to the fact that the geometry of the
model is so complex that even minor modifications in shape
can have a profound effect on the automated mesh-generating
process and the resulting element configuration. In general,
models with higher mesh density (i.e., with more elements
and nodes) more closely approximate the structure’s exact
geometry. More important than the absolute number of ele-
ments is the concentration of elements in regions that are
likely to experience high strain gradients due to their geometry

Fig. 2. Finite-element analysis is useful for computing stress and strain in

objects with complex geometry. (A) Force is applied to an object of simple

geometry, for which stress and strain are easily computed. (B) Force is applied

to an object of complex geometry, but stress and strain are difficult or impos-

sible to calculate exactly. (C) Force is applied to a model of the complex

object. The model is composed of many elements, each of simple geometry.

Stress and strain can be computed at each node defining the elements, and

when elements are viewed collectively, stress and strain in the model approx-

imates that of the object.
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(Cook et al., 1989), such as irregularities or margins of holes.
Both the NORMAL and THICK models satisfy this criterion
with relatively high element densities in tightly curved regions
such as the nasal aperture (see Fig. 6). The correspondence be-
tween the NORMAL model and the experimental strain values
provides evidence to suggest that the mesh density of the
NORMAL model is sufficiently refined (see validation sec-
tion). When constructing the model, the skull was aligned
such that the occlusal plane was horizontal (i.e., in the x-z
plane).

Boundary conditions

Boundary conditions refer to the loads, constraints, and
elastic properties applied to a model. Eight muscle forces
were applied to the mesh, representing the right and left

Fig. 3. Solid model (A) and finite-element mesh (B) of a M. fascicularis skull.
anterior temporalis, superficial masseter, deep masseter, and
medial pterygoid. These are the muscles that are principally
responsible for jaw elevation during mastication. Muscle-force
magnitudes and orientations are summarized in Table 1. Force
orientation was estimated by measuring the relative positions
of muscle origins and insertions, and by examining muscle
maps based on dissections (Anton, 1993). Muscle-force mag-
nitude was estimated by combining data on muscle activity
and physiological cross-sectional area. Within vertebrates,
myofibrillar cross-sectional area is the closest correlate of
force-generating capacity (Murphy, 1998). Area and force
are related such that approximately 300 kiloNewtons are pro-
duced for every square meter of striated muscle (Murphy,
1998). Area data were obtained from Anton (1993). However,
Anton (1993) did not collect data for the anterior temporalis in
M. fascicularis. Thus, Anton’s (1993) data for M. mulatta were
used instead. Macaca mulatta is larger than M. fascicularis,
and, as a result, the muscle-force magnitudes employed in
the model slightly overestimate the forces actually generated
by M. fascicularis.

Measurements of cross-sectional area do not by themselves
provide reliable estimates of muscle force because at any
given moment, different muscles may have very different
levels of activity. The relative force magnitudes exerted by
each muscle at or near centric occlusion were calculated by as-
suming that force production is proportional to the magnitude
of muscle activity, as measured by the root mean square
(r.m.s.) of electromyography (EMG) data collected during
chewing experiments (Ross, 2001). The highest standardized
r.m.s. EMG activity recorded from each electrode during an
experiment is assigned a value equal to 100% of the cross-
sectional area; when the muscle is acting at less than peak
activity (e.g., at 50% of peak), then force is proportional to
a corresponding percentage of cross-sectional area. Electro-
myography data gathered simultaneously from all eight mus-
cles enable relative force magnitudes to be generated.

In FEA, loads are translated into strains instantaneously.
When investigating chewing, a logical instant to model is
the moment at which bite force is maximized. Bone-strain

Table 1

Muscle forces applied to finite-element model

Muscle Magnitude

in Newtons

Orientation vector

(x, y, z)1

Superficial masseter

Working-side 70.627 (�0.2, �1, �0.2)

Balancing-side 34.682 (0.2, �1, �0.2)

Deep masseter

Working-side 22.591 (�0.6, �1, 0)

Balancing-side 8.214 (0.6, �1, 0)

Medial pterygoid

Working-side 34.794 (0.75, �1, 0)

Balancing-side 6.904 (�0.75, �1, 0)

Anterior temporalis

Working-side 36.592 (0.1, �1, �0.1)

Balancing-side 15.147 (�0.1, �1, �0.1)

1 X-direction is positive to the left (working) side; y-direction is positive

superiorly; z-direction is positive anteriorly.
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magnitudes recorded from the lateral aspect of the mandibular
corpus below M1e2 in macaques are highly correlated with the
magnitude and timing of bite force during isometric biting on
a force transducer ipsilateral to the strain gage (Hylander,
1986), so the timing of peak bite force was estimated using
the timing of peak strain in the mandibular corpus. Root-
mean-square EMG activity in the masseter (Hylander and
Johnson, 1989) and temporalis muscles (Ross and Patel, un-
published data) precedes the force generated by those muscles
by approximately 20 msec. Consequently, the muscle forces
entered into the FEA were calculated from r.m.s. EMG activity
20 msec prior to the instant of peak corpus strain. In summary,
muscle-force magnitude is calculated as: F¼ (cross-sectional
area)� (300 kN/m2)� (% of peak activity 20 msec prior to
peak corpus strain).

Three sets of constraints were applied to the model. Nodes
at the right and left articular eminences and the crown of the
left M1 were fixed in place. When muscle forces are applied
to a model with these constraints, the model is pulled inferi-
orly onto the fixed points. Reaction forces are generated at
each location, simulating the contact between the mandibular
condyles and articular eminences, and between the teeth and
a food item. Obviously, in life, the masticatory muscles act
principally to move the mandible rather than the cranium.
However, in a free-body diagram, the masticatory muscle
forces act to pull the skull down onto a bite point, producing
strains in the face equivalent to those produced by pulling
a mandible up onto a resistant food item, and then having
the item contact a bite point on the maxillary tooth row. In ei-
ther case, bite force is a reaction force at the bite point.

Elastic properties refer to the force-displacement relations
of the substance being modeled, which in this case is facial
bone. Bone presents a formidable modeling challenge not
only because elastic properties vary at different locations
across the skull (Peterson and Dechow, 2003), but also because
bone is anisotropic, meaning that its elastic properties are not
the same in all directions. The orientations and magnitudes of
Young’s modulus and Poisson’s ratio were obtained from 25
locations on macaque skulls (Wang and Dechow, 2006).2 As
a simplification, bone was modeled isotropically, with the
values of Young’s modulus (19.8 GPa) and Poisson’s ratio
(0.315) representing averages of the respective values in the
axis of maximum stiffness obtained at all locations on the
face (16 of the 25 total locations). In other work, we have ap-
plied more precise elastic properties to an updated version of
the current macaque model (Strait et al., 2005). That study
demonstrated that the use of orthotropic elastic properties
that varied by cranial region produced results that were more
accurate than a model that used a single set of isotropic

2 The elastic, or Young’s, modulus (E) is defined as stress divided by strain

(s/e) in simple extension or compression. It, therefore, numerically describes

the stiffness of a material. For example, rubber will strain (deform) far more

than steel under a given amount of stress and it has a correspondingly lower

E. Poisson’s ratio is the lateral strain divided by axial strain, thus representing

how much the sides of a material will contract as it is tensed (or, conversely,

how the material will expand as it is compressed).
properties (as is done here). However, although elastic proper-
ties affected strain magnitudes somewhat, broad-scale defor-
mation patterns were not profoundly affected. Thus, although
the results presented here could be refined by the use of
more precise assumptions about elastic properties, the proper-
ties employed here should be adequate to derive the general
deformation pattern of the skull.

Solution

The solution of an FEA entails calculating the displace-
ments, strains, and stresses experienced by the model. These
results are a product of the elastic properties of the model
and the loads applied to it. Displacement data are presented
by comparing the shape of the undeformed mesh to that of
the mesh after it has been deformed by masticatory loads.
Color mapping on the mesh indicates regions of high strain.
In addition, the magnitude and orientation of strain are re-
corded at several nodes on the mesh (Fig. 4). Nodes 1e8
correspond to locations on the facial skeleton from which ex-
perimental strain data have been recorded. Nodes 9e18 corre-
spond to locations in a coronal plane passing through the left
M1 (i.e., the bite point).

Validation

Validation entails testing the results of the model against
empirical data obtained from experiments. Validation is a crit-
ical stage in FEA, because if model strains do not conform
reasonably well to experimentally derived strains, then there
is no reason to be confident in the accuracy of the model,
and interpretation of the model is hindered (or made impossi-
ble). The strain data obtained from the NORMAL model were
validated by comparing them to those obtained from published
and unpublished chewing experiments (Hylander et al., 1991;
Hylander and Johnson, 1997; Ross, 2001; Ross et al., 2002;
Ross et al., unpublished data) (Table 2).

The model and experimental data differ in subtle ways that
may affect validation. First, the published experimental data
consist of peak strain values for a number of different regions
on the facial skeleton. However, not all regions experience
peak strain at the same time during the chewing cycle, and
thus peak strains from different regions are not precisely si-
multaneous. In contrast, the strains derived from FEA repre-
sent strains at a particular instant in time (e.g., the instant of
peak corpus strain). Thus, there is an expectation that the
strains at that moment in time in other regions may be at least
slightly below peak.

A second difference between the model and experimental
data concerns dimensionality. Experimental strains are two-
dimensional due to the fact that strains can only be measured
within the plane of the gage. In contrast, model strains are
three-dimensional, as are the strains actually experienced by
the organism. Thus, experimental strains represent three-
dimensional strains projected into two-dimensional space. If
a given strain vector (e.g., maximum principal strain) has
a strong directional component that is perpendicular or oblique
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to the gage, then the gage will underestimate the magnitude of
the vector.

Experimentation

If a model can be validated, then it can be used in modeling
experiments. Thus, after validating the NORMAL model by
comparing its results with experimentally derived strain data,
the results of the NORMAL model were compared with those
of the THICK model. The palate in the THICK model is ap-
proximately twice as thick as that in the NORMAL model,
which approximates the difference in thickness observed
between ‘‘robust’’ and ‘‘gracile’’ australopiths (McCollum
et al., 1993). The boundary conditions applied to the THICK
model were equivalent to those of the NORMAL model. In

Fig. 4. Facial regions on the finite-element model from which strain data were

tabulated. W¼working-side; B¼ balancing-side; 1¼ dorsal interorbital;

2¼W dorsal orbital; 3¼B dorsal orbital; 4¼W infraorbital; 5¼ B infraorbi-

tal; 6¼W midzygomatic; 7¼B midzygomatic; 8¼W postorbital bar;

9¼ dorsal rostral; 10¼W lateral rostral; 11¼B lateral rostral; 12¼W buccal

alveolus; 13¼B buccal alveolus; 14¼W palatal margin; 15¼B palatal

margin; 16¼W palatine process; 17¼ B palatine process; 18¼midpalate.

Experimental bone-strain data are available for regions 1e8.
this way, it is possible to examine the biomechanical conse-
quences of altering palatal geometry while controlling for
other biomechanical variables. Maximum shear-strain magni-
tudes from equivalent locations on both models were
compared.

Results

Solution

After loading, the general pattern of deformation experi-
enced by the model is that the rostrum is twisted around an
anteroposterior axis such that the balancing-side tooth row is
displaced inferiorly (Fig. 5). The rostrum is also bent in a sag-
ittal plane, but most of the stress is concentrated below the
orbital region. The working-side orbit is slightly compressed
top to bottom, while the balancing-side orbit is elongated in
the same direction. Both zygomatic arches are deformed infe-
riorly by the forces of the masseter muscles. Deformation is
greater in the working-side arch, presumably as a consequence
of the greater masseter muscle force on that side, and because
the bite point limits the inferior displacement of the working-
side face. Corresponding to these gross patterns of deformation,
tensile and compressive strain concentrations are observed
across the face (Figs. 6e8). Strain magnitudes and orientations
from selected facial regions are presented in Table 3. Overall,
strain in the face is fairly low, with most regions experiencing
maximum shear strains of less than 500 microstrain. Strains
are higher in a few regions (zygomatic arch, maxilla just anterior
and inferior to the zygomatic root), with shear-strain values
approaching or exceeding 1,000 microstrain.

Validation

The pattern of deformation in the circumorbital region of
the NORMAL model (see above) broadly matches that
observed in experimental studies of anthropoid primates
(Hylander et al., 1991; Ross and Hylander, 1996; Hylander
and Johnson, 1997; Ross, 2001; Ross et al., 2002; Ross
et al., unpublished data). Maximum shear strain magnitudes
in the NORMAL model are comparable to those observed in
experiments, and strains in most regions are reasonably close
to average experimental values (Fig. 9). However, some re-
gions have magnitudes that are lower (e.g., dorsal interorbital)
or higher (e.g., middle of the working-side zygomatic arch)
than might be expected given values in other regions. Orienta-
tions of the maximum principal strains in the NORMAL
model tend to be within or just outside the observed variation
in experimental values (Fig. 10). A notable exception concerns
the orientation of the maximum principal strain in the work-
ing-side zygomatic arch, which has a more posterior orienta-
tion in in vivo experiments than is observed in the model.
However, these experiments (Hylander and Johnson, 1997)
also reveal that strain orientations in the arch exhibit a gradient
such that orientations shift from anterosuperior to posterosupe-
rior as one moves posteriorly along the arch. Thus, strain
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Table 2

Validation data1

Region Reference Experiment Mean maximum

shear strain (�2

standard deviations,

in microstrain)

1. Dorsal interorbital Hylander et al. (1991) 5 AW 169� 94

5 AB 266� 82

6 W 185� 78

6 B 182� 68

2 AW 139� 110

2 AB 129� 42

2 BW 86� 38

5 BW 117� 56

5 CW 240� 116

5 CB 200� 84

2. W Dorsal orbital Hylander et al. (1991) 5 AW 100� 61

6W 85� 44

3. B Dorsal orbital Hylander et al. (1991) 5 AB 147� 60

6 B 105� 29

4. W Infraorbital Hylander et al. (1991), Ross et al. (2002), Ross et al. (unpublished data) 5 CW 613� 256

7 180� 128

5. B Infraorbital Hylander et al. (1991), Ross et al. (2002), Ross et al. (unpublished data) 5 CB 295� 234

7 192� 160

6. W Midzygomatic Hylander et al. (1991), Hylander and Johnson (1997) 2 AW 661� 414

2 BW 569� 244

5 BW 250� 104

2 857� 360

5 614� 274

7 398� 204

9 391� 72

7. B Midzygomatic Hylander et al. (1991), Hylander and Johnson (1997) 2 AB 352� 238

2 578� 212

5 440� 254

7 349� 262

9 202� 168

8. W Postorbital bar Ross et al. (unpublished data) 46 135� 113

47 194� 197

48 142� 129

1 In all experiments, ‘‘apple with skin’’ is the food item being chewed. W¼working-side; B¼ balancing-side.
orientations in the middle of the arch in the NORMAL model
resemble experimental strains from the posterior part of the
arch. Overall, the NORMAL model appears to be deformed
in a broadly realistic manner, and thus the model can be con-
sidered valid in most relevant features.

Experimentation

Compared to the NORMAL model, shear strains in the
THICK model are lower within the palate (Fig. 11), but higher
in most other facial regions (Table 4). The absolute differences
in shear-strain magnitudes are generally low (less than 150 mi-
crostrain; see Fig. 12A), but the percentage differences are
more substantial in many regions (Fig. 12B). Palatal strains
decrease by 33e43% (regions 16e18), but strains in both pal-
atal margins (regions 14 and 15) increase by 28%. Strains are
elevated by 14e39% in circumorbital regions and the
working-side zygomatic arch (regions 1e6, 8). Strain in the
balancing-side zygomatic arch is only modestly elevated
(4%; region 7). The only nonpalatal regions that experience re-
duced shear strain in the THICK model are found on the sides
of the rostrum, including the buccal surfaces of the alveoli
(regions 11e13).

Discussion

Differences between models

It is not surprising that the THICK model experiences
lower strains in the palate. Stress is calculated as force di-
vided by the area over which it is applied (e.g., Wainwright
et al., 1982), and thus, as the cross-sectional area of the pal-
ate increases, stresses and corresponding strains will de-
crease. However, the increases in strain observed in many
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other facial regions require further explanation. Presumably,
these increases are due to the fact that the palate in the
THICK model is structurally more rigid than that in the
NORMAL model. In a simple beam during bending, if
a part of the beam is thickened, the remaining thinner sec-
tions will experience increased strain, and have stress con-
centrations in the transitional regions between the thick and
thin sections. The facial skeleton is much more complex
than a beam, but similar effects can be seen. In the bone im-
mediately adjacent to the thickened areas (regions 14 and
15), strain is increased in the THICK model.

It is interesting that, like the palatal sites, some sites on
the rostrum (regions 11, 12, and 13) have reduced strain, sug-
gesting that the greater rigidity of the palate contributes to
increased rigidity of much of the rostrum. On the other
hand, the greater strains in the zygomatic and circumorbital
regions suggest that, although the stress patterns in these

Fig. 5. Deformation: (A) frontal view of mesh prior to the application of loads;

(B) frontal view of model after the application of loads, showing magnified de-

formation. Note that the zygomatic arches are displaced inferiorly, the work-

ing-side orbit is mediolaterally elongated and inferosuperiorly compressed,

the balancing-side orbit is slightly inferosuperiorly elongated, and the rostrum

is deformed such that the balancing-side tooth row is displaced inferiorly.

regions are influenced by load transfer from the rostrum
(maxilla), they represent at least a partially distinct structural
unit. This interpretation is consistent with biomechanical
models that predict that the mammalian secondary palate
acts to stiffen and strengthen the rostrum so as to withstand
torsional loads associated with mastication (Thomason and
Russell, 1986).

Evaluation of the functional hypothesis

The functional hypothesis predicts that strains in the palate
will be substantially decreased in the THICK model. This pre-
diction was observed in the palatal regions where the bone was
thickened (regions 16e18), and thus, in a strict sense, the hy-
pothesis is corroborated. Nonetheless, interpreting a thick pal-
ate as an adaptation for withstanding masticatory stress is not
straightforward because a thickened palate has the effect of in-
creasing stress in other parts of the face. If the palate ordinar-
ily experiences higher stresses than do other facial regions,
then one might interpret palatal thickness as an adaptation to
redistribute stress from areas of high stress to areas of lower

Fig. 6. Strain concentrations, frontal view: (A) maximum principal strain; (B)

minimum principal strain.



594 D.S. Strait et al. / Journal of Human Evolution 52 (2007) 585e599
stress. Yet, in the NORMAL model, the palate does not exhibit
strains that are markedly higher than in other parts of the face.
Thus, it is not possible to interpret a thick palate in isolation as
an adaptation for resisting masticatory stress.

It is possible, however, to view palatal thickness as a chew-
ing adaptation if this morphology evolved in concert with
other features that act to reduce stress across the face as
a whole. For example, consider a primate whose dietary re-
gime required the habitual production of high bite forces.
These bite forces, and the associated high muscle forces,
would elevate stress in many facial regions. As a result,
stress-minimizing modifications in morphology might be a re-
sponse in those regions. Thickening the palate reduces stress
in this area, but has the effect of increasing stress in other
areas. Those regions would therefore require modifications
that accommodate not only the stress imposed by the high
bite force, but also that imposed by having a rigid palate. In
this regard, it is worth noting that a thick palate does not ap-
pear in early hominids without also being associated with

Fig. 7. Strain concentrations, lateral view, close-up view of face: (A) maxi-

mum principal strain; (B) minimum principal strain.
other derived facial features. A thick palate is only present
in Paranthropus, and Paranthropus shares a suite of facial fea-
tures not seen in other hominids. Moreover, Paranthropus had
massive masticatory muscles and presumably was able to gen-
erate high bite forces. If future studies demonstrate that many
facial features in Paranthropus act to reduce stress, then they
can be viewed collectively as a global response to elevated bite
forces in this genus.

Implications for early hominid phylogeny

The interpretation described above implies that a thick pal-
ate would not evolve independently as an adaptation to reduce
chewing stress. Rather, it should evolve only in conjunction
with other stress-reducing facial features. It follows that natu-
ral selection should favor the evolution of morphological inte-
gration (e.g., Olson and Miller, 1958; Cheverud, 1982, 1996;
Chernoff and Magwene, 1999) among such features, even if
those features are found in different structural units of the
face. Thus, this study provides tacit support for the premise
that some masticatory features might be expected to be mor-
phologically integrated, and should be downweighted in a phy-
logenetic analysis (Skelton et al., 1986; Skelton and McHenry,
1992). Integration among masticatory features would weaken

Fig. 8. Strain concentrations, palatal view, close-up view of face: (A) maxi-

mum principal strain; (B) minimum principal strain.
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Table 3

Strain data from locations on NORMAL model

Location1 Maximum

principal strain2
Intermediate

principal strain2
Minimum

principal strain2
Maximum

shear strain2,3
Orientation of maximum

principal strain (x, y, z)4

1. Dorsal interorbital 47 �4 �17 64 (0.98, 0.08, 0.17)

2. W Dorsal orbital 44 �2 �40 84 (0.74, 0.31, 0.60)

3. B Dorsal orbital 38 �2 �34 72 (0.86, �0.29, �0.43)

4. W Infraorbital 290 �54 �179 469 (0.81, 0.39, �0.45)

5. B Infraorbital 140 �19 �86 226 (0.82, �0.22, 0.53)

6. W Midzygomatic 503 �17 �435 938 (0.32, 0.80, �0.51)

7. B Midzygomatic 85 50 �188 272 (0.67, 0.66, �0.35)

8. W Postorbital bar 129 �8 �107 237 (0.53, 0.83, 0.19)

9. Dorsal rostrum 138 �34 �173 311 (0.96, 0.11, �0.26)

10. W Lateral rostrum 196 �37 �100 296 (0.55, �0.01, �0.84)

11. B Lateral rostrum 28 �6 �16 44 (�0.61, �0.79, 0.09)

12. W Buccal alveolus 112 1 �120 232 (0.55, 0.13, �0.83)

13. B Buccal alveolus 20 5 �36 56 (0.71, �0.67, 0.24)

14. W Palatal margin 82 33 �162 243 (0.88, �0.47, �0.09)

15. B Palatal margin 24 0 �19 43 (0.21, 0.05, 0.96)

16. W Palatine process 105 44 �144 248 (0.78, �0.56, �0.29)

17. B Palatine process 21 8 �44 65 (0.58, 0.28, 0.77)

18. Midpalate 70 26 �79 150 (0.92, 0.38, 0.12)

1 W¼working-side; B¼ balancing-side.
2 Measured in microstrain.
3 Defined as maximum principal strain minus minimum principal strain.
4 X-direction is positive to the left (working) side; y-direction is positive superiorly; z-direction is positive anteriorly.
support for hypotheses stating that such features are homolo-
gous in Paranthropus (e.g., Strait et al., 1997). However,
this study does not actually demonstrate that the features in
question are integrated. For example, certain masticatory char-
acters could be used in different combinations to achieve the
same functional goal (in this case, stress resistance). Such
characters would not necessarily evolve in unison, and thus,
might not be integrated. In order to fully evaluate the phyloge-
netic hypotheses that rely upon the integration of masticatory
features, the functional relationships of more facial features
need to be established, and formal studies of morphological in-
tegration (e.g., Cheverud, 1982, 1984; Zelditch, 1987, 1988;
Fink and Zelditch, 1996; Ackermann and Cheverud, 2000)
need to be performed.

The present study implies that palatal thickness may play
a role in resisting chewing loads, and thus, for this feature,
does not allow rejection of the hypothesis that the Paranthro-
pus face is prone to homoplasy because its morphology is
functionally related to mastication (Walker et al., 1986). How-
ever, the key premise of this hypothesis is that function in-
duces homoplasy, and this premise should be tested using
a combination of functional and phylogenetic methods. It is
noteworthy, however, that Collard and Wood (2001), using pri-
marily phylogenetic methods, found results inconsistent with
the premise.

The results found here do not contradict the hypothesis that
the palate may be developmentally integrated with other facial
features (McCollum, 1999), but they do contradict the notion
that changes in palatal thickness lack functional consequences
related to mastication. This suggests that there is unlikely to be
a straightforward dichotomy between developmentally and
functionally integrated features in the hominoid face (contra
Fig. 9. Validation (shear-strain magnitude). Strains obtained from FEA shown

as solid line. Average of the mean strains obtained in in vivo experiments (Hy-

lander et al., 1991; Hylander and Johnson, 1997; Ross et al., 2002; Ross et al.,

unpublished data) shown as dashed line. Shaded area represents the range

encompassed by the mean plus or minus two standard deviations of each

experiment.
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McCollum, 1999). Rather, integration may be the result of
a complex interplay between both development and function.
For example, the developmental integration proposed by
McCollum (1999) may be the mechanism through which func-
tional integration is achieved. Finally, the present study im-
plies that the assumption of character independence implicit
in cladistic analyses should not be accepted uncritically.
Thus, phylogenetic reconstructions obtained under the premise
that characters are independent until proven otherwise (e.g.,
Strait et al., 1997; Strait and Grine, 1999, 2001, 2004) should
be viewed as hypotheses to be tested by future studies of func-
tion, development, and integration.

Fig. 10. Validation (orientation of maximum principal strain). Strains obtained

from FEA shown as arrows. Range of experimental strains calculated using the

mean plus or minus two standard deviations of each experiment (Hylander

et al., 1991; Hylander and Johnson, 1997; Ross et al., 2002; Ross et al., unpub-

lished data).
Conclusion

The present study does not establish definitively whether
palatal thickness and other facial features evolved homo-
plastically in early hominids. Rather, it provides an initial
step towards resolving this issue by testing whether a thick
palate plays a role in stress-resistance during mastication.
Future studies must establish the functional relationships
of other facial characters, and hypotheses purporting to ex-
plain the developmental bases of specific facial features
need to be tested. Following this, formal studies of morpho-
logical integration must be undertaken, and the role of func-
tion in inducing homoplasy must be evaluated. Once these
research goals are achieved, systematists will be able to
select characters secure in the knowledge that their choices
will not unduly bias the results of a cladistic analysis.
Ultimately, the question of whether hominid masticatory
features are homoplastic will be resolved by informed phy-
logenetic analysis.

Fig. 11. Cross section through palate at M1: (A) solid NORMAL model; (B)

mesh of NORMAL model, showing minimum principal strain; (C) mesh of

THICK model, showing minimum principal strain. Relative to NORMAL

model, strains in THICK model are reduced in the center of the palate where

bone has been thickened, but elevated in the margins of the palate where bone

thickness has not changed.
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Table 4

Strain data from locations on THICK model

Location1 Maximum principal

strain2
Intermediate principal

strain2
Minimum principal

strain2
Maximum shear

strain2,3
Orientation of maximum

principal strain (x, y, z)4

1. Dorsal interorbital 64 �5 �25 89 (0.98, 0.08, 0.20)

2. W Dorsal orbital 40 11 �69 108 (0.63, 0.57, 0.52)

3. B Dorsal orbital 43 6 �50 93 (0.84, �0.33, �0.44)

4. W Infraorbital 389 �78 �190 579 (0.80, 0.39, �0.45)

5. B Infraorbital 164 �34 �94 258 (0.83, �0.19, 0.53)

6. W Midzygomatic 535 48 �535 1069 (0.41, 0.80, �0.44)

7. B Midzygomatic 93 41 �191 284 (0.66, �0.72, 0.20)

8. W Postorbital bar 168 �14 �128 296 (0.47, 0.86, 0.17)

9. Dorsal rostrum 126 �100 �161 287 (0.40, �0.79, 0.47)

10. W Lateral rostrum 175 �29 �81 256 (0.42, �0.11, �0.90)

11. B Lateral rostrum 20 3 �21 41 (0.71, �0.71, 0.04)

12. W Buccal alveolus 140 �3 �111 251 (0.77, �0.12, �0.63)

13. B Buccal alveolus 28 1 �33 62 (0.85, �0.51, 0.15)

14. W Palatal margin 105 23 �206 310 (0.82, �0.57, 0.01)

15. B Palatal margin 25 8 �30 55 (0.39, 0.05, 0.92)

16. W Palatine process 44 16 �96 141 (0.58, �0.72, 0.39)

17. B Palatine process 26 3 �14 39 (0.89, 0.06, 0.46)

18. Midpalate 61 8 �41 101 (0.93, 0.06, 0.37)

1 W¼working-side; B¼ balancing-side.
2 Measured in microstrain.
3 Defined as maximum principal strain minus minimum principal strain.
4 X-direction is positive to the left (working) side; y-direction is positive superiorly; z-direction is positive anteriorly.
Fig. 12. THICK vs. NORMAL models (maximum shear strain): (A) absolute

difference between modelsdmagnitude of shear strain in THICK model

minus magnitude in NORMAL model; (B) percentage difference between

modelsddifference calculated in A as a percentage of magnitude in NOR-

MAL model. Regions as in Fig. 5. In both A and B, positive values indicate

that strains are higher in the THICK models, while negative values indicate

that strains are higher in the NORMAL model.
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