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ABSTRACT Understanding how the skull transmits
and dissipates forces during feeding provides insights
into the selective pressures that may have driven the
evolution of primate skull morphology. Traditionally,
researchers have interpreted masticatory biomechanics
in terms of simple global loading regimes applied to sim-
ple shapes (i.e., bending in sagittal and frontal planes,
dorsoventral shear, and torsion of beams and cylinders).
This study uses finite element analysis to examine the
extent to which these geometric models provide accurate
strain predictions in the face and evaluate whether sim-
ple global loading regimes predict strains that approxi-
mate the craniofacial deformation pattern observed dur-
ing mastication. Loading regimes, including those simu-
lating peak loads during molar chewing and those
approximating the global loading regimes, were applied
to a previously validated finite element model (FEM) of

Much research into the relationship between feeding
biomechanics and craniofacial morphology has focused
on which loading regimes play the most important role
in shaping craniofacial adaptation and how stresses
are dissipated through the cranium. Early research on
primate craniofacial biomechanics commonly concep-
tualized the skull as a simple geometric structure or
system of structures (e.g., beams and cylinders) in
efforts to interpret the adaptive significance of facial
morphology and predict stress and strain in the face
(Gorke, 1904; Richter, 1920; Endo, 1966; Endo, 1973;
Roberts and Tattersall, 1974; Demes, 1982; Greaves,
1985; Rangel et al., 1985; Preuschoft et al., 1986).
Endo (1966, 1973) used a complex rigid frame model,
which treated the skull as a series of interconnected
straight beams, or members, of uniform cross section
to predict internal stress patterns in the face, and
tested the model with in vitro strain gage experiments
in human and gorilla skulls. In his analyses, the skull
was loaded with simulated bilateral temporalis and
masseter muscles forces, reaction forces at the tempo-
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a macaque (Macaca fascicularis) skull, and the resulting
strain patterns were compared. When simple global load-
ing regimes are applied to the FEM, the resulting
strains do not match those predicted by simple geometric
models, suggesting that these models fail to generate
accurate predictions of facial strain. Of the four loading
regimes tested, bending in the frontal plane most closely
approximates strain patterns in the circumorbital region
and lateral face, apparently due to masseter muscle
forces acting on the zygomatic arches. However, these
results indicate that no single simple global loading re-
gime satisfactorily accounts for the strain pattern found
in the validated FEM. Instead, we propose that FE mod-
els replace simple cranial models when interpreting bone
strain data and formulating hypotheses about craniofa-
cial biomechanics. Am J Phys Anthropol 145:1-10,
2011. ©2010 Wiley-Liss, Inc.

romandibular joints (TMJ), and a bite force applied to
each tooth excluding the third molars (Endo, 1966).
When these loading conditions were applied, the gorilla
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and human skulls exhibit a comparable pattern of de-
formation (Endo, 1966; Endo, 1970). The medial and
lateral maxillozygomatic member, the regions above
and lateral to the nasal aperture, and the medial and
lateral aspects of the browridge were identified as
areas subject to high bending moments. During simu-
lations of the peak loads of unilateral chewing on the
postcanine teeth, the experimental results and theoret-
ical model suggested increased bending moments and
compressive forces on the working side, whereas
incisal bites increased bending moments and compres-
sion in regions near the midline of the face (Endo,
1966). From this and subsequent work four main
hypotheses emerged regarding which loading regimes
best characterize how forces act on the craniofacial
skeleton (Fig. 1). These global loading regimes are 1)
bending in the frontal plane (Endo, 1966; Endo, 1973;
Russell, 1985; Picq and Hylander, 1989; Hylander et
al., 1991b), 2) bending in the sagittal plane (Cartmill,
1974; Hylander, 1977; Demes, 1982; Preuschoft et al.,
1986), 3) dorsoventral shear of the face relative to the
braincase (Hylander, 1977; Demes, 1982; Preuschoft et
al., 1986), and 4) torsion of the face on the braincase
about the anteroposterior axis of the skull (Greaves,
1985; Greaves, 1995).

GLOBAL LOADING REGIME PREDICTIONS

Bending of the primate face in the frontal plane
results from superiorly directed bite forces applied to the
anterior dentition and inferiorly directed bilateral tem-
poralis and masseter muscle forces applied to the lateral
aspects of the orbits and zygomatic arches (Fig. 1A)
(Endo, 1966; Endo, 1970; Russell, 1985; Hylander et al.,
1991a, b). When the supraorbital region is modeled as
a simple beam, tensile strains are predicted to be per-
pendicular to the midsagittal plane of the skull, and
magnitudes are predicted to be highest in the dorsal
interorbital region (Fig. 1B) (Hylander et al., 1991b).
The superiorly directed bite force is expected to yield
compressive strain concentrations parallel to the midsa-
gittal plane of the skull (Endo, 1966; Endo, 1970;
Hylander et al., 1991a, b).

The predictions of bending in the sagittal plane are
derived from modeling the skull as a triangular-shaped
beam, perhaps better described as a truss. Hylander et
al. (1991b) note that this loading regime is the result of
superiorly directed bite forces at the teeth and joint reac-
tion forces at the TMdJs, combined with inferiorly
directed masticatory muscle forces (Fig. 1C). The simple
geometric model predicts tensile strains to occur along
the palate extending to the pterygoid processes and the
zygomatic arches. Compressive strains are expected to
be concentrated in the dorsal face, including the maxilla
and interorbital region (Fig. 1D) (Hylander et al.,
1991b). Both tensile and compressive strains are pre-
dicted to be oriented parallel to the sagittal plane
(Hylander et al., 1991b).

Similarly, dorsoventral shearing is caused by the supe-
riorly directed bite and TMJ joint reaction forces and the
inferiorly-directed masticatory muscle forces resulting in
the displacement of the facial skeleton superiorly rela-
tive to the braincase (Fig. 1E). This superior displace-
ment of the face in the sagittal plane is resisted by bone
in the sagittal planes (i.e., between the face rostrally
and the neurocranium caudally). Tensile strains are
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Fig. 1. The four proposed global loading regimes applied to

the macaque skull and strain predictions from simple geometric
models of the skull adapted from Hylander et al. (1991b). (A)
Endo’s (1966) rigid frame model superimposed on the macaque
face. Bending in the frontal plane is the result of inferiorly
directed muscle forces (Fy) and superiorly directed bite force
(Fg); (B) Beam model of bending in the frontal plane, with
arrows indicating the predicted strain pattern on the superior
and inferior surface of the beam; (C) Bending in the sagittal
plane is the result of inferiorly directed muscle forces (Fy;) and
joint reaction force (Fj) and superiorly directed bite force (Fp);
(D) Model of a triangular-shaped beam bending in the sagittal
plane, with arrows indicating the predicted strain pattern on
the superior and inferior surfaces; (E) Dorsoventral shear is the
result of inferiorly directed muscle forces (Fy;) and superiorly
directed joint reaction forces (Fj) and bite force (Fg). The arrows
indicate the shear direction; (F') The skull model shearing in the
frontal plane with arrows indicating the strain pattern on lat-
eral surface; (G) Torsion of the face about the braincase is the
result of bite force (Fg) and balancing side muscle force (Fyg)
exceeding the working side muscle force (Fynw) causing a coun-
ter-clockwise twist; and (H) A cylinder undergoing a counter-
clockwise twist. Arrows indicate the predicted strain pattern
oriented 45° to the long axis of the cylinder.

expected to occur in the dorsal and ventral aspects of the
face, with rostral regions experiencing higher strains rel-
ative to areas with thicker bone such as the browridge
(Fig. 1F). Dorsoventral shearing is also predicted to
cause shear in the lateral surfaces of the rostrum and
orbits (Preuschoft et al., 1986; Hylander et al., 1991b).
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Twisting of the face on the braincase about the ante-
roposterior axis of the skull is the final loading regime
proposed to characterize the pattern of facial strain
during mastication. Here, the face is modeled as a cyl-
inder that twists during unilateral mastication as a
result of the torsional moments of the balancing side
muscle force and bite force exceeding the working side
muscle force (Fig. 1G) (Greaves, 1985, 1995). In this
loading regime, tensile and compressive strain orienta-
tions are predicted to be 45° to the twisting axis (i.e.,
the long-axis of the skull) (Fig. 1H) (Greaves, 1985;
Hylander et al., 1991b; Greaves, 1995; Ross, 2001; Ross,
2008).

Although facial strain predictions derived from simple
geometric models are compatible with in vivo bone strain
data for the zygomatic arch and postorbital septum
(Ross and Hylander, 1996; Hylander and Johnson,
1997), these simple models appear to provide accurate
strain predictions only when the structure approxi-
mates the dimensions of the simple geometric model,
withstands few external forces, and shows relatively ho-
mogeneous material properties (Ross, 2001). However,
many facial structures, and certainly the face as a
whole, do not satisfy these conditions, leading some
researchers to argue that simple geometric models are
an unreliable method of assessing stress and strain for
these regions (Hylander et al., 1991b; Ross, 2001). In
their in vivo bone strain analysis, Hylander et al.
(1991b) tested the influence of these loading regimes in
the supraorbital region of macaques and baboons and
found some correspondence between in wvivo strain
directions at gage sites during incision and mastication
and strains predicted from Endo’s rigid frame model
during bending in the frontal plane. Despite this sup-
port, Hylander et al. (1991b) contend that the morpho-
logical complexity of primate craniofacial structures
precludes an accurate prediction of strain from simple
geometric models of the skull. If their predictions are
reliable, both frontal plane and sagittal plane bending
models are consistent with strain patterns inferred
from experimental data in the macaque supraorbital
region (Hylander et al.,, 1991b), whereas parasagittal
bending, transverse bending, and torsion models are
consistent with the strain patterns observed in the zy-
gomatic arch (Hylander and Johnson, 1997). Additional
experimental data collected from the circumorbital
region in owl monkeys, lemurs, and macaques indicate
strain patterns in this region also do not conform to the
predictions of a single loading regime (Ross and
Hylander, 1996; Ross, 2001; Ross, 2008). Together these
studies suggest that strain patterns in the face are con-
sistent with multiple loading regimes.

In this study, we use finite element analysis (FEA) to
investigate the extent to which simple assumptions
regarding differing models of skull geometry and loading
regimes yield accurate predictions about strain distribu-
tions in the primate craniofacial skeleton. Specifically,
we use FEA to evaluate two hypotheses: 1) simple geo-
metric models can provide accurate predictions of strain
in the primate face and 2) a single global loading regime
is primarily responsible for the pattern of craniofacial
deformation in the macaque skull.

MATERIALS AND METHODS

FEA provides a powerful approach to evaluating cra-
niofacial deformation in response to masticatory stresses

(Dumont et al., 2005; Metzger et al., 2005; Richmond
et al., 2005; Strait et al., 2005; Rayfield, 2007; Kupczik
et al., 2007; Strait et al., 2007; Kupczik et al., 2009;
Strait et al., 2009; Strait et al., 2010; Wang et al.,
2010a,b). Data collected from in vivo and in vitro bone
strain experiments serve to validate the finite element
model (FEM), ensuring the FEM reflects actual perform-
ance (Metzger et al., 2005; Strait et al., 2005; Rayfield,
2007; Wang et al., 2008). The model can thus be
employed to evaluate the effects of mastication on the
craniofacial morphology of primates and to refine biome-
chanical hypotheses (Richmond et al., 2005; Ross et al.,
2005; Strait et al., 2005).

The FEM used in this study is a previously validated
molar-loaded model of a male macaque (Macaca fasci-
cularis) consisting of 311,057 polyhedral elements with
orthotropic, regionally assigned material properties
(Strait et al., 2005). In this validated FEM, the force
magnitudes and orientations of eight masticatory
muscles (right and left anterior temporalis, right and
left masseter, and right and left medial pterygoid) were
estimated from physiological cross-sectional data and
relative muscle recruitment activity during normal
mastication (Antén, 1993; Anton, 1999; Ross, 2001;
Ross et al., 2005). To simulate the reaction forces at
the TMJ, constraints were applied at the articular emi-
nences. An additional constraint was placed at the left
first molar, where a reaction force simulates the bite
force.

In this study, four loading conditions (i.e., frontal
bending, sagittal bending, dorsoventral shear, and tor-
sion) were applied to the macaque FEM (Fig. 2A-D).
Details concerning the external forces and constraints
for each simple global loading regime are provided in Ta-
ble 1 and shown in Figure 2. Constraints at the articular
eminences preventing translation and rotation in all
axes were applied to all of the FEMs, except dorsoven-
tral shear where the braincase was constrained posterior
to the browridge (Richmond et al., 2005; Strait et al.,
2005) (Fig. 2C). The load applied to each loading regime
FEM was the sum of the muscle force magnitudes
applied to the validated FEM (200 Newtons). Because
our aim is to test the biomechanical impact of each
hypothesized global loading regime, loading regime mod-
els do not include biologically realistic muscle force
directions or bite points. We applied external forces and
constraints to the macaque FEM that were consistent
with the force components of the four simple global load-
ing regimes (frontal plane bending, sagittal plane bend-
ing, dorsoventral shear, and torsion) to produce models
with deformations representing each global loading re-
gime.

To model bending in the frontal plane, 200 N of force
were applied in the -y direction (i.e., inferiorly) to the
anterior region of the zygomatic arches. In addition to
the TMJ, constraints to prevent translation and rotation
were placed on the posterior palatal surface of the max-
illa (Fig. 2A). To model bending in the sagittal plane,
200 N of force were applied in the —y direction at the oc-
clusal surfaces of the third molars. The incisors were
loaded with 200 N of force in the +y direction (Fig. 2B).
In the FE modeling of dorsoventral shear, a frontal
region of the skull was loaded with 200 N of force in the
+y direction, while the neurocranium was constrained
from translation and rotation (Fig. 2C). To model
the torsion loading regime, the occlusal surface of the
molars on the right side were loaded with 100 N in the
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Fig. 2. Details of loads and constraints applied to the validated molar mastication FEM, simulating each of the proposed loading
regimes. (A) To model bending in the frontal plane, 200 Newtons (N) of force were applied in the —y direction to the anterior region
of the zygomatic arches. Superior and inferior forces were applied in the approximately the same coronal plane to ensure modeling
pure bending in the frontal plane. Constraints were placed on the surface of the palate posterior to the incisive canal and at the
articular eminences; (B) To model bending in the sagittal plane, 100 N of force were applied in the —y direction at the occlusal
surfaces of the third molars. The incisors were loaded with 100 N of force in the +y direction. Constraints were placed at the articu-
lar eminences; (C) In the dorsoventral shear, the face was allowed to translate only in the y direction. A frontal section of the skull
was loaded with 200 N of force in the +y direction. Constraints on the neurocranium prevent movement and induce pure shear; (D)
The occlusal surface of the molars on the right side were loaded with 100 N in the —y direction, and the occlusal surface of the
molars on the left side were loaded with 100 N of force in the +y direction. Constraints were applied at the articular eminences.

TABLE 1. Description of boundary conditions applied to model the four simple global loading regimes

Global loading regime

Constraints

Forces

Frontal plane bending

Sagittal plane bending

Dorsoventral shear

Torsion

Right and left TMdJs (36 nodes;
no translation or rotation; nodal
df = 0); Posterior palate (272
nodes; no translation or
rotation; nodal df = 0)

Right and left TMdJs (42 nodes;
no translation or rotation;
nodal df = 0)

Braincase and posterior
zygomatic arches (all surfaces
constrained; no translation or rotation);
facial region (2149 nodes;
translation in y direction;
nodal df = 1)
Right and left TMdJs (42 nodes;
no translation or rotation;
nodal df = 0)

200 N applied to right and
left anterior zygomatic
arches (1278 nodes; applied
in —y direction)

200 N applied to
M? (213 nodes; applied
in the +y direction); 200 N
applied to central and
lateral incisors (213 nodes;
applied in the —y direction)
Facial region overlapping
contrained nodes (561 nodes;
applied in the +y direction)

200 N applied to right and
left postcanine tooth row
(1026 nodes; applied in the
—y direction on the right
and +y direction on the left)

American Jouwrnal of Physical Anthropology
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-y direction (Fig. 2D). The occlusal surface of the molars
on the left side were loaded with 100 N of force in the
+y direction. A counterclockwise twist was achieved by
selecting an equal number of occlusal surface nodes on
the left and right sides to ensure that an equal force
was applied to each side of the model. This model was
constrained from translation and rotation at the TMdJs.

To compare the results of the four global loading
regimes to those of the validated FEM, two sets of strain
magnitude and orientation data were analyzed. The first
data set involved collecting data from eight surface
nodes in the dorsal orbital and infraorbital region, the
zygomatic arches, and the working side postorbital bar.
These eight regions were selected to correspond with the
strain gage locations from which in vivo bone data have
been collected from M. fascicularis and M. mulatta
(Hylander et al., 1991b; Hylander and Johnson, 1997;
Ross et al., 2002; Ross et al., in press). The purpose of
comparing strain values estimated from these in vivo
locations was to identify which of the global loading
regimes most closely resembles the maximum principal
strain orientation observed during normal chewing. The
second data set involved constructing three additional
nodal data sets to sample regions of the face beyond
those areas with available experimental strain data.
These node sets consist of a line of nodes along the lat-
eral and superior aspect of the face, three anterior-poste-
rior transects on the working and balancing side of the
rostrum, and a line of nodes around the nasal aperture.
In each of the analyses, principal components analysis
(Statistica 7, StatSoft, Tulsa, OK) of strain orientation
was used to compare the predictions of the global loading
environments with the validated FEM. Principal compo-
nents analysis was used to reduce the data retrieved
from the five FEMs allowing us to identify which global
loading regime most closely resembled the validated
FEM.

RESULTS

Deformations Caused by the Global
Loading Regimes

The results of the FEA of bending in the frontal plane
show inferior displacement of the orbits, superior ros-
trum, and zygomatic arches (Fig. 3A). This FEM con-
forms in some respects to the strain pattern predicted by
the simple geometric model (Fig. 1B and 3A). The lateral
aspects of the face, especially the lateral orbital region
and the zygomatic arches, experience tensile strains,
whereas facial regions along the midsagittal plane, such
as the interorbital region, experience compressive
strains. However, tensile strain concentrations are also
observed in the inferomedial orbital wall and the supe-
rior margin of the nasal cavity, which are not accurately
represented when modeling the skull as a simple geome-
try such as a beam.

The results of the FEM of bending in the sagittal
plane show a superior rotation of the face about the
TMJ, with the most notable displacement in the anterior
aspect of the snout (Fig. 3B). The simple model predicts
tensile strains will be present in the palate and compres-
sive strains will occur in the superior aspect of the ros-
trum (Fig. 1D). Concentrations of tensile strain occur
along the maxilla and palate as well as on the dorsal as-
pect of the rostrum and the inferomedial and superolat-
eral regions of the orbit. The FEM experiences compres-
sive strains in the inferolateral orbital region and along

the dorsal aspect of the rostrum, consistent with the pre-
dictions from the geometric model.

The overall pattern of deformation in the dorsoventral
shear FEM demonstrates a superior displacement of the
whole face relative to the braincase (Fig. 3C). The simple
model of dorsoventral shear predicts the anterior regions
of the face will experience increased shearing forces rela-
tive to the posterior regions of the face (i.e., the brow-
ridge) (Figs. 1E-F). Regions of the face adjacent to the
plane of shear, such as the inferior orbital, superior or-
bital, and interorbital regions and the malar regions ex-
perience concentrations of tensile strain. Compared with
those regions near the plane of shear, other areas of the
face show relatively little tensile or compressive strains.

Results of the torsion FEM show a pattern of deforma-
tion in which the snout undergoes a counterclockwise twist
about the anteroposterior axis of the skull (Figs. 1G-H and
3D). The right orbit and zygomatic arch are displaced infe-
riorly, whereas the left orbit and zygomatic arch experience
a superiorly directed displacement. Concentrations of ten-
sile strain are seen along the right side of the rostrum as
well as the lateral and inferior aspects the right orbit and
the superomedial aspect of the left orbit of the FEM. The
most striking area of tension observed in the FEM occurs
along the superior margin of the nasal cavity, which bends
inward toward the midline. In contrast, compressive
strains occur along inferior and lateral regions of the left
orbit and the left zygomatic arch of the twisted FEM.

Comparisons Between the Global and
Masticatory Loading Regimes

Maximum principal strain (¢;) orientation and maxi-
mum to minimum principal strain ratio (&/léezl) were
considered to compare strain patterns from the FEMs of
global loading regimes with the validated FEM at the
eight nodes corresponding to locations with experimental
data (Fig. 4A). In the principal components analysis of ¢;
orientation, the frontal bending and sagittal bending mod-
els lie closest to the validated FEM on the first two princi-
pal component axes, whereas the torsion and dorsoventral
shear models produce strain patterns which differ sub-
stantially from that observed in the validated FEM (Fig.
4B). The first three principal components account for
96.5% of the total variance. Strain orientation in the in-
fraorbital (Nodes 4 and 5), zygomatic arches (Nodes 6 and
7), and working side dorsal orbital (Node 2) regions drive
the variation in the first three principal components. The
frontal and sagittal bending FEMs group closely with
the molar mastication FEM on principal components axes
1 and 2 (Fig. 4B). The factors driving the PC1 axis (52.4%
of the variance) are in the working and balancing side in-
fraorbital (Nodes 4 and 5) regions and the balancing side
zygomatic (Node 7) (Supplementary table 1). The infraor-
bital nodes also contribute to the PC2 axis, which
accounts for 33.2% of the variance. The global loading re-
gime models do not cluster with the validated FEM on
PC3 (10.2%), and nodes at the dorsal interorbital (Node
1), working side zygomatic (Node 6), and postorbital bar
(Node 8) drive the variation on this axis (Fig. 4B). Com-
parison of the ¢/legl ratios reveal a similar pattern in
which the strain produced in the frontal bending model
best approximates the validated FEM (Fig. 5). The disper-
sion of &/l&y] ratios from experimental bone strain data
compiled by Strait et al. (2005) are also shown in Figure
5. The variation from experimental data encompasses all
models at the interorbital (Node 1) and dorsal working or-
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Max principal strain
0.001

0.0005

0

Fig. 3. Maximum principal strain results from the finite element analysis of each model. The deformation relative to the origi-
nal model and strain map of the maximum principal strain magnitude on an undeformed model are shown. The deformed model is
scaled to 5% of model size. (A) Frontal plane bending FEM; (B) Sagittal plane bending FEM; (C) Dorsoventral shear FEM; and (D)

Torsion FEM.

bital (Node 2) regions. The frontal bending, sagittal bend-
ing, and validated FEMs fall within the variation from
experimental data at the balancing side zygomatic arch
(Node 7). The validated FEM and frontal bending models
are within the experimental dispersion for three addi-
tional locations including the balancing side orbital, bal-
ancing side infraorbital, and working side zygomatic arch
(Nodes 3, 5, and 6). Although the validated FEM and the
frontal bending model exhibit similar ¢/l ¢z | ratios in the
working side infraorbital (Node 4), both FEMs exceed the
experimental range at this location.

American Jouwrnal of Physical Anthropology

Euclidean distances between the ¢; orientations con-
firm that the strain pattern of the frontal bending model
most closely matches the validated FEM for five of the
eight nodes, whereas the torsion model deforms in a
manner distinct from the validated FEM at seven of
eight nodes (Table 2).

Overall strain orientations from the superior and lat-
eral aspects of the face (Fig. 6A) and anteroposterior
transects along the rostrum (Fig. 6B) from the frontal
bending FEM best approximate those observed in the
validated FEM. However, strain orientations from the
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Fig. 4.

« Dorso-ventral shear FE model
a Frontal bending FE model

* Sagittal bending FE model

# Torsion FE model

W Molar mastication FE model

(A) Macaque FEM illustrating the eight node locations for which experimental data were available. W = working side; B

= balancing side; 1 = dorsal interorbital; 2 = W dorsal orbital; 3 = B dorsal orbital; 4 = W infraorbital; 5 = B infraorbital; 6 = W
midzygomatic; 7 = B midzygomatic; 8 = W postorbital bar; (B) Principal components analysis of maximum principal strain orienta-

tion from the eight nodes corresponding to in vivo locations.

5.0
+ Dorso-ventral shear FE model
= Frontal bending FE model
4.0 * Sagittal bending FE model
: ® Torsion FE model
= Molar mastication FE model
P 3.04
w
~
i
w
2.0
1.0 1
0.0

Node

Fig. 5. Maximum to minimum principal strain ratio from the eight nodes corresponding to in vivo locations. The shaded area
represents the dispersion of the experimental principal strain ratio data as reported by Strait et al. (2005).

area around the nasal aperture indicate none of the
loading regime FEMs are comparable with the validated
FEM (Fig. 6C). When maximum principal strain orienta-
tions from the working and balancing side nodes are con-
sidered separately, it seems that the working side (left
side) deforms in a manner most similar to the torsion
FEM, whereas the balancing side strain orientations ex-
hibit a combination of torsion and sagittal bending.

DISCUSSION

Our results do not support the first hypothesis, that
simple geometric models provide accurate predictions of
strain in the primate face. Comparisons of tensile strain
predictions from simple geometric models (Fig. 1) with
maximum principal strain magnitude in the FEMs (Figs.
3A-D) illustrate the inadequacy of these models to gener-
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TABLE 2. Summary of least-square distances of €; orientation at each node corresponding to experimental gage locations

Global loading regime FE
model most similar to molar
mastication FE model

Node number Region

Global loading regime FE
model least similar to molar
mastication FE model

Frontal bending Torsion
Frontal bending Torsion
Frontal bending Torsion
Sagittal bending Torsion
Frontal bending Torsion
Dorsoventral shear Frontal bending
Sagittal bending Torsion
Frontal bending Torsion

1 Dorsal interorbital
2 W Dorsal orbital
3 B Dorsal orbital
4 W Infraorbital
5 B Infraorbital
6 W Midzygomatic arch
7 B Midzygomatic arch
8 W Postorbital
A. i
H
T
o]
w
©
2
B.
)
O
w
®
=
#
C.
o
O
w
o
7}
B‘- =

+ Dorso-ventral shear FE model
A Frontal bending FE model

* Sagittal bending FE model

# Torsion FE model

B Molar mastication FE model

Fig. 6. Principal components analysis of maximum principal
strain orientation from three additional nodal data sets. (A) A
sample of nodes along the lateral and superior aspect of the
face; (B) Three anteroposterior transects running along the
working and balancing sides of the rostrum; (C) A sample run-
ning adjacent to nasal aperture.

ate strain predictions in the face—a conclusion also sup-
ported by previous cross sectional area, craniometric,
and in vivo bone strain studies (Demes, 1982; Preuschoft
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et al., 1986; Ravosa, 1988; Hylander et al., 1991b; Ravosa,
1991; Hylander and Johnson, 1997; Ross, 2001). For
instance, in the simple geometric model of sagittal bending,
the skull is represented by a triangular-shaped beam. This
model predicts a superiorly directed bite force and inferiorly
directed muscle force will cause tensile strains along the pal-
ate, whereas compressive strains will be found along the
dorsal aspect of the snout (Hylander et al., 1991b). The
FEM of sagittal bending reveals a complex strain pattern
not predicted by the simple geometric model. The FEM
shows that concentrations of tension occur along portions of
the maxilla superior to the nasal aperture during pure sagit-
tal bending, but do not occur uniformly. Moreover, tensile
strains also occur along the superior aspect of the nasal cav-
ity, most likely due to folding of this curved sheet of maxil-
lary bone surrounding the nasal aperture (Fig. 3B). Wang
et al. (2010a) found that the presence of patent sutures
serve to dampen strain in the surrounding cortical bone,
whereas fused sutures and surrounding bone exhibit compa-
rable strains. The long sutures in the snout may have pat-
ent sections which alter the strain patterns in this region
during mastication. However, inconsistencies between the
strain pattern observed in the sagittal bending FEM and
the predictions of the simple geometric model are more
likely the result of the geometric complexity of the sheets of
bone comprising the snout.

The results presented here also do not support the hy-
pothesis that a single global loading regime is primarily
responsible for the pattern of craniofacial deformation in
the macaque skull. Of the four regimes tested in this
study, frontal bending yields ¢; orientations and &/lésl
ratios that best approximate those experienced by the
validated FEM. Frontal bending also most closely resem-
bles the experimental bone strain data, falling within the
dispersion of principal strain ratios collected from in vivo
data. However, the loading regime showing the most simi-
larity with the validated FEM and the experimental data
varies with anatomical region. When strain orientations
from the eight in vivo nodes were compared among the
FEMs, no one global loading regime consistently matched
the validated FEM. Likewise, strains produced during
frontal plane bending match strains in the mastication
model better in some anatomical regions (e.g., circumorbi-
tal region) than others (e.g., nasal margin). These results
are consistent with the hypothesis that multiple regional
loading regimes are present in the primate face during
mastication (Hylander et al., 1991b; Ross and Hylander,
1996; Hylander and Johnson, 1997; Ross, 2001). There-
fore, although the frontal bending model broadly predicts
strains in the superior and lateral aspects of the face, it is
apparent that none of the proposed global loading regimes
alone sufficiently explains the strain pattern observed
throughout the validated FEM.
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In their study of the postorbital septum, Ross and
Hylander (1996) noted that attempting to simplify complex
facial loading patterns with simple global loading regimes is
inaccurate, because local structures each experience unique
combinations of loads and constraints. Before making
assumptions about whether physiologic craniofacial strain
patterns are best interpreted as the overall effects of simple
global loading regimes, local geometry must be considered
to elucidate local patterns of facial strain. Moreover, loading
environments during orofacial function are usually asym-
metric and vary within the same structure on working and
balancing sides of the face. In the midzygomatic region, the
working side midzygomatic arch experiences strain orienta-
tions that match the dorsoventral shear model, whereas the
balancing side is most similar to the sagittal plane FEM.
These observed differences in strain orientations between
the working and balancing side zygomatics may be
explained by differences in muscle activity between the deep
and superficial parts of the masseter muscle (Hylander and
Johnson, 1997). Strain orientation around the nasal aper-
ture also varies from working to balancing side, with the
balancing side deforming in a manner similar to predictions
based on simple global loading regimes of both the torsion
and sagittal bending models, compared with the working
side which primarily resembles the torsion model. Gener-
ally, it seems that during mastication the superior and lat-
eral face primarily resemble a simple bending model as a
result of the influence of the masseter muscle, whereas
more anterior regions of the face, such as the rostrum, are
subject to complex combination of the bending and twisting
models (Fig. 6). It is likely that for some discrete regions of
the face, these global loading regimes are sufficient to
describe strain patterns. However, understanding strain in
FEMs of the entire facial skeleton requires more specific
study of patterns of strain in smaller anatomical or func-
tional regions so that multiple local complex skeletal geome-
tries can be considered.

CONCLUSION

Simple geometric models and terms describing sim-
ple deformation regimes of these models (e.g., bending
in the frontal plane) while seemingly of heuristic
value actually make imprecise and sometimes inaccu-
rate predictions regarding strain distributions in the
primate craniofacial skeleton. We propose that results
from these oversimplified models be viewed with cau-
tion and be replaced when possible with FEMs, espe-
cially when used to interpret in vivo bone strain data.
Finite element models more accurately capture com-
plex craniofacial geometry and allow both regional
and global comparisons within models. In the supple-
mentary material, we provide maximum and mini-
mum principal strain maps (Supplementary figs. 1, 2)
and videos of the deformation (Supplementary figs.
3, 4) of our validated FE macaque model of molar
mastication.
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