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ABSTRACT
The biomechanical significance of cranial sutures in primates is an

open question because their global impact is unclear, and their material
properties are difficult to measure. In this study, eight suture-bone func-
tional units representing eight facial sutures were created in a finite ele-
ment model of a monkey cranium. All the sutures were assumed to have
identical isotropic linear elastic material behavior that varied in different
modeling experiments, representing either fused or unfused sutures. The
values of elastic moduli employed in these trials ranged over several orders
of magnitude. Each model was evaluated under incisor, premolar, and
molar biting conditions. Results demonstrate that skulls with unfused
sutures permitted more deformations and experienced higher total strain
energy. However, strain patterns remained relatively unaffected away from
the suture sites, and bite reaction force was likewise barely affected. These
findings suggest that suture elasticity does not substantially alter load
paths through the macaque skull or its underlying rigid body kinematics.
An implication is that, for the purposes of finite element analysis, omitting
or fusing sutures is a reasonable modeling approximation for skulls with
small suture volume fraction if the research objective is to observe general
patterns of craniofacial biomechanics under static loading conditions. The
manner in which suture morphology and ossification affect the mechanical
integrity of skulls and their ontogeny and evolution awaits further investi-
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gation, and their viscoelastic properties call for dynamic simulations. Anat
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INTRODUCTION

Sutures are loci of craniofacial growth but potentially
are also relevant to craniofacial mechanics. Numerous
in vivo and in vitro strain gage experiments have identi-
fied localized elevated strains over sutures (Behrents
et al., 1978; Oudhof and van Doorenmaalen, 1983; Smith
and Hylander, 1985; Herring and Mucci, 1991; Herring,
1993; Jaslow and Biewener, 1995; Rafferty and Herring,
1999; Herring and Rafferty, 2000; Herring and Teng,
2000; Rafferty et al., 2003; Sun et al., 2004; Lieberman
et al., 2004; Shibazaki et al., 2007; Wang et al., 2008a)
suggesting that skulls with unfused sutures do not
behave mechanically as rigid bodies. Although it is clear
that sutures disturb local strain flow, their global impact
on skull mechanics and their mechanical properties
remain poorly defined. For example, the ontogeny of
suture biomechanics has been investigated in localized
areas, such as the zygomatic arch in pigs (Herring et al.,
2005), but no direct experiments have yet been con-
ducted to examine the overall impact of patent sutures
on the skull, primarily due to methodological limitations
preventing researchers from examining global skull me-
chanical behavior during ontogeny. Factors complicating
such efforts include variation in bite forces and bite
points, limited access to bone surfaces (logistical consid-
erations preclude the attachment of strain gages to some
areas, such as the hard palate), and limited knowledge
concerning the degree of fusion at individual sutures
(Wang et al., 2008a). However, recent applications of fi-
nite element analysis (FEA) to vertebrate skull biome-
chanics provide a potential solution, because this
approach allows the modeling of sutures in the context
of an assessment of synchronous global strain patterns
(Wroe et al., 2007; Dumont et al., 2009).

FEA is an engineering technique used to examine how
structures of complex design respond to external loads
(e.g., Huiskes and Chao, 1983). In FEA the structure of
interest (e.g., a skull) is modeled as a mesh of simple
bricks and tetrahedra (finite elements) joined at nodes,
the elements are assigned material properties, certain
nodes are constrained against motion, forces are applied,
and displacements, stresses and strains at each node
and within each element are calculated. Recent advan-
ces in computer software and imaging technology have
made it possible to capture and digitally reconstruct
skeletal geometry with great precision, thereby facilitat-
ing the generation of detailed finite element models
(FEMs) of bony structures, including non-human verte-
brate crania (Rayfield et al., 2001; Castaño et al., 2002;
Rayfield, 2004, 2005a,b, 2007; Richmond et al., 2005;
Strait et al., 2005, 2007, 2008, 2009; Dumont et al.,
2005; Wroe 2007; Wroe et al., 2007, Wroe and coworkers
2008; McHenry et al., 2007; Kupczik et al, 2007; 2009;
Farke, 2008; Pierce et al., 2008; Rayfield and Milner,
2008; Bourke et al., 2008; Moreno and coworkers, 2008;

Moazen et al., 2008, 2009). However, the incorporation
of realistic muscle forces, bone material properties, mod-
eling constraints, and experimental bone strain data are
equally important components of FEA that are necessary
to ensure biologically meaningful results (e.g., Richmond
et al., 2005; Strait et al., 2005; Ross et al., 2005; Ray-
field, 2007).

Recently, the impact of sutures has been more vigo-
rously discussed and investigated using FEA in various
living and fossil species (Rayfield, 2004, 2005; Kupczik
et al., 2007, 2009; Wang et al., 2007b, 2008a,b; Farke,
2008; Moazen et al., 2009; Fitton et al., 2009; Jasinoski
et al., 2010) and various conclusions as to their signifi-
cance on local and global skull biomechanics have been
reached. Some finite element models of vertebrate crania
that did not include sutures have obtained reasonable
results in relation to in vivo bone strain studies (e.g.,
Strait et al., 2005), but others have not, as was the case
in the less refined alligator models (Metzger et al.,
2005). FEA of a theropod dinosaur skull (Rayfield,
2005b) suggested the important role sutures play in a
localized functional context. Kupczik et al. (2007) demon-
strated the localized impact of sutures in monkey skulls,
and Moazen et al. (2009) have observed a significant
impact on strain energy density (SED) patterns in small
animals such as lizards. Fitton et al. (2009) performed a
sensitivity analysis using the same specimens as were
examined by Kupczik et al. (2007, 2009) and found that
the inclusion of patent sutures in their FEMs had mod-
est effects on strain in the immediate vicinity of the
sutures but as one moved away from the sutures the
effects were negligible. These results are corroborated by
our initial sensitivity analyses (Wang et al., 2007b,
2008b). However, the manner in which sutural fusion
affects the global biomechanics of the craniofacial skele-
ton has not yet been systematically studied.

This study tests the hypotheses that: (1) sutures have
a significant impact on global skull mechanics, and (2)
the mechanical behavior and significance of sutures
depends on their material properties and positions on
the cranium. A macaque FE model was analyzed using
four different sets of suture material properties under
three different loading cases that simulate incisor, pre-
molar, and molar biting. Mechanical data extracted from
these 12 FEAs allowed an assessment of the hypotheses.

MATERIALS AND METHODS
Model Creation

The finite element model used here was built from a
male subadult Macaca fascicularis specimen (with third
molars erupting) obtained from a biological supply com-
pany after the specimen had been sacrificed for research
purposes unrelated to this study (Fig. 1). This model
was created based on the protocol used previously by
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this research group that has successfully generated real-
istic FEMs of monkey crania (Richmond et al., 2005;
Strait et al., 2005, 2007, 2008, 2009). A tessellated sur-
face model was constructed by first determining the opti-
mal threshold value of the CT scans by averaging the
threshold values across multiple volumes sampled
throughout the facial skeleton using Quant3D (High-Re-
solution X-Ray CT Lab, University of Texas, Austin,
http://www.ctlab.geo.utexas.edu/software/index.php), then
applying the threshold to create a tessellated model of
the skull using AMIRA (Visage Imaging). The tessellated
surface was converted to a smooth non-uniform rational
B-spline (NURBS) surface using surface editing software
(Geomagic Studio 11, Geomagic, NC), which was then
transformed into a solid model by using computer-
assisted-design software (SolidWorks 2005, Dassault Sys-
tèmes SolidWorks). The solid was broken into 146 parts
(including parts designated as sutures), each of which
could potentially be assigned its own set of elastic proper-
ties (Fig. 1). The model was imported into FEA software
(Algor 19, Autodesk, Pittsburg, PA) and converted into a
mesh of 1,051,877 brick and tetrahedral elements that
exhibited greater mesh density in the face than in the
neuro- and basicranium. Suture morphology, material
mechanical properties, muscle forces, constraints, and
reaction forces were simulated within the three dimen-
sional model as described later.

Parts Representing Sutures

The precise manner in which to model sutures is a se-
rious technical challenge. Should sutures be modeled
using their complex, often interdigitating morphology, or
as a simplified linear corridor? Surface investigation and
micro-CT image analysis have demonstrated complicated
spatial variations of sutural morphology (Byron et al.,
2004; Byron, 2006, 2009; Herring, 2008; Reinholt et al.,
2009). Due to its pliant nature, the suture connective tis-
sue is assumed to be able to resist mainly tensile rather
than compressive loads. Therefore, bony interdigitations
within sutures play a critical role in allowing external
compressive loads to be absorbed as tensile forces
through sutural fibers running between the inosculated
sutural surfaces (Herring, 2008). Thus, sutures are bet-

ter modeled as homogeneous suture-bone functional
units in order to simplify this phenomenon (Farke, 2008;
Wang et al., 2008b).

Four parts representing the premaxillomaxillary
suture (PMM), zygomaticomaxillary suture (ZMM), zygo-
maticofrontal suture (ZMF), and zygomaticotemporal
suture (ZMT) (Fig. 1) were created on both the left and
right sides of the cranium, because these four sutures
remain mostly unfused in adult monkeys (Wang et al.,
2006c). As a simplifying assumption, these suture-bone
units were given a uniform thickness of 1 mm, which is
a coarse approximation of the breadth of the interdigita-
tions typical in these sutures. The inferior one third of
the PMM was not modeled, as it is normally closed in
young adult males, even before the full eruption of the
canines (Wang et al., 2006c). An explanation for such
early fusion could be that forceful loading on the incisors
might otherwise break off the premaxillary bone, as has
been observed during in vitro experiments (Wang et al.,
2008a). All eight sutures comprised only 0.24% of the
total skull volume.

Elastic Properties of Bone and Sutures

Material properties (measures of a material’s ability to
resist deformation) including elastic modulus (E), and
Poisson’s ratio (m), were assigned to different functional
regions of the skull. Each region of the face correspond-
ing to cortical bone was assigned its own set of isotropic
elastic properties calculated from previous orthotropic
elastic properties collected from rhesus macaque skulls
(Wang and Dechow, 2006). Cortical regions in the neuro-
and basi-cranium were assigned isotropic elastic proper-
ties based on an average of values obtained from all
parts of the skull (E ¼ 17.3 GPa, m ¼ 0.28; Wang and
Dechow, 2006; Wang et al., 2006b). Trabecular bone in
the supraorbital torus, postorbital bar, zygomatic body
and zygomatic arch was also modeled isotropically (E ¼
0.64 GPa, m ¼ 0.28; Ashman et al., 1989). The inclusion
of homogeneous parts representing trabecular bone in
the finite element model appears to increase the accu-
racy of FEA (Castaño et al., 2002; Panagiotopoulou
et al., 2010). Teeth were modeled as bone parts and were
assigned the same material properties as those in

Fig. 1. Three dimensional solid model of a M. fascicularis skull. (A)
Whole model with sutures highlighted. (B) Eight parts representing
four facial sutures on left and right sides. Zygomaticotemporal suture
(ZMT)– Parts 1 and 5; Zygomaticofrontal suture (ZMF)– Parts 2 and 6;
Zygomaticomaxillary suture (ZMM)– Parts 3 and 7; Premaxillomaxillary

suture (PMM)– Parts 4 and 8. All sutures were created to match the
cortical bones that normally formed a shell over trabecular bones. The
parts inside trabecular bone were omitted in order to simplify the
modeling process. (C) Parts representing trabecular bone in the facial
skeleton. They were enclosed by cortical bone.

MECHANICAL IMPACT OF SUTURES 1479



surrounding alveolar bone; hence periodontal ligaments
were not modeled here.

The material properties to be assigned to the eight
suture-bone units modeled here cannot be easily dis-
cerned. There is no consensus on the elastic modulus of
sutural tissue, as indicated by widely varying published
data. For example, 1.2 MPa (Kupczik et al., 2009), 10
MPa (Moazen et al., 2009), 50 MPa (Odame et al., 2005),
0.4 GPa (Farke, 2008), and 0.5-2.5 GPa (Wang et al.,
2008b) have each been proposed as proper elastic moduli
[1 MPa (MegaPascal) ¼ 106 N/m2; 1 GPa (GigaPascal) ¼
109 N/m2]. Direct mechanical experiments on mamma-
lian cadaver material of varying sizes have yielded com-
parably low magnitudes of elastic stiffness for sutural
tissues. Elastic moduli from facial sutures in rabbits are
in the range of 1.2–2.1 MPa (Radhakrishnan and Mao,
2004) while internasal sutures in ewes are 0.9 MPa
(Meunier et al., 2009). However, based on strain gage
experiments, these values might understate the stiffness
of sutural structure. In vivo and in vitro experiments in
pigs, rabbits, and monkey skulls show that average
strain values in patent sutures are an order of magni-
tude higher than in adjacent regions of cortical bone
(Herring and Mucci, 1991; Herring and Teng, 2000;
Lieberman et al., 2004; Wang et al., 2008a). Thus, theo-
retically, the suture along with its interaction with bone
fronts as a structure could exhibit elastic stiffness about
one tenth that of the adjacent bones (Wang et al.,
2008b). Farke (2008) proposed that the suture with the
surrounding bone be considered a single functional unit
which helps avoid modeling internal sutural complexity.
According to this logic, the elastic moduli of sutures in
monkey skulls might be expected to be around 0.5-
2.5GPa, about 200 to 500 times stiffer than results
obtained from mechanical tests that evaluated only the
craniofacial suture connective tissue. Thus, in the pres-
ent study, suture material properties were varied across
a wide range of values.

Sutures were assigned isotropic material properties
that varied between modeling experiments. Four differ-
ent sets of mechanical properties were used for suture-
bone functional units: (1) no suture or fused suture with
E ¼ 17.3 GPa and m ¼ 0.28; (2) stiff suture/bone struc-
ture with E ¼ 1.0 GPa; (3) less stiff suture/bone struc-
ture with E ¼ 50.0 MPa, (4) least stiff suture/bone
structure with E ¼ 1.0 MPa. In all suture modeling
experiments, Poisson’s ratio was set to 0.4.

Muscles Forces and Constraint Designs

A constraint regime, or reaction loading procedure,
was applied to the model. To examine the strain pat-
terns of the skull incurred from biting on different
teeth, nodes at the right and left articular eminences
in the temporomandibular joint (TMJ) and at a bite
point (incisors, premolars, or molars) were fixed to pre-
vent movement of the model. When muscle forces are
applied to a model with these constraints, the model is
pulled inferiorly onto the fixed points, thus generating
a reaction force at the bite point and the articular
eminences.

In molar loading experiments, the bite point was set
at all of the left (working-side) upper molar tooth crown
surfaces. In premolar loading, the bite point was defined
by constraining nodes on the surfaces of the left P3 and
P4 tooth crowns. In incisor loading experiment, the bite
point was defined by simultaneously constraining nodes
on the surfaces of the I1 and I2 tooth crowns.

Eight muscle forces, generalized from previous stud-
ies (Strait et al., 2005, 2007, 2008, 2009), were applied
to the model, representing the right and left anterior
temporalis, superficial masseter, deep masseter and
medial pterygoid (Table 1). These muscles are princi-
pally responsible for jaw elevation during mastication
and they reflected their relative magnitudes when bit-
ing on different teeth. When biting at a parasagittal
bite-point such as at the premolars or molars, working
and balancing side muscle forces differ to eliminate dis-
traction of the mandibular condyle at the working-side
TMJ (Greaves, 1978; Spencer, 1998). When loading was
confined to the incisors, the working side muscle forces
magnitudes were assigned to the working and balanc-
ing side equally. In premolar loadings, muscle forces of
the balancing side were in the middle of the balancing
side muscle forces for molar and incisor loadings. Thus,
overall applied muscle forces increased as bite points
moved mesially (anteriorly). In all experiments, regard-
less the magnitude of total loading forces, individual
loading forces were distributed on the same 1280
nodes.

Modeling Experiments

It has been suggested that different loading positions
will induce different strain patterns in facial skeletons

TABLE 1. Muscle forces (Newton)

Molar Premolar Incisor

Orientation vector

x y z

Working-side superficial masseter 70.6 70.6 70.6 �0.2 1.0 0.2
Balancing-side superficial masseter 34.7 52.7 70.6 0.2 1.0 0.2
Working-side deep masseter 22.6 22.6 22.6 �0.6 1.0 0.0
Balancing-side deep masseter 8.2 15.4 22.6 0.6 1.0 0.0
Working-side medial pterygoid 34.8 34.8 34.8 0.75 1.0 0.0
Balancing-side medial pterygoid 6.9 20.8 34.8 �0.75 1.0 0.0
Working-side anterior temporalis 36.6 36.6 36.6 0.1 1.0 0.1
Balancing-side anterior temporalis 15.1 25.9 36.6 �0.1 1.0 0.1
Sum 229.6 279.4 329.2

Magnitude of muscle forces for molar biting was adapted from Strait et al. (2005). While loading was confined to the inci-
sors, the working side muscle forces of working sides were assigned to at both the working and balancing sides. In premo-
lar loadings, muscle forces of the balancing side were in the middle of the balancing muscles forces for molar and incisor.
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(Strait et al., 2008; Kupczik et al., 2009; Wang et al.,
2010b). Thus facial sutures might have different func-
tional effects during different loading scenarios. Conse-
quently, sutures were evaluated under varying loading
conditions corresponding to bites on different sets of
teeth. Experiments simulating three types of bites (inci-
sor, premolar, molar) were performed to examine the
strain patterns of bone and sutures in a monkey model
with four different sets of suture elastic properties. In
each type of bite, four analyses were conducted that
included: no sutures, sutures with an elastic modulus of
1 GPa, 50 MPa, and 1 MPa. Thus, in total, 12 modeling
experiments were performed.

For each experiment, several types of data were col-
lected or calculated. For overall behavior of the skull,
total strain energy (the total work done on the skull by
the applied forces calculated as half of the sum of force
multiplied by displacement: W¼ 1=2\

PN
i¼1 Fi \di. In this

study: N ¼ 1280). It is noteworthy that this was an
approximation of the total work, since nodal force mag-
nitudes were multiplied by nodal displacement magni-
tudes, instead of taking the vector product between
nodal force vectors and nodal displacements. The ap-
proximate method will equal the exact work done in the

case when the displacements at the nodes are exactly
parallel to the forces applied to the nodes. At twenty an-
thropometric landmarks, nodal mean shear strain (e1 þ
|e2|) were collected, and strain mode (ratio of the maxi-
mum principal or tensile and minimum principal or com-
pressive strains: e1 / |e2|) were calculated. Further, data
on nodal maximum principal strain orientation (e1�) and
reaction forces at the left and right TMJs and bite points
were collected for the premolar loading experiments.
Finally, ratios of strain over sutures to those over bone
surfaces were calculated by dividing the maximum shear
strain values on sutures by the mean of maximum shear
strain values over four adjacent bone surfaces. This
allows an assessment of whether the suture-bone unit is
behaving realistically; previously, a suture versus bone
ratio of 7.3 was observed during in vitro loading experi-
ments of a monkey skull (Wang et al., 2008a).

Because FEA is a deterministic process that demon-
strates the influence of different variables on the model,
strain energy and other data derived from FEA violate
the assumption of random sampling implicit in such
tests. As a result, statistical tests were not conducted.
Rather, a series of paired comparisons among the data
collected from different experiments at different

Fig. 2. Von Mises strain (unit: mm/mm) in four sutures models under three different loadings. In each
loading regime, all four suture models displayed similar strain patterns, though strains over statures were
higher in three models with sutures (1 GPa, 50 MPa, and 1 MPa) than in no suture or fused suture models
(17.3 GPa).
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locations on the skull were conducted to assess quantita-
tive differences in strain magnitude, mode, and strain
orientations. Results of the no-suture model were used
as the reference datum for all comparisons. These com-
parisons were supplemented with visual comparisons of
strain and SED across the entire model.

RESULTS
Overall Strain Patterns: Magnitude, Mode,
and Orientations

Overall, strain patterns on bone surfaces are similar in
each loading case regardless of suture material properties
(Figs. 2, 3). The distribution of ‘‘hot spots’’ (concentrations
of elevated strain or SED) remained mostly the same. For
example, during all premolar loading experiments, high
strain and SED were found in the area above the alveolar
process extending antero-posteriorly from P3 to M3, and
in the area above and lateral to the piriform aperture
(Figs. 2, 3), comparable to those in validated FEM of mon-
key crania under premolar loadings (Strait et al., 2008).
The only notable exception is that increasing sutural stiff-
ness was associated with the appearance of a hot spot just

below the inferomedial margin of the working-side orbit.
In terms of strain magnitudes, the strains on models with
sutures had, on average, slightly higher strain magni-
tudes than in models with fused sutures; across twenty
nodes, the average maximum shear strain values
increased by approximately 1%–4% as suture stiffness
decreased in all loading cases (Table 2). However, at par-
ticular nodes, strain magnitude could either increase or
decreases as suture stiffness changed, and in some cases
these changes were considerable. Nonetheless, the aver-
age absolute change in strain magnitude was modest,
ranging from approximately 4%–21%. In contrast, the
changes in strain mode and strain orientation due to su-
tural stiffness were negligible (Table 3). Average absolute
differences in strain mode did not exceed 6%, and average
angular differences in the orientation of maximum princi-
pal strain were no more than 3�. Collectively, these data
indicate that sutural stiffness has a minor effect on strain
magnitude but not the basic nature of the strains. Finally,
nodal displacements increased corresponding to the over-
all increase of the total strain energy, indicating a
decrease in overall skull stiffness corresponding to the
decrease in sutural stiffness (Tables 3, 4).

Fig. 3. Strain Energy Density (SED) (Unit: N/mm2) in four sutures models under three different loadings.
In each loading regimes, all four suture models displayed similar SED patterns. SEDs over sutures were
comparable to adjacent bones in three models with sutures (1 GPa, 50 MPa, and 1 MPa) as in no suture
or fused suture models (17.3 GPa).
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Total Strain Energy and Strain Energy
Absorbed by Suturess

Total strain energy increased as sutural stiffness
decreased under all loading conditions, and these differ-
ences were accentuated as the bite point moved from
mesial to distal (i.e., incisor vs. premolar vs. molar; Ta-
ble 4; Fig. 4).

Due to their small volume as a percentage of skull vol-
ume (0.24%), sutures only absorbed a small amount of
energy. For example, in the 50 MPA model under premo-
lar loading, only 2.47% of total strain energy (0.08 N*mm
in total) was absorbed by sutures. The rest of the facial
skeleton, including cortical and trabecular bone lumped to-
gether, absorbed 93.96% of the model’s total strain energy
(Table 5). However, sutures did absorb more energy when
the sutural stiffness decreased. For example, in premolar
loading analyses, all eight facial sutures absorb 0.02
N*mm in total in the no-suture model, 0.05 N*mm (2.5
times higher than in the no suture model) in the 1 GPA
model, 0.08 N*mm in total (4 times higher) in the 50 MPa
model, and 0.16 N*mm in total (8 times higher) in the 1
MPA model. Yet the increase of energy absorption is not
proportional to the extent of the decrease in sutural stiff-
ness. For example, in premolar loadings, facial sutures in
the 1MPa suture model absorbed 3.2 times as much
energy as they did in the 1 GPa suture model, even
though their stiffness was three orders of magnitude less.

Reaction Forces and Biting Efficiency

The reaction force at the TMJs increased as suture
stiffness decreased, while bite forces (reaction forces at

the bite points) slightly decreased. For example, in pre-
molar loadings (Table 6), at the right TMJ the reaction
force increased 10.75% in the 50 MPa model, and
14.38% in the 1 MPa model relative to the no-suture
model, while bite force was 1.29% lower in the 50 MPa
model, and 2.05% in the 1 MPa model. Taken together,
these findings indicate a slight decrease in biting effi-
ciency as suture stiffness decreases. A premolar bite
force of about 75N was generated from a total applied
muscular force of 279.4N. In terms of total muscular
force, the premolar biting efficiency, defined as the rela-
tionship between the tooth reaction forces and the total
force exerted by the muscles, was 26.85% in the no
suture model, and it was 26.30% in the 1 MPa model
(Table 7). This value was smaller than theoretical values
(around 38%, Dechow and Carlson, 1990), possibly
because the TMJs may have been overconstrained in our
model and did not allow sufficient rotation around a
medio-lateral axis.

Strain Patterns Over Suture and Adjacent
Bone Surfaces

Strains at the sutures were higher overall in models
with sutures than in the model without sutures in all
three loading scenarios, and higher in the 1 MPa and 50
MPa models than in 1 GPA models (Fig. 2; Table 8).
However, the bone surfaces close to four suture sites typ-
ically exhibited only slight increases in magnitude from
no suture model to 1MPa suture model (Table 8). The
states of strain mode (i.e., primarily tensile strains vs.
primarily compressive strains) normally did not change

TABLE 2. Proportional change of mean nodal shear strain magnitudes (e1 1 |e2|) compared
to the no suture model

Site Node

Molar loading (%) Premolar loading (%) Incisor loading (%)

1 GPa 50 MPa 1 MPa 1 GPa 50 MPa 1 MPa 1 GPa 50 MPa 1 MPa

Opisthokranion (op) 56,316 �7.1 �21.4 �21.4 �3.6 �10.7 �14.3 �2.0 �5.9 �5.9
Basion (ba) 19,043 0.2 �1.8 �3.1 0.2 �1.1 �1.9 �0.1 �1.2 �1.8
Staphylion (sta) 28,607 �0.6 �8.7 �13.8 0.6 �5.9 �10.9 1.6 �3.2 �7.8
Glabella (g) 40,158 �0.9 1.8 4.4 �1.1 �0.7 0.0 �1.2 �1.7 �1.2
Left midsupraorbit 5,397 1.9 13.4 21.7 1.0 8.9 16.0 3.3 11.4 16.6
Right midsupraorbit 83,904 4.9 18.9 25.9 5.0 17.1 23.2 3.4 13.0 18.1
Left infraorbital rim 33,437 �7.3 �30.9 �40.4 �6.9 �22.6 �28.0 �4.2 �17.7 �22.6
Right infraorbital rim 77,458 �7.7 �28.9 �37.8 �6.3 �24.0 �31.5 �5.8 �18.4 �23.2
Rhinion (rhi) 63,226 0.9 �12.8 �18.5 2.3 �7.4 �11.7 �2.2 �14.1 �18.5
Left center of zygoma 24,696 3.2 8.2 11.4 3.2 8.0 11.5 4.7 11.2 15.3
Right center of zygoma 13,276 7.1 14.8 16.0 8.1 18.1 20.3 8.2 19.4 22.1
Left alveolar above P3 88,338 �1.0 �0.6 �1.3 �0.4 �2.3 �4.4 2.6 1.1 0.0
Right alveolar above P3 10,195 �11.8 �31.4 �35.3 �12.6 �24.4 �26.7 �1.2 �6.6 �9.6
Prosthion (pr) 68,003 0.0 �6.6 �11.7 �0.2 �5.7 �8.8 �0.4 �0.6 �0.5
Left post zygomatic arch 139,760 18.3 59.7 76.6 15.7 50.3 64.2 12.4 36.8 45.9
Right post zygomatic arch 7,007 6.2 22.3 28.6 6.0 21.0 27.0 6.1 20.7 26.5
Left Zygomatic arch mid
upper border

44,394 1.0 �2.5 �5.7 0.7 �3.7 �7.1 0.6 �3.9 �7.2

Right Zygomatic arch mid
upper border

106,154 �0.2 0.7 4.1 �0.6 0.1 3.5 �1.6 �2.0 1.5

Left Zygomatic arch mid
lower border

103,026 5.9 15.2 18.3 6.1 15.2 18.0 6.5 15.2 17.7

Right Zygomatic arch mid
lower border

50,520 12.0 25.3 29.4 12.9 27.1 31.3 13.4 28.3 32.2

Mean 1.2 1.7 2.4 1.5 2.9 3.5 2.2 4.1 4.9
SD 6.9 22.0 27.9 6.5 18.5 23.4 5.1 14.9 18.7
Mean of absolute values 4.9 16.3 21.3 4.7 13.7 18.0 4.1 11.6 14.7
SD of absolute values 4.9 14.5 17.6 4.7 12.3 14.7 3.7 9.9 12.1
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at either sutural sites or bone surfaces, except in one of
the nodes sampled anterior to the left ZMT suture. At a
few sites, substantial differences in the values of strain
mode could be observed (e.g., nodes near the ZMT and
PMM sutures in premolar loadings) (Table 8), although
these changes did not cause the basic mode of strain
experienced by the node to change. The orientation of
maximum principal strain (e1�) could change remarkably
within sutures (e.g., ZMF, ZMM, and PMM), but in most
cases the angular change at adjacent bone surfaces was
less pronounced (Tables 3, 8).

Ratios of Strain Over Suture to Strain Over
Adjacent Bone Surfaces

The ratios of sutural strain magnitude relative to
magnitudes at adjacent bone surfaces varied as the stiff-
ness of the sutures increased (Table 9). For example, in

TABLE 3. Change of nodal strain mode (e1/|e2|) (%), maximum nodal strain orientation (e1�), and nodal
displacement under premolar loading compared to the no suture model (%)

Site

States of strain
mode in no

suture modela

Change in magnitude of
strain mode (%)

Change in maximum
strain orientationb

Change in displacement
magnitude (%)

1 GPa 50 MPa 1 MPa 1 GPa 50 MPa 1 MPa 1 GPa 50 MPa 1 MPa

Opisthokranion (op) C 0.0 3.0 3.0 0.0� 1.2� 1.8� 2.6 13.2 15.8
Basion (ba) T 0.0 �0.5 �1.1 0.0� 0.0� 0.0� 0.0 0.0 0.0
Staphylion (sta) T 0.4 0.8 1.7 0.0� 0.0� 2.8� 2.2 2.2 4.3
Glabella (g) C 0.0 �1.4 �2.9 0.0� 0.2� 0.3� 1.5 5.9 8.8
Left midsupraorbit T �0.5 �4.3 �4.6 1.9� 1.9� 1.9� 2.4 9.4 12.9
Right midsupraorbit T �7.1 �11.5 �11.8 0.0� 0.0� 0.0� 2.4 6.1 8.5
Left infraorbital rim T 1.0 3.6 6.8 0.0� 0.0� 0.0� 0.0 �10.0 �13.3
Right infraorbital rim T �0.4 �1.8 �2.5 2.7� 2.7� 2.7� 3.3 8.3 10.0
Rhinion (rhi) T �2.5 �4.0 �4.3 8.1� 8.1� 8.1� 4.3 10.6 12.8
Left center of zygoma T 1.1 2.2 0.6 0.0� 5.1� 5.1� 6.2 14.4 17.5
Right center of zygoma T �1.7 �12.5 �17.6 0.0� 0.0� 0.0� 5.1 11.2 14.3
Left alveolar above P3 C 0.0 0.0 3.6 0.0� 0.0� 0.0� 0.0 0.0 0.0
Right alveolar above P3 C �23.1 �26.9 �23.1 4.0� 14.8� 24.2� 3.8 8.9 10.1
Prosthion (pr) T �0.7 1.8 3.9 0.0� 0.4� 0.2� 6.3 15.6 18.8
Left post zygomatic arch T 0.4 0.9 1.3 0.0� 4.5� 4.5� 7.1 28.6 35.7
Right post zygomatic arch T 0.0 0.7 1.3 0.0� 1.1� 1.1� 11.1 22.2 22.2
Left Zygomatic arch mid
upper border

C 0.0 0.0 0.0 0.0� 4.0� 4.0� 7.3 20.2 25.0

Right Zygomatic arch mid
upper border

C 6.5 19.4 22.6 1.0� 2.7� 3.7� 8.4 26.2 33.8

Left Zygomatic arch mid
lower border

T 0.3 1.9 2.9 0.8� 0.4� 0.0� 6.9 20.6 26.0

Right Zygomatic arch mid
lower border

T 1.2 2.8 4.3 0.8� 1.7� 1.7� 9.5 26.0 31.4

Mean of absolute valuesc 2.3 5.0 6.0 1.0� 2.4� 3.1� 4.5 13.0 16.1
SD of absolute valuesc 5.3 7.1 7.1 2.0� 3.5� 5.3� 3.2 8.6 10.3
aThe states of strain mode remained the same in the same loading regimes regardless of the stiffness of sutures (C ¼ Com-
pressive, T ¼ Tensile).
bFor the method to find the angle between two vectors, see http://www.wikihow.com/Find-the-Angle-Between-Two-Vectors.
cFor change in strain orientation, it was angular values and angular SD respectively, calculated with the Oriana Circular
Statistical Analysis Program 2.02 (Kovach Computing Services, Wales, UK) (Fig. 5).

TABLE 4. Comparison of total strain energy
(total work) to the no suture model under different

loading regimes. With the decrease of sutural
stiffness, the overall total strain energy (an

approximation of total work) in the whole skull
increased, indicating a decrease of structural

stiffness of the skull

Loading regime

Increase of total strain energy
compared to no suture model

1 GPa 50 MPa 1 MPa

Molar 8% 25% 33%
Premolar 7% 20% 28%
Incisor 6% 16% 23%
Mean 7% 20% 28%
SD 1% 5% 5%

Fig. 4. Scaled total work (total strain energy) (Unit: N*mm) in four
suture models under molar, premolar, and incisor loadings. The total
work of the no suture model was scaled to 1. Models with sutures
underwent a greater increase in total work under molar loadings,
which might be related to unbalanced loading forces between the
working and balancing sides.
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all 12 analyses, the ZMF suture had the lowest overall
ratio of maximum shear strains recorded at sutures
against those over the adjacent bone surfaces; in the 50
MPa model, the suture/bone ratio was 1.5 at ZMF, com-
pared to 8.0-9.5 at other suture areas.

When all sutures of the left side of the facial skeleton in
12 analyses were lumped together, the overall ratio of maxi-
mum shear strains recorded at suture against those over
the adjacent bone surfaces were 3.7 in the 1GPa model, 7.3
in the 50 MPa model, and 8.1 in the 1 MPa model (Table 9).
The latter two, especially in 50MPa, were close or identical
to a value of 7.3 observed during in vitro loading experi-
ments of a monkey skull (Wang et al., 2008a).

Variation of Strain Patterns Among and Within
Sutural Parts

Sutures on the midface had different strain environ-
ments on the working and balancing sides. For example,
in the 50 MPa suture model undergoing premolar load-
ing (Table 10), the zygomaticomaxillary suture on the
left or working side exhibited a compressive dominant
strain regime, while on the right or balancing side, a
tensile regime was found.

Within the sutures, different sections endured differ-
ent strain. For example, the midpoints of four surfaces
on the left ZMT suture had different strain values and
modes: (1) upper and lower surfaces had higher strain
than medial and lateral surfaces; (2) while the upper
and medial surfaces were under compression, the lateral
and lower surfaces were under tension (Fig. 6, Table 10).

DISCUSSION
Global Impact of Sutures on Skull
Biomechanics

Skulls with unfused sutures have less mechanical in-
tegrity and structural rigidity than skulls with fused
sutures. This is because sutures experience elevated
strain and permit greater deformation of the skull.

Thus, with unfused sutures, applied forces of a given
magnitude produce greater strain energy compared to a
skull without sutures. However, the absorption of this
increase in strain energy occurs mostly in the facial
skeleton. Although sutures in macaques exhibit high
strains and elevated strain energy density, they do not
have a high capacity, at least under static loading condi-
tions, to absorb energy due to their limited volume. In
contrast, Jaslow (1990) stated that cranial sutures in
goats were able to absorb 16%–100% of energy during
impact. Whether or not sutures in primates provide a
significant strain-dampening or shock absorbing function
under dynamic loading conditions, as suggested by Jas-
low and Biewener (1995), remains to be seen. In vivo
analyses (suture strain gage studies in Cebus monkeys)
are currently underway and will inform our understand-
ing of global impacts of sutures under authentic and
non-static conditions (Dhabliwala et al., 2010).

Unlike strain energy, other strain patterns in the fa-
cial skeleton remained largely or moderately unchanged
regardless of sutural stiffness or patency. This indicates
that the presence of sutures mostly affects the structural
stiffness and toughness of the facial skeleton, but does
not change its general functional configuration in static
loading cases. This finding likely explains why FEA of
some monkey models without sutures produced general
strain patterns comparable to in vivo experimental
results (Strait et al., 2005, 2007, 2008, 2009). This sug-
gests that primate skull models produce realistic strain
results under static analysis even without incorporating
sutures.

Among mammals, skulls of the Order Primates have
comparatively few craniofacial sutures. Throughout evo-
lution, many vertebrate groups have exhibited a reduc-
tion in the number of cranial bones (and associated
sutures); (Rubidge and Sidor, 2001), suggesting a higher
incidence of early sutural fusion. Thus, the mechanical
impact of sutures may be different in animals in which
either there are more sutures or sutures comprise a
greater percentage of skull volume [e.g., lizards (Moazen

TABLE 5. Strain energy distribution in FEA of the 50 MPa suture model under premolar loading

Analysis: 50 MPa
Premolar loading Volume (mm3)

Percentage of total
skull volume

Mean strain energy
density (N/mm2)

Total strain
energy (N* mm)

Percentage of energy
absorption

Face 72322.9 61.01% 4.01E-05 2.898 93.96%
Teeth 2008.2 1.69% 1.23E-06 0.002 0.08%
Cranium 43922.1 37.05% 2.45E-06 0.108 3.49%
Suture 282.8 0.24% 2.69E-04 0.076 2.47%
Sum or grand mean 118536.0 100% 2.60E-05 3.084 100%

TABLE 6. Reaction forces (Newton) and their respective vectors in principal axes at
temporomandibular joints (TMJs) and left premolars in FEA of four suture models under premolar loading

(Unit: Newton). Ideally, there shouldn’t be any differences for a given loading condition, and differences here
might be indicative of overconstraining the TMJ joint. In reality, the TMJ should be constrained so the skull

can rotate freely about the TMJ if unconstrained by a bite point

No suture 1 GPa 50 MPa 1 MPa

Left TMJ 146.70
(12.77, 82.55, 22.71)

148.69
(12.91, 82.68, 23.01)

155.27
(13.19, 82.87, 24.01)

158.15
(13.27, 82.90, 24.69)

Right TMJ 163.85
(�13.44, 80.37, 38.66)

169.08
(�14.00, 80.65, 38.17)

181.47
(�15.86, 81.64, 36.79)

187.41
(�16.90, 82.13, 36.21)

Left
Premolars

75.03
(6.41, 60.88, 7.68)

74.78
(6.69, 60.49, �7.57)

74.06
(7.36, 59.77, �7.57)

73.49
(7.64, 59.31, �7.78)
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et al., 2009) and alligators (Metzger et al., 2005)]. In this
light, a comparison between primates and pigs [on which
many important suture experiments have been per-
formed (i.e., Rafferty and Herring, 1999; Herring and
Rafferty, 2000; Herring and Teng, 2000; Rafferty et al.,
2003; Sun et al., 2004)] seems warranted. Certainly, the
mechanical consequences of intertaxon variation in su-
tural size and morphology need careful examination.

Anterior tooth loading is associated with higher facial
strain magnitudes than posterior tooth loading (Strait
et al., 2008, 2009; Wang et al., 2010b), yet here the pres-
ence of sutures had a higher proportional impact during
molar loadings. This might be related to increased mus-
cle force asymmetry, which is pronounced during molar
bites.

Local Impacts of Sutures and the Necessity of
Modeling Sutures

Though the general strain flow and strain gradients
were not changed in our analyses, strain flow could be

disturbed at areas close to the sutures, as observed by
other researchers (Rayfield, 2005; Fitton et al., 2009).
Comparisons between different suture models revealed
that the presence or absence of patent sutures has only
a subtle effect on strain patterns over the whole skull,
but some sizeable shifts were observed in localized
areas, such as the posterior zygomatic arch and anterior
midface. This suggests that the mechanical significance
of sutures depends on the scale of the research questions
being asked.

While the skull deflects significantly more with the
flexible versus fused sutures, strain (and stress) patterns
remain relatively unaffected away from the suture sites
for mammalian skulls whose sutures constitute a small
volume fraction. Further, suture elasticity does not sub-
stantially alter load paths through the skull, and defor-
mations even for the most elastic sutures are still small
compared to moment arms of a rigid body kinematic
model of the skull. This means that the flexibility of the
sutures does not affect the underlying rigid body kine-
matics of the structure. Otherwise, one would see

TABLE 7. Premolar biting force efficiency in FEA of four models under
premolar loading

No suture 1 GPa 50 MPa 1 MPa

Premolar total reaction force vs.
Total muscle force assignment

26.85% 26.76% 26.51% 26.30%

Premolar total reaction force vs.
Total FEA sum of force

28.93% 28.84% 28.56% 28.34%

Premolar total reaction force in
Y axis vs. Total sum of force in Y axis

23.64% 23.48% 23.21% 23.03%

TABLE 8. Change of nodal shear strain magnitude (e11 |e2|), nodal strain mode (e1/|e2|), and nodal
maximum strain orientation (e1�) compared to the no suture model at suture sites and over adjacent bone

surfaces in premolar loading experiments

Sitea Node

Change in shear strain (%) Change in strain mode (%)
Change in maximum strain

orientation

1 GPa 50 MPa 1 MPa 1 GPa 50 MPa 1 MPa 1 GPa 50 MPa 1 MPa

Posterior 2 106,361 3 11 17 20 50 80 3.4� 5.6� 5.7�
Posterior 1 106,132 �19 �39 �41 8 8 17 1.1� 4.7� 5.1�
Left ZMT suture 64,485 339 667 704 100 192 225 1.3� 8.4� 10.6�
Anterior 1 103,374 30 36 37 �40b �67b �67b 2.4� 7.8� 5.5�
Anterior 2 102,717 �8 �3 4 11 22 39 8.6� 8.6� 5.1�
Lower 2 143,871 �3 0 7 �8 �15 �8 0� 0� 0�
Lower 1 143,986 �3 �3 3 �11 �28 �22 1.6� 3� 3�
Left ZMF suture 4,072 �26 16 36 50 25 13 23.1� 61.5� 64.4�
Upper 1 3,914 �3 �4 2 7 13 33 0� 4.5� 4.5�
Upper 2 4,951 �2 0 6 0 0 7 1.8� 1.8� 1.8�
Posterior 2 22,988 �2 �6 �2 6 6 �12 3.8� 9.6� 9.6�
Posterior 1 25,195 1 �9 �9 8 31 31 0� 3.3� 4.1�
Left ZMM suture 20,072 256 678 796 �50 �50 �33 �21.8� �28.8� �29�
Anterior 1 37,979 4 15 19 0 11 11 0� 0� 0�
Anterior 2 28,805 6 17 17 8 25 8 0� 0� 0�
Posterior 2 108,665 �2 �7 �9 4 12 �46 4� 6.9� 10.2�
Posterior 1 108,669 �4 �14 �17 6 0 �6 2.5� 5.4� 14�
Left PMM suture 52,608 433 1199 1444 �15 75 0 3� 11.3� 16.2�
Anterior 1 126,134 5 25 36 139 448 �22 2.8� �2.9� �0.1�
Anterior 2 126,278 �4 �7 �8 �25 �25 �25 12.1� 47.5� 55.3�

aFour bone surface nodes were selected bracketing a node on the suture, normally in the midsuture in the facial view or in
the lateral view, two at each side, either upper and lower, or anterior (ant) and posterior (post) . #1 node was two elements
away from the suture, and #2 was three elements further away from the suture.
bThe states of strain mode remained the same in the same loading regimes regardless of the stiffness of sutures, except at
the node anterior to the left ZMT suture (anterior 1), where it changed from tensile mode (1.5 in no suture models) to a
compressive mode in suture models (0.9 in 1 GPa suture model, 0.5 in 50 MPa and 1 MPa model).
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different patterns of stress and strain away from the
suture site due to changes in how applied forces are
transmitted. Thus, it is suggested that omitting sutures
in FEA is a reasonable modeling approximation for
skulls with small suture volume fraction if the objective
of the analysis are to obtain patterns of stress and strain
of the craniofacial skeleton in general, in particular
regions away from suture sites, or predict bite force.
However, if a research objective is to understand fine
scale strain patterns in a small bony region very close to
a suture, it is clearly important to incorporate sutures
into the analysis. If the objective is to understand global
strain patterns across large swaths of the skull, then a
consideration of sutures becomes less important.

When sutures are to be included, a suture-bone func-
tional unit could be applied to simplifying the modeling
procedure. Though the exact material properties of this
artificial structure is not known yet, in contrast to cer-
tain expectations (see previous), in FEA, those with elas-
tic moduli of 50 MPa and 1 MPa produced the suture
versus adjacent bone surface strain ratios most compara-
ble to the ratio measured in in vitro experiments on
monkey skulls (Wang et al., 2008a). However, the 1 MPa
value reflects the stiffness of sutural tissue, yet the
suture-bone units modeled here are 1 mm thick, which
exceeds the length of sutural fibers in primate sutures.
Thus, we infer that the most reasonable modeling
approach in primates (and, perhaps, comparable verte-
brates) is to employ an isotropic elastic modulus for
suture-bone units that is approximately 50 MPa.

Complexity in Modeling Sutures

It is worth noting that there are significant variations
among and within sutures in terms of morphological
complexity and internal structural configurations (Byron
et al., 2004; Byron, 2006, 2009; Herring, 2008; Reinholt
et al., 2009; Jasinoski et al., 2010). This variation may
be due to variation in growth potentials (Massler and
Schour, 1951; Ozaki et al., 1998; Opperman, 2000; Sun
et al., 2004; Carmody et al., 2008; Wang et al., 2007a),
dietary adaptations (Byron, 2009), genetic patterning
(Wang et al., 2006a), aging processes (Gross, 1961;

Milch, 1966; Miroue and Rosenberg, 1975; Kokich,
1976), fusion patterns (Wang et al., 2006c), and ontoge-
netic changes in material properties along with cortical
bones (Wang et al., 2010a). How these variables might
affect the biomechanical behavior of sutures warrants
further investigation.

Role of Sutures: Growth Versus
Biomechanical Integrity

The development of calvarial bones is tightly coordi-
nated with the growth of the brain and requires interac-
tions between different tissues within the calvarial
sutures (Kim et al., 1998; Kreiborg, 2000), and is modi-
fied under the influence of masticatory hypofunction
(Ulgen et al., 1997; Katsaros et al., 2002) as well hyper-
function (Byron et al., 2004). Every suture-bone inter-
face might have its own mechanical and developmental
context (Shibazaki et al., 2007; Holton et al., 2010) and
fusion patterns (Wang et al., 2006c). How this diversity
in sutural morphology and structure might affect and be

TABLE 10. Variations in state of strain modes
within sutures in the 50 MPa suture model under

premolar loading

Suture Section

State of strain
mode (e1 /|e2|)

Left Right

ZMT Upper midsuture C C
Lateral midsuture T C
Medial midsuture C T
Lower midsuture T T

ZMF Facial view median part T T
Facial view middle part T T
Facial view lateral part T T

ZMM Facial view upper part C T
Facial view middle part C T
Facial view lower part C T

PMM Facial view upper part C C
Facial view middle part T T
Facial view lower part T C

C, compressive; T, tensile.

TABLE 9. Ratio of nodal mean shear strain value over the suture and over the
adjacent bone surfaces on the left side of the skull

Loading regime Suture No suture 1 GPa 50 MPa 1 MPa

Molar ZMT 1.0 4.2 7.8 8.0
ZMF 1.2 0.9 1.4 1.6
ZMM 1.5 6.2 9.9 10.8
PMM 0.7 3.7 9.3 11.2

Premolar ZMT 1.0 4.4 8.0 8.2
ZMF 1.2 0.9 1.5 1.6
ZMM 1.3 4.4 9.5 10.8
PMM 0.6 3.5 8.6 10.2

Incisor ZMT 1.0 4.7 8.4 8.6
ZMF 1.2 1.0 1.7 1.8
ZMM 1.5 5.6 10.8 11.9
PMM 1.2 5.1 11.1 12.5

Mean 1.1 3.7 7.3 8.1
SD 0.3 1.8 3.7 4.1

Ratio of strain over sutures to those over bone surfaces were calculated by dividing mean nodal
shear strain values at sutural sites by the grand mean of mean nodal shear strain values at
four adjacent bone surfaces. For example, Ratio at ZMT ¼ ZMT/[(posterior 2 þ posterior 1 þ an-
terior 1 þ anterior 2)/4] (see Table 8).
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Fig. 5. Change of the orientation of principal maximum strain (e1�) compared to the no suture model at
20 nodes in craniofacial skeletons. The change was very small in all suture models, though the difference
was slightly bigger between no suture model and 1 MPa suture model than between no suture model
and other suture models.

Fig. 6. Variation within the left zygomaticotemporal suture (ZMT) in
the 50 MPa suture model under premolar loading. (A) A simplified part
designed as left ZMT suture. Parts of cortical (anterior and posterior to
it) and trabecular (inside its loop) bone were hidden. (B–D) Variations
of strain and strain energy density throughout the ZMT suture. The
midpoints of four surfaces at the left ZMT suture had different strain

values and modes. The upper and lower sections had higher strains
than medial and lateral sections. The upper and medial sections were
under compression, while the lateral and lower sections were under
tension. Part of the posterior zygomatic arch was present to demon-
strate that sutures had relatively high strain, yet their strain energy
density magnitudes were comparable to that in cortical bones.
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affected by skull biomechanics also needs further study.
Moreover, the manner in which they respond to the
ever-changing tensile or compressive loading environ-
ments as observed in this study also awaits more inves-
tigation. Overall, one might hypothesize that a delicate
balance is maintained to determine the patency and
fusion of sutures during the growth of the skull, which
calls for ontogenetic studies at a global level. Similarly,
sutural fusion may have affected and been affected by
feeding mechanics during the evolution of sutural fusion
patterns in vertebrates. For example, in reptiles, over
time, mammal –like reptiles exhibited a reduction in the
number of cranial bones (suggesting a higher incidence
of early sutural fusion), which could be associated with
the evolution of mastication (Sidor, 2001; Sidor et al.,
2004). Thus, the effect of patent sutures on evolution of
craniofacial skeletons awaits further studies on skull
biomechanics in a phylogenetic context (Wang et al.,
2006c).

CONCLUSION

1. Skulls with unfused sutures had less mechanical in-
tegrity and experienced greater deformation. Sutures
had the highest impact in simulations of molar load-
ings. As suture stiffness decreased, the total strain
energy absorbed by the skull increased. Reaction
forces at the temporomandibular joints (TMJ)
increased in models with sutures, but the bite force
decreased slightly when sutures were more compliant.

2. For simplifying suture-bone integration patterns,
sutures can be modeled as suture-bone functional
units. Sutures with an elastic modulus of 1–50 MPa
produced the suture versus adjacent bone surface
strain ratios most comparable to those measured in in
vitro experiments on monkey skulls. There was re-
markable variation among and within sutures.
Sutures at opposite sides and different sections of a
suture could have different strain patterns, as when
one section of a suture experienced primarily tension
while another section simultaneously experienced pri-
marily compression. This is consistent with the com-
plexity of real suture morphology, and the question of
how to better model the suture-bone interface needs
further investigation.

3. Overall strain patterns were similar regardless of su-
tural stiffness, suggesting that the flexibility of the
sutures did not affect the underlying rigid body kine-
matics of the craniofacial skeleton. Deformations for
even the most elastic sutures were still small com-
pared to moment arms of a rigid body kinematic
model of the skull. Further, elasticity of the suture
did not substantially alter load paths through the
skull. The shift of strain patterns on bone surfaces ad-
jacent to sutures was generally small, except in the
zygomactic arch and anterior face. The presence of
zygomaticofrontal sutures had little impact on the
face. Due to their small volume, the energy absorbing
capacity of sutures was limited. Although high strains
were observed in sutures, most of the strain energy
was absorbed by the facial skeleton. These findings
suggest that omitting sutures or fusing sutures in
static analysis is a reasonable modeling approxima-
tion for skulls with small suture volume fraction if
the objective of the analysis is to either observe global

stress and strain patterns, obtain patterns of stress
and strain in regions far from suture sites, or to
investigate bite efficiency.
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