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Abstract

The functional effects of bone and suture stiffness were considered here using finite element models represent-
ing three different theoretical phenotypes of an Alligator mississippiensis mandible. The models were loaded
using force estimates derived from muscle architecture in dissected specimens, constrained at the 18th and 19th
teeth in the upper jaw and 19th tooth of the lower jaw, as well as at the quadrate-articular joint. Stiffness was
varied systematically in each theoretical phenotype. The three theoretical phenotypes included: (i) linear elastic
isotropic bone of varying stiffness and no sutures; (ii) linear elastic orthotropic bone of varying stiffness with
no sutures; and (iii) linear elastic isotropic bone of a constant stiffness with varying suture stiffness. Variation in
the isotropic material properties of bone primarily resulted in changes in the magnitude of principal strain. By
comparison, variation in the orthotropic material properties of bone and isotropic material properties of
sutures resulted in: a greater number of bricks becoming either more compressive or more tensile, changing
between being either dominantly compressive or tensile, and having larger changes in the orientation of maxi-
mum principal strain. These data indicate that variation in these model properties resulted in changes to the
strain regime of the model, highlighting the importance of using biologically verified material properties when
modeling vertebrate bones. When bones were compared within each set, the response of each to changing
material properties varied. In two of the 12 bones in the mandible, varied material properties within sutures
resulted in a decrease in the magnitude of principal strain in bricks adjacent to the bone/suture interface and
decreases in stored elastic energy. The varied response of the mandibular bones to changes in suture stiffness
highlights the importance of defining the appropriate functional unit when addressing relationships of perfor-
mance and morphology.
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Introduction

The relationship of bone morphology to the strain resulting
from external loading is central to the understanding of
both the evolution (Hylander, 1984; Rubin & Lanyon, 1984;
Biewener & Taylor, 1986; Hylander et al. 1991; Ross, 2001)
and development (Moss et al. 1972; Carter & Beaupre, 2001;
Nowlan et al. 2007, 2008) of skeletal phenotypes. The over-
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all strain environment, encompassed by concepts of strain
gradients and overall deformation regimes, may be more
informative than localized strain measurements for under-
standing the functional consequences of loading across
complex morphologies (Hylander, 1984; Hylander & John-
son, 1994; Rafferty & Herring, 1999; Ravosa et al. 2000; Ross,
2001; Ross & Metzger, 2004; Metzger et al. 2005). Strain
gradients and global deformation regimes can be inferred
from measurements from multiple strain gage sites (Hyland-
er, 1984; Ross, 2001; Ross & Metzger, 2004; Metzger et al.
2005), or these patterns can be calculated in silico using
finite element modeling (Richmond et al. 2005; Ross, 2005).
Finite element analysis (FEA) has the benefit of allowing
strain and deformation regimes to be characterized in theo-
retical scenarios that would be difficult, if not impossible,
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to test in vivo. For example, the material properties of the
bone and suture in the model can be easily manipulated
and compared. Several studies have used this technique to
compare in vivo strain measurements to local behavior of a
model in an effort to determine the boundary conditions
and material properties most representative of the in vivo
data, i.e. model validation through sensitivity analysis (Sell-
ers & Crompton, 2004; Wang et al. 2004; Marinescu et al.
2005; Ross et al. 2005; Strait et al. 2005; Kupczik et al.
2007). Validated models are essential for development of
biologically realistic models.

Robust comparisons of strain and deformation regimes in
theoretical finite element models (FEMs) can also yield
meaningful biological insights. One of the most important
foci of such theoretical analyses is the influence of bone
material properties on strain and deformation regimes.
Bone material properties vary both within individuals
(Yamada & Evans, 1970; Papadimitriou et al. 1996; Peterson
& Dechow, 2002; Schwartz-Dabney & Dechow, 2002; Wang
& Dechow, 2004) and across amniotes (Currey, 1987, 2002;
Erickson et al. 2002), and have in some cases been found to
be correlated with their functional environment (Currey,
1979, 1999). While the precise functional consequences of
variability in bone material properties can be investigated
in vivo, the complexity of organisms makes it difficult to
control other variables that might confound the results.
Theoretical modeling of material properties in a single mor-
phology using FEA makes it possible to control all aspects of
the functional complex, allowing the influence of material
properties to be isolated.

As part of a larger study of in vivo bone strain, material
properties, geometry and developmental plasticity in the
Alligator mandible (K.A. Metzger, C.F. Ross, L.B. Porro,
unpublished communication; L.B. Porro, D.A. Reed, J. Iriar-
te-Diaz, J. Lemberg, C. Holliday, F. Anapol, CF. Ross, unpub-
lished communication; Zapata et al. 2010), this paper
investigates the effects of bone orthotropy and suture stiff-
ness on the strain and deformation regimes of the mandi-
ble of Alligator missisippiensis. Strain and deformation
regimes were compared across 30 FEMs representing three
sets, each consisting of 10 trials, across which elastic modu-
lus was incrementally varied. In the first set, the mandible
was modeled as linear elastic isotropic bone with no sutures
(i.e. sutures were given the same material properties as
bone), and the stiffness of all the bone material was varied.
This generated a baseline against which the other two sets
could be compared. In the second set, the mandible was
modeled as linear elastic orthotropic bone with no sutures,
and the stiffness of the bone material was varied only along
the rostrocaudal axis. The Alligator mandible has been
shown to be transversely anisotropic (orthotropic), with the
maximal axis of stiffness along the rostrocaudal axis (Zapata
et al. 2010), and our experimental design was aimed at
quantifying these effects. In the third set, the mandible was
modeled with a constant linear elastic isotropic stiffness in

the bones and varied linear elastic isotropic material proper-
ties in the sutures. The impact of suture stiffness on strain
and deformation regimes in the vertebrate mandible and
crania is of interest because principal strain magnitudes
over sutures have been found to be considerably higher
than in the surrounding bone (Hubbard, 1971; Behrents
etal. 1978; Oudhof & Doorenmaalen, 1983; Smith &
Hylander, 1985; Herring & Mucci, 1991; Herring, 1993;
Jaslow & Biewener, 1995; Persson, 1995; Rafferty & Herring,
1999; Herring & Teng, 2000; Sun et al. 2002, 2004; Rafferty
et al. 2003; Popowics & Herring, 2007), leading many to sug-
gest that sutures act to store elastic energy and thereby
decrease stress and strain in the surrounding bones (Prit-
chard et al. 1956; Buckland-Wright, 1972, 1978; Berhents
et al. 1978; Jaslow, 1990; Herring & Teng, 2000; Rafferty
et al. 2003; Rayfield, 2005). This hypothesis was examined
by varying suture stiffness within ranges reported in the lit-
erature on vertebrates (Radhakrishnan & Mao, 2004; Ku-
pczik et al. 2007), and assessing the functional consequence
of localized alterations in material properties on patterns of
the strain and deformation in the mandible.

The predicted behavior of the model in these three sets
of trials can be derived from continuum mechanics: the
deflection of a solid body is inversely proportional to a
material’s stiffness at a given load, so it is expected that
decreasing stiffness at a given load will result in a higher
magnitude of deflection. The trajectory of the deformation
in the orthotropic condition is expected to diverge from
that of the isotropic condition as defined by the constitutive
equations of Hooke’s law in orthotropic materials, stating
that the tri-axial state of a given elastic modulus will impact
the associated tri-axial components of strain at a given
stress (Hibbeler, 2004). A similar prediction can be made
when a linear elastic isotropic material of differing proper-
ties is distributed heterogeneously throughout the model,
as with the suture condition, although there are no constit-
utive equations with which to make predictions.

Thus, we hypothesized that: (H;) decreasing the stiffness
of isotropic bone in a mandible without sutures would
result in an increase in the magnitude of maximum and
minimum principal strain with little change in the orienta-
tion of maximum principal strain or the direction of nodal
displacement; (H,) decreasing the stiffness of orthotropic
bone in a mandible without sutures would also result in an
increase in the magnitude of maximum and minimum
principal strain, but in association with a greater impact on
the orientation of maximum principal strain and the direc-
tion of nodal displacement compared with the isotropic
condition; and (Hs) decreasing the stiffness of sutures in a
mandible with isotropic bones would result in either no
changes or decreases in the magnitude of maximum and
minimum principal strain in the bones, along with greater
variation in the orientation of maximum principal strain
and direction of nodal displacement compared with the
isotropic condition.

© 2010 The Authors
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Materials and methods

Construction of the FEM

The skull of an adult Alligator mississippiensis with a basal skull
length of 16 cm was scanned using a GE Lightspeed 16 CT scan-
ner at 100 kV and 70 mA, with a slice thickness of 0.31 mm and
a resolution of 0.254 mm per pixel. The scan was processed and
segmented in Amira (v5.2.2, Visage Imaging, Berlin, Germany,
http://www.visageimaging.com). Segmented structures included
all mandibular bones, sutures, periodontium and teeth. The seg-
mented model was imported into Strand7 (v2.4.1, Strand7, Syd-
ney, Australia, http://www.strand7.com) and meshed, resulting
in 641 085 elements representing the mandible and 360 399 ele-
ments representing the cranium. Elements were constructed as
linear tetrahedrons, consisting of four nodes at the apices of
the tetrahedra. A global coordinate system was defined in the
segmented model and imported into Strand7 (Fig. 1).

The model was loaded using force estimates derived from
muscle architecture. Muscle origins and insertions were mapped
onto the meshed FEM from dissected specimens of similar skull
length, and largely follow Holliday & Witmer (2007) and Holli-
day (2009). Muscle fiber lengths and pinnation angles from up
to six fibers were calculated and averaged within each muscle.
Normalized fiber length was calculated correcting for sarcomere
contraction using an optimum sarcomere length of 2.5 um (An-
apol & Barry, 1996). Reduced physiological cross-sectional area
(RPCA) was then calculated using the equation:

Mmusclecosg

RpcA = L¢1.0564 °

where Musce IS muscle weight, 0 is pinnation angle, Ls is nor-
malized fiber length, and 1.0564 is the specific gravity of the
muscle (Murphy & Beardsley, 1974). Maximum possible force
production (F, max) Was calculated using the equation:

Fp max = RPCA x 30 N cm ™2

Muscle forces at a 30 ° gape (Fp30) were calculated following
the methods outlined in Porro et al. (unpublished communica-
tion), and applied to the model using Boneload, a Microsoft
Visual Basic program authored by Grosse et al. (2007). This

Fig. 1 The global coordinate system of the FEM: x- and y-axes define
the coronal plane; the y- and z-axes define the sagittal plane; and the
z- and x-axes define the transverse plane. Positive x is to the animal’s
left, positive y is dorsal, and positive z is rostral.

© 2010 The Authors
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program accounts for the mechanics of muscle wrapping around
curved surfaces in the model. The model was fixed in all six
degrees of freedom at the toothrow using the 18th and 19th
tooth on the upper jaw and the 19th tooth on the lower jaw.
Tooth restraints were chosen based on bite points from in vivo
transducer data (Metzger et al., unpublished communication;
Porro et al., unpublished communication). Constraints at the
quadrate-articular joint were modeled as a ring of nodes
around the periphery of the joint surface (on both the quadrate
and articular), preventing disarticulation of the joint along the
X, y and z axes, thus acting as the ligaments that bind the joint
capsule. The nodes within this ring were constrained against
compression along the y axis, thus preventing the joint surfaces
from moving towards each other.

The model boundary conditions defined by muscle forces and
constraints were held constant for all analyses. Variation in the
displacement and strain output of the model was generated by
varying bone and suture material properties across 10 separate
trials in each of three sets. The first set modeled a mandible with
isotropic bone and no sutures. The elastic modulus of the bone in
this set was decreased from 20 to 9.58 GPa, a range representa-
tive of the extremes reported in Zapata et al. (2010), through 10
trials, with each incremental decrease in the set being equal.
Bricks representing suture locations were included in the model
but given the material properties of the surrounding bone. The
second set represented a model with orthotropic bone and no
sutures. The bone had a constant elastic modulus of 9 GPa in dor-
soventral and mediolateral axes, and an elastic modulus along
the rostrocaudal axis decreasing from 20 to 9.58 GPa through 10
trials, with each incremental decrease in the set being equal. Just
as in the isotropic condition of set 1, suture locations were given
the material properties of the surrounding bone. The third set
represented a model with isotropic bone having a constant elastic
modulus of 20 GPa, and with sutures decreasing in stiffness from
12.1 GPa to 640 MPa through the 10 trials, with each incremental
decrease in the set being equal.

Assessing global strain patterns with stored elastic
energy

Stored elastic energy (U), or total strain energy, is a measure of
the work expended deforming a structure (Dumont et al. 2009).
To assess the impact of sutures on deformation within the bones,
U was exported from Strand7 for each of the 12 mandibular
bones, with nodes/bricks representing sutures excluded from the
calculation of stored elastic energy. To assess the impact of
sutures on the global behavior of the model, U was exported
from Strand7 for all bones in the mandible, excluding the bricks
representing suture locations, and for all bricks in the model
including those representing suture locations.

Characterizing the impact of material properties on
stored elastic energy with an analysis of variation of
the strain

Strain tensors from Strand7 representing each of the 30 trials
were exported to Matlab (version 7.7.0.471), and the orienta-
tion and magnitude of maximum and minimum principal strain
were calculated. A subset of 250 bricks was randomly selected
from each bone and used for the analysis of the strain data.
Brick numbers were identical in all 30 trials and the same brick
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Fig. 2 Diagram describing how variation in strain is quantified. (a) Diagram of the entire working side mandible with the surangular in light gray.
(b) Sub-sampled bricks from the working side surangular. The box shows the vectors (lines) and their tips (colored circles) from a single brick (gray
circle) representing the magnitude and orientation of maximum principal strain from each of the 30 trials. The three colors in the box correspond
to the three sets. (c and d) Diagrams showing 10 vectors (green circles and lines) describing the magnitude and orientation of maximum principal
strain at a single brick (gray circle) in set 1. The stiffest trial in this set is defined as & and the least stiff trial in this set is defined as &410. The
variable A0 describes the three-dimensional angle formed by the orientation of & relative to &1o. The variable Ae describes the difference in the
magnitude of maximum principal strain between &9 and &. (c) A scenario in which there is very little change in A6 but large changes in Ae. (d)

A scenario in which there are large changes in A0 but small changes in Ae.

list was used for all analyses of the strain data. From the sub-
sampled strain data, the extremes of the differences in both the
orientation and magnitude of maximum and minimum principal
strain were observed at the stiffest and least stiff trials (Fig. 2).
The difference in magnitude of maximum principal strain (Ae;)
and minimum principal strain (Ae3) was calculated at each sub-
sampled brick with the equation:

Ae = &0 — &1,

with &1 corresponding to the magnitude of principal strain in
the least stiff condition (trial 10), and & corresponding to the
magnitude of maximum principal strain in the stiffest condition
(trial 1). The resulting data matrix of Ae consisted of three
points, corresponding to each of the three sets for each of the
sub-sampled bricks, with each point representing the range of
maximum and minimum principal strain magnitude between
the least stiff and stiffest trial in each set. A¢ in each set was
further divided into four groups for each bone: those bricks that
increase in their magnitude of both ¢; and ¢3; those bricks that
decrease in their magnitude of both & and &3; those bricks
that increase in ¢ and decrease in &3 and those bricks that
decrease in ¢; and increase in ¢;. The number of bricks in each
group was calculated.

To determine the dominant component of principal strain,
the ratio of ¢, and &3 was calculated for each sub-sampled brick
in each loading case. The number of bricks that switched from
values of &;/]es| > 1 (indicating tension) to values of &/]es| < 1
(indicating compression) between the stiffest and least stiff tri-
als in each set was calculated. Conversely, the number of bricks
switching from compression to tension was also calculated. The
net number of bricks changing in their dominant loading
regime between the stiffest and least stiff conditions was then
calculated and expressed as a percentage of all sub-sampled
bricks. Negative values indicate that the bone became more
compressive in each set and positive values indicate that the
bone became more tensile in each set.

To assess the extent to which the orientation of the principal
strains were changing, the difference in the orientation of maxi-
mum principal strain (0) at each brick was calculated by finding

the angle between the two three-dimensional vectors describing
the orientation of the least stiff and stiffest trials. A0 was calcu-
lated for each of the sub-sampled bricks for each of the three
sets. A value of 0 radians indicated no change in the orientation
of maximum principal strain as stiffness decreased, and
1.57 radians indicates the largest possible difference in the ori-
entation of maximum principal strain as stiffness decreased.

Characterizing the impact of material properties on
the direction of nodal displacement with a
multivariate analysis

Displacement data from each of the 12 bones of the mandible
were exported from Strand7 and loaded in Matlab (version
7.7.0.471). A subset of 500 nodes was randomly selected from
each bone and used for the analysis of the displacement data.
Node numbers were identical in all 30 trials, and the same
node list was used for all analyses of the displacement data.
At each sub-sampled node, there were 30 positions represent-
ing variation in nodal displacement associated with the 10 tri-
als in each of the three sets (Fig.3). A principal component
analysis (PCA) was performed on the displacement data,
pooled by the 10 trials defining each set. The scores and coef-
ficients from the PCA were used to calculate an orthogonal
(total least squares) regression for each node at each set. The
total least squares regression resulted in vectors describing the
primary axis of variation (PC1) through the 10 displaced posi-
tions at each node for each set. A unit vector was calculated,
and the three scalar components of the 500 unit vectors in
each set, corresponding to the three axes in the global coordi-
nate system, were binned by axes. The mean and standard
deviation from the resulting 500 scalar values of ‘x’, 'y’ and ‘z'
in each set were calculated. These values therefore reflect the
direction of the primary axis of variation described by PC1
resulting from changes in model material properties as defined
by each of the three sets. The length of this vector was also
calculated, reflecting the magnitude of the variation in nodal
displacement described by PC1.

© 2010 The Authors
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Fig. 3 Diagram describing how variation in the displacement was calculated. (a) Diagram of the entire working side mandible with the working
side surangular in light gray. The global coordinate system is defined in the lower right portion of this image. (b) Diagram of the working side
surangular with all 500 sub-sampled nodes superimposed over the image. (c) Diagram showing 30 displaced positions of a single node (colored
circles) relative to the undeformed position of that node (gray circle). The three colors in this plot correspond to the three sets, each of 10 trials.
The colored lines represent the vectors describing principal component one from the total least squares regression on the data in each set. (d)
Diagram showing a point cloud representing the 10 displaced positions of a single set (green circles) relative to the undisplaced position of the
node (gray circle). The solid green line represents the vector describing principal component one from the total least squares regression on the
data in this set. The black arrows represent the orientation of the global coordinate system. The green dotted lines show how the vector can be
described by the axes of the global coordinate system. (e) Diagram of a line plot (green line) representing the contribution of each axis to the unit
vector describing the orientation of the total least squares vector from principal component one at each of the 500 sub-sampled nodes. The box
plots superimposed over the line plot represent the mean and standard deviation associated with each axis.

Results

Assessing global strain patterns with stored elastic
energy

In set 1, U increases in all bones as the stiffness decreases
isotropically from 20 to 9.58 GPa (Table 1; Fig. 4). Similarly
in set 2, U increases as bone stiffness along the z-axis
decreases from 20 to 9.58 GPa, and stiffness along the me-
diolateral and dorsoventral axes is held constant at 9 GPa.
As bone stiffness is decreased in set 2, U approaches the val-
ues in the isotropic condition of set 1. This is expected as set
2 becomes increasingly more isotropic as stiffness is
decreased, i.e. the rostrocaudal axis approaches a stiffness
of 9.58 GPa (Fig. 4). In set 3, it was predicted that if suture
stiffness decreases isotropically from 12.1 GPa to 640 MPa,
U in the bones with a constant isotropic stiffness of 20 GPa
would either remain unchanged or decrease as more of the
applied force is converted to stored elastic strain energy in
the sutures. However, U changed differently in different
bones. In the balancing and working side surangular and
the balancing side coronoid, U decreased, as predicted.
However, contrary to our predictions, decreases in suture
stiffness were accompanied by increases in U in the balanc-
ing and working side dentaries, angulars, articulars, sple-
nials, and in the working side coronoid (Table 1).

In sum, these data reveal that changes in strain energy
with changes in material properties can be complex,
depending on the orientations and locations of the changes
in material properties and possibly on model geometry. This

© 2010 The Authors

suggests that changes in material properties may result in
changes in internal deformation and strain regimes. This
possibility was assessed by evaluating the effect of material
properties on the magnitude and orientation of maximum
and minimum principal strains.

The impact of material properties on relative
magnitudes and orientations of principal strains

The impact of material properties on the magnitude of
principal strain was assessed by calculating the difference in
magnitude between the least stiff and stiffest trials in each
set for both maximum (Ag;) and minimum (Aes) principal
strain. Maximum principal strains (i.e. tension) are positive
values, thus increases in magnitude are registered as posi-
tive numbers. Minimum principal strains (i.e. compression)
are negative values, thus increases in magnitude are regis-
tered as negative numbers. However, in what follows we
refer to positive values of A¢; and negative values of A¢s as
‘increases’ in the magnitude of each principal strain compo-
nent, with the converse being true of ‘decreases’ in the
magnitude.

In set 1, as the stiffness of isotropic bone decreased,
nearly all sampled bricks in all bones displayed increases in
the magnitude of both & and 3. In set 2, as stiffness was
decreased along the z-axis, the majority of bricks also
increased in their magnitude of both ¢ and &3; however,
compared with set 1, a greater number of bricks decreased
in either one or both of the components of principal strain.
Similarly in set 3, as suture stiffness was decreased, the
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Table 1 Differences in stored elastic energy [x 107> (J mm™)] between least stiff and stiffest trials in each set.

Set 1

Set 2 Set 3

Balancing side

Angular 0.4904 (0.6540, 1.1444)
Articular 0.7010 (0.9656, 1.6666)
Coronoid 0.0601 (0.0765, 0.1366)
Dentary 0.1636 (0.1973, 0.3609)
Splenial 0.0906 (0.0793, 0.1699)
Surangular 0.5351 (0.7977, 1.3329)
All bones 2.0410 (2.7703, 4.8112)

All bones and sutures 2.2001 (3.0056, 5.2057)

Working side

Angular 0.2331 (0.4264, 0.6595)
Articular 0.4230 (0.8013, 1.2243)
Coronoid 0.0090 (0.0243, 0.0333)
Dentary 0.1978 (0.1375, 0.3354)
Splenial 0.0611 (0.0308, 0.0918)
Surangular 0.1226 (0.4105, 0.5331)
All bones 1.0464 (1.8307, 2.8773)

All bones and sutures 1.1208 (1.9914, 3.1122)

0.3309 (0.8443, 1.1753)
0.1673 (1.5750, 1.7422)
0.0506 (0.0903, 0.1409)
0.0745 (0.3055, 0.3800)
0.0604 (0.1172, 0.1775)
0.2781 (1.1009, 1.3790)
0.9616 (4.0332, 4.9948)
1.0402 (4.3617, 5.4019)

0.0628 (0.6659, 0.7286)
0.3282 (1.0133, 1.3414)
—0.0030 (0.0773, 0.0744)
0.0584 (0.2000, 0.2584)
0.0116 (0.0806, 0.0921)
—0.0526 (0.7979, 0.7453)
0.4053 (2.8350, 3.2402)
0.8366 (3.0715, 3.9081)

0.1493 (0.525, 0.6743)

0.0932 (1.1795, 1.2727)
0.0003 (0.0338, 0.0341)
0.1381 (0.2281, 0.3661)
0.0443 (0.0569, 0.1011)
0.0421 (0.5039, 0.5459)
0.4671 (2.5371, 2.9943)
0.5034 (2.7340, 3.2374)

0.0200 (0.4340, 0.4540)
0.1721 (0.8339, 1.0060)
0.0001 (0.0247, 0.0249)
0.0439 (0.1428, 0.1867)
0.0128 (0.0328, 0.0456)
—0.0979 (0.4051, 0.3071)
0.1509 (1.8734, 2.0243)
0.3952 (2.0294, 2.4246)

Parentheses contain the values of stored elastic energy from the stiffest and least stiff trials for each bone in each set. Values reflect
the difference in stored elastic energy between the least stiff and stiffest trials. Note that all differences are positive, with the
exception of the working and balancing side surangulars and the balancing side coronoid in set 3. This negative value is not seen
when all bones are considered together. Also note that the difference in stored elastic energy between the least stiff and stiffest
trials is higher when sutures are included in the calculation for all sets, but most dramatically in set 3.
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Fig. 4 Plot showing changes in stored elastic energy (values reported x 1073), plotted on the 'y’ axis, with decreases in stiffness in the 10 trials in
each set, plotted along the 'x" axis. Set 1, isotropic bone with no sutures, is represented by circles; set 2, orthotropic bone with no sutures, is
represented with squares; and set 3, isotropic bone with sutures, is represented by triangles. The stiffest trial is to the left and the least stiff is to
the right. Results for two bones are plotted here, the working side articular in black and the working side surangular in gray. In the working side
articular, stored elastic energy in all sets increases as stiffness decreases. Stored elastic energy is smaller in the isotropic condition (circles) than it is
in the orthotropic condition (squares); however, the rate at which stored elastic energy increases is smaller in the orthotropic condition such that
as it approaches isotropy the two values converge. Stored elastic energy in set 3 (triangles) is smaller in all trials compared with the isotropic
(circles) and orthotropic (squares) conditions. This trend and relationship among the sets is representative of all bones in the mandible, with the
exception of the working and balancing side surangulars (summarized in Table 1). For the working side surangular plotted here, stored elastic
energy in sets one and two increases as stiffness decreases. For set 3, stored elastic energy decreases as suture stiffness decreases.

majority of bricks in most bones increased their magnitude
of & and &3; however, compared with set 1 a greater num-
ber of bricks decreased in either one or both of the compo-
nents of principal strain. Importantly, however, in set 3 the
majority of bricks in the balancing side surangular and
working side coronoid decreased in the magnitudes of both
&1 and &3 as suture stiffness decreased (Table 2). For these

two bones, decreasing values of U are accompanied by
decreases in the magnitude of principal strain as suture
stiffness decreases.

To assess whether the dominant component of princi-
pal strain changed, the ratio of &/|es] was calculated.
Changes in the dominant loading regime were identified
in all sets and bones. Between sets, the largest number

© 2010 The Authors
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Table 3 Number of bricks changing between either dominantly compressive or tensile between the stiffest and least stiff trials in each set.

Set 1 Set 2 Set 3

a (%) b C d (%) a (%) b C d (%) a (%) b C d (%)
Balancing side
Angular 47.6 9 0 -3.6 47.2 15 7 -3.2 47.2 13 12 -0.4
Articular 29.6 2 1 -0.4 34.8 20 7 -5.2 30.8 3 17 5.6
Coronoid 70.8 3 2 -0.4 52.8 2 44 16.8 71.2 2 12 4.0
Dentary 35.6 8 1 1.2 41.6 28 15 -5.2 36.0 2 12 4.0
Splenial 77.2 10 8 -0.8 54.0 4 60 224 75.2 14 4 -4.0
Surangular 56.8 1 6 2.0 59.2 9 9 0.0 56.0 14 12 -0.8
Total 33 28 -0.3 78 142 4.3 48 69 1.4
Working side
Angular 55.2 16 1 -6.0 52.0 20 12 -3.2 55.6 18 12 -2.4
Articular 26.8 5 0 -2.0 34.0 29 7 -8.8 27.2 3 26 9.2
Coronoid 54.0 26 17 -3.6 28.0 3 55 20.8 54.4 13 18 2.0
Dentary 49.2 3 7 1.6 53.6 18 10 -3.2 49.2 5 11 2.4
Splenial 37.2 14 0 -5.6 26.8 9 21 4.8 36.0 12 6 -2.4
Surangular 51.2 1 15 5.6 56.4 10 12 0.8 51.2 21 10 -4.4
Total 65 40 -1.7 89 117 1.9 72 83 0.7

Table showing: (a) the percentage of bricks with ratios of ¢1/|e3| > 1; (b) the number of bricks with ratios of ¢1/|¢3| that change from a
value > 1 (indicating tension) to a value < 1 (indicating compression) between the stiffest and least stiff trials in each set; (c) the
number of bricks with ratios of ¢;/|¢3| that change from a value < 1 (indicating compression) to a value > 1 (indicating tension)
between the stiffest and least stiff trials in each set; (d) the net percentage of bricks changing loading regimes, with negative values
indicating compressive forces increasing as stiffness decreases and positive values in bold indicating tensile forces increasing as

stiffness decreases.

of total bricks changing between either dominantly com-
pressive or tensile occurred as stiffness decreased in or-
thotropic bone in set 2, followed by sutures in set 3, and
then the isotropic bone in set 1 (Table 3). When compar-
ing bones within each set, each bone responded in dif-
ferent ways to changing material properties. For
example, of the bones decreasing in U as suture stiffness
decreases, the balancing side coronoid became 4% more
tensile, the balancing side surangular became 0.8% more
compressive, and the working side surangular became
4.4% more compressive.

Changes in the orientation of the principal strain (0) were
also found to occur between sets, with the largest changes
in 0 associated with set 3 (changes in suture stiffness), fol-
lowed by set 2 (changes in degree of orthotropy), then set
1 (changes in isotropic stiffness). This trend is also found
within most bones considered separately. The exceptions
are the working and balancing side dentaries, and the
working side splenial, where the greatest change in 0 was
found in set 2, and the working side coronoid, where the
greatest change in 6 was found in set 1. When bones are
compared within a set, each bone responds differently to
changes in stiffness, with A0 ranging between 3 and
27 radians as isotropic material properties change, between
12 and 28 radians as orthotropic material properties
change, and between 12 and 28 radians as suture stiffness
changes. In sum, decreases in model stiffness are not always

associated with uniform increases in principal strain magni-
tudes. Changes in degree of bone orthotropy, modeled in
set 2, were associated with changes in orientation and rela-
tive magnitudes of principal strains indicative of changes in
strain regime. This was even more pronounced in set 3,
where the effects of changes in suture material properties
were examined.

The impact of material properties on the direction
of nodal displacement

The magnitude of the difference in nodal displacement
between the stiffest and least stiff trials in each set is
described by the length of the vectors describing the princi-
pal axes of variation in nodal displacement of each bone
(i.e. the total least squares regression from principal compo-
nent one). In all sets, vector length for all balancing side
bones is larger than that for the corresponding working
side bones in all sets, except the surangulars in set 3
(Table 4).

To assess the direction of the vectors describing the total
least squares regression from principal component one,
each vector was decomposed into a unit vector. The three
axial components describing the unit vector were pooled by
axis, and the mean and standard deviation within each
bone were calculated. In all sets, decreases in model stiff-
ness resulted in: increased medial deflection of all balancing
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Table 4 The magnitude and direction of nodal displacement between the stiffest and least stiff trials in each set.

Balancing side Working side

x (s) y (s) z (s) Length (s) X (s) y (s) z (s) Length (s)
Angular
Set 1 -0.621(0.132)  0.399 (0.542)  0.321 (0.203) 43.24 (28.10)  0.442 (0.278) 0.425 (0.568)  0.457 (0.129) 22.53 (12.03)
Set 2 -0.503 (0.158)  0.445 (0.528)  0.366 (0.336) 22.79 (16.89)  0.161 (0.283) 0.491 (0.559)  0.529 (0.247) 10.17 (6.54)
Set 3 —-0.500 (0.143) 0.444 (0.589) 0.385 (0.194) 16.06 (9.55) 0.417 (0.197) 0.460 (0.597) 0.441 (0.160) 9.99 (5.46)
Articular
Set 1 -0.469 (0.339) -0.336 (0.543) 0.378 (0.341) 3.60 (3.06) 0.481 (0.308) —0.351 (0.514) 0.415 (0.339) 3.12 (2.51)
Set 2 -0.302 (0.249) -0.333 (0.454) 0.601 (0.409) 1.72 (1.30) 0.276 (0.218) —0.349 (0.450)  0.627 (0.400)  1.54 (1.06)
Set 3 -0.242 (0.434) -0.475 (0.523) 0.209 (0.459) 1.56 (1.44) 0.217 (0.424) -0.472 (0.525) 0.121 (0.502) 1.14 (1.06)
Coronoid
Set 1 -0.304 (0.126)  0.941 (0.037)  0.060 (0.024) 56.15 (5.69) 0.180 (0.114) 0.924 (0.034)  0.311 (0.048) 28.90 (1.93)
Set 2 -0.276 (0.109) 0.954 (0.027) -0.018 (0.017) 31.81 (3.49) 0.051 (0.091) 0.947 (0.015) 0.300 (0.048) 13.71 (0.84)
Set 3 —-0.258 (0.122)  0.945 (0.040)  0.144 (0.057) 19.93 (1.72) 0.193 (0.097)  0.940 (0.037)  0.251 (0.07)  12.34 (0.79)
Dentary
Set 1 —-0.388 (0.083) 0.914 (0.038) 0.052 (0.051) 98.69 (22.02) -0.309 (0.121) 0.928 (0.023) 0.145 (0.079) 76.87 (33.25)
Set 2 -0.497 (0.094) 0.860 (0.044) 0.016 (0.051) 53.79 (9.68)  —0.475 (0.121)  0.858 (0.056)  0.123 (0.075) 43.01 (18.87)
Set 3 —0.200 (0.058) 0.972 (0.021) 0.087 (0.055) 38.99 (9.80) —-0.129 (0.091) 0.978 (0.011) 0.117 (0.074) 31.72 (12.44)
Splenial
Set 1 -0.401 (0.087) 0.909 (0.039) 0.045 (0.029) 90.99 (13.43) -0.227 (0.169) 0.920 (0.016) 0.258 (0.084) 54.67 (20.07)
Set 2 —-0.492 (0.084)  0.865 (0.043) -0.008 (0.024) 50.39 (6.24)  —0.445 (0.149) 0.834 (0.049)  0.272 (0.089) 28.49 (12.29)
Set3 -0.227 (0.084)  0.962 (0.029)  0.112 (0.044) 34.18 (6.10)  —0.060 (0.136) 0.966 (0.022)  0.195 (0.078) 23.74 (7.42)
Surangular
Set 1 -0.255(0.285)  0.499 (0.692)  0.171(0.313) 8.08 (17.43)  0.157 (0.290)  0.538 (0.686)  0.175 (0.319) 13.65 (11.22)
Set 2 -0.167 (0.207) 0.575 (0.620) 0.198 (0.419) 4.74 (10.39) 0.039 (0.219) 0.610 (0.629) 0.184 (0.387) 7.35 (6.04)
Set 3 -0.178 (0.232)  0.608 (0.665)  0.079 (0.313)  3.30 (6.50) 0.118 (0.206)  0.657 (0.627) -0.002 (0.347) 6.49 (4.62)

Table summarizing the data from the primary axis of variation of nodal displacement. ‘x’, 'y’ and ‘'z’ columns represent the three
components of a unit vector describing the primary axis of variation of nodal displacement. The values reported in these columns
reflect the mean value from the 500 sub-sampled nodes (standard deviations are in parentheses). These values indicate the primary
direction of displacement. The ‘Length’ column represents the length of a vector calculated from a total least squares regression on
the displacement data. The values reported in this column reflect the means values from the 500 sub-sampled nodes (standard
deviations are in parentheses). This column indicates the magnitude of nodal displacement as stiffness is decreased. All values are

reported in mm x 1073,

side bones; increased medial deflection of the working side
angular, articular, coronoid and surangular; increased lat-
eral deflection of the working side dentary and splenial;
increased dorsal deflection of all bones except the working
and balancing articulars; increased ventral deflection of the
articulars; and increased rostral displacement of all bones,
except the balancing side coronoid in set 2, the balancing
side splenial in set 2, and the working side surangular in set
3 (Table 4). These latter three bones display changes in
polarity of the displacement vector between sets, indicating
that variation in material properties can result in changes in
the nature of the deformation regime. Changes in the rela-
tive magnitudes of the unit vectors between sets also sug-
gest complex effects of material properties on model
behavior. To highlight two examples, in set 2 the working
and balancing side dentary and splenial show decreased
vertical and increased transverse displacement compared
with set 1 and set 3. These data indicate that the direction
and magnitude of model displacement resulting from

© 2010 The Authors

changes in the stiffness matrix are distinct in each of the
three sets.

Discussion

The aim of this study was to evaluate the impact of bone
and suture material properties on strain, stress and defor-
mation regimes in the vertebrate skeleton. The effect of
changes in stiffness in isotropic bone, orthotropic bone and
suture stiffness were examined.

The effects of decreasing stiffness in isotropic bone

In the first set, the mandible was modeled as linear elastic
isotropic bone with no sutures, and the stiffness of the
bone material was varied. We predicted that decreasing the
stiffness of isotropic bone with no sutures would result in
increases in the magnitude of principal strains, and little
change in either the orientation of maximum principal
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Table 5 The average change in the orientation of maximum principal
strain between the stiffest and least stiff trials in each set.

Set 1 (s) Set 2 (s) Set 3 (s)
Balancing side
Angular 0.11 (0.19) 0.21 (0.24) 0.22 (0.31)
Articular 0.07 (0.13) 0.19 (0.22) 0.28 (0.35)
Coronoid 0.03 (0.04) 0.11 (0.11) 0.17 (0.22)
Dentary 0.09 (0.11) 0.19 (0.18) 0.12 (0.18)
Splenial 0.07 (0.12) 0.12 (0.14) 0.12 (0.19)
Surangular 0.07 (0.09) 0.18 (0.23) 0.20 (+ 0.23)
Working side
Angular 0.10 (0.12) 0.18 (0.24) 0.20 (0.26)
Articular 0.14 (0.22) 0.21 (0.28) 0.25 (0.32)
Coronoid 0.27 (0.29) 0.21 (0.21) 0.22 (0.24)
Dentary 0.13 (0.18) 0.20 (0.26) 0.13 (0.22)
Splenial 0.17 (0.22) 0.28 (0.33) 0.21 (0.25)
Surangular 0.11 (0.17) 0.20 (0.23) 0.23 (0.25)
Total 0.10 (0.16) 0.19 (0.24) 0.21 (0.28)

Table showing the mean difference in radians of the
orientation of maximum principal strain between the least stiff
and stiffest trials. Standard deviations are in parentheses.

strain or the direction of nodal displacement. As expected,
decreases in the stiffness of linear elastic isotropic bone in a
model without sutures resulted in increases in stored elastic
energy, and in the magnitudes of maximum and minimum
principal strain in nearly all bricks in all bones (Table 2).
However, contrary to the predictions of H,, decreasing stiff-
ness did result in some bricks changing from being predom-
inantly compressive or tensile [3.6% of balancing side bricks
and 6.0% of working side bricks (Table 3)]. In addition, the
orientation of maximum principal strain was found to
change as stiffness was decreased, with an average of a
0.10 radian (s = 0.16) difference between the stiffest and
least stiff conditions in this set (Table 5).

Thus, decreases in isotropic stiffness in the model not only
result in changes in the magnitude of the principal strain
but also the nature of the mandible’s strain regime in a
small number of nodes. Such changes are unexpected when
linear elastic isotropic material properties are varied within
a body, and may reflect variation in the superimposition of
applied forces as areas of concentrated stress expand in
response to lower material stiffness. In support of this claim,
of the bricks not increasing in the magnitude of principal
strain, most were increasing in one component of principal
strain while decreasing in the other [i.e. these bricks were
becoming either increasingly more tensile or compressive
(Table 2)].

Alternatively, these changes could reflect modeling arti-
fact. Although suture material properties were not mod-
eled in set 1, the mesh geometry in bricks representing
suture locations are identical in all sets, differing only in
the material properties. The complex geometry of these
suture areas may have generated undesirable brick aspect

ratios or other meshing artifacts. Meshing artifacts such as
these, referred to as discretization errors, typically mani-
fest themselves as concentrated areas of stress and strain,
and may have impacted the behavior of the model in
unpredictable ways.

The effects of decreasing stiffness in orthotropic
bone

In the second set, the mandible was modeled as linear elas-
tic orthotropic bone with no sutures, and the stiffness of
the bone material was varied along the rostrocaudal axis of
the mandible. We predicted that decreasing the stiffness of
orthotropic bone in a model with no sutures would result
in an increase in the magnitude of stored elastic energy and
principal strains, with a greater impact on the orientation
of maximum principal strain and the direction of nodal dis-
placement than seen in set 1. As predicted by H,, decreases
in the stiffness of orthotropic bone with no sutures did
result in an increase in stored elastic energy in all bones
(Table 1). Also as predicted by H,, the majority of bricks
experienced an increase in the magnitude of principal strain
as stiffness decreased (Table 2). However, the percentage of
bricks increasing in the magnitude of principal strain was
lower in set 2 than in set 1. This is the result of a greater
number of bricks either decreasing in their magnitude of
principal strain, or increasing in one component of principal
strain while decreasing in the other as stiffness decreased.
Of those bricks not increasing in their magnitude of princi-
pal strain, a larger percentage increased in one component
of principal strain while decreasing in the other [i.e. became
associated with either more compressive or more tensile
principal strains as stiffness decreased (Table 2)].

Further supporting the claim that changes in orthotropic
material properties result in changes in the nature of the
strain regime, a number of elements changed between
being either predominantly compressive or tensile (Table 3).
The orientation of principal strains also changed, with an
average difference of 0.19 radians (s = 0.24) between the
stiffest and least stiff conditions (Table 5). In both of these
measures of strain, changes are larger than for those in set
1.

Changes in the deformation regime in set 2 were also
found to diverge from those of set 1, with the primary
direction of nodal displacement switching from rostral in
set 1 to caudal in set 2 in both the balancing side coronoid
and splenial. Moreover, the relative contributions of each
component of the unit vector differ between set 1 and set
2 for all bones, indicating shifts in the direction of nodal dis-
placement in response to decreasing stiffness (Table 4).

As in the isotropic condition of set 1, it remains unknown
if the changes indicative of variation in strain and deforma-
tion regimes discussed here are biologically relevant or are
instead modeling artifact. However, given that a greater
number of bricks in the orthotropic condition of set 2,

© 2010 The Authors

Journal of Anatomy © 2010 Anatomical Society of Great Britain and Ireland



when compared with the isotropic condition of set 1:
become increasingly compressive or tensile, change
between being either dominantly compressive or tensile,
and have a larger difference in the orientation of maximum
principal strain, we conclude that changing the stiffness in
an orthotropic material will result in changes to both the
strain and deformation regimes within that body. Because
many vertebrate bones are orthotropic, including the man-
dible of Alligator (Zapata et al. 2010), this conclusion high-
lights the importance of using precise material properties
when constructing and drawing conclusions from a FEM.

The effects of decreasing stiffness in sutures

In the third set, the mandible was modeled as linear elastic
isotropic bone with sutures between the bones. The stiff-
ness of the sutures was varied, while the stiffness of the
bones was held constant. We predicted that decreasing
suture stiffness would result in either no change or a
decrease in the magnitude of stored elastic energy and
principal strains within the bones as more and more of the
strain energy was absorbed by the sutures. Contrary to our
expectations, decreases in suture stiffness resulted in
increases in stored elastic energy (U) in most of the bones in
the mandible, with the exception of the working and bal-
ancing side surangulars and the balancing side coronoid
(Table 1). Of the bones increasing in U, the majority of
bricks increased their principal strain magnitudes; however,
the number of bricks either decreasing in principal strain
magnitudes or increasing in the magnitude of one compo-
nent of principal strain while decreasing in the other was
greater than in set 1. Of the bones decreasing in U, the
majority of the bricks in the balancing side coronoid and
working side surangular decreased in principal strain mag-
nitude. In the balancing side surangular, the majority of the
bricks increased in principal strain magnitude (Table 2). In
all bones in set 3, the number of bricks increasing in one
component of principal strain and a decrease in the other,
i.e. non-suture bricks becoming more compressive or tensile
as suture stiffness decreased, was greater than set 1 but
roughly equivalent with set 2.

Also indicative of strain regime changing with decreasing
suture stiffness, a number of non-suture bricks changed
between either dominantly compressive or tensile as suture
stiffness decreased (Table 3). In addition, the orientation of
principal strains changed with an average difference of
0.21 radians (s = 0.28) between the stiffest and least stiff
conditions in this set, very similar to the average value for
set 2 (Table 5).

Changes in the strain regime also manifest themselves in
the deformation regime as changes in the direction of dis-
placement of individual bones. Decreasing suture stiffness
results in small caudal displacement of the working side sur-
angular, whereas decreasing in the material property defin-
ing sets 1 and 2 results in rostral displacements. The relative
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contributions of each component of the unit vector differ
between set 1 and set 3 for all bones as well, indicating
shifts in the direction of nodal displacement in response to
decreasing stiffness. To cite one example, the working side
articular displaces primarily in the medial direction in set 1
and ventrally in set 3 (Table 4).

Just as in the discussion of sets 1 and 2, it is impossible to
rule out that these values reflect meshing error; however,
given that a greater number of bricks in set 3 than in set 1
became increasingly compressive or tensile, changed
between being either dominantly compressive or tensile,
and had larger differences in the orientation of maximum
principal strain, we conclude that changing the stiffness of
sutures can result in changes to strain and deformation
regimes within that body. Because most vertebrate skulls
and non-mammalian mandibles have patent sutures, this
conclusion highlights the importance of including sutures in
FEMs with precise material properties.

The impact of sutures on global measures of model
behavior might be mitigated if the largest changes are
found in localized areas. Localized stress concentrations are
expected at the interface of two materials with a sharp gra-
dient in material properties. This phenomenon is the result
of a condition known as a bimaterial interface (Shilkrot &
Srolovitz, 1998; Thomopoulos et al. 2003). To determine if
the differences in measures of principal strain reported here
occur exclusively in areas of concentrated stress or are
instead distributed more evenly throughout the bones, a
post-hoc analysis relating measures of principal strain to the
distance of each brick to the sutures was performed.

Does the distance of each brick to the nearest suture
impact the magnitude and orientation of maximum
principal strain?

As previously discussed, decreases in a bone's value of U as
suture stiffness decreases is a plausible indicator for elastic
energy being stored in adjacent sutures. Data from the
working and balancing side surangulars are considered in
this post-hoc analysis because, in addition to decreases in
suture stiffness being associated with decreases in U for
both bones, the majority of bricks in the working side sur-
angular decreased in principal strain magnitude whereas
the majority of bricks in the balancing side surangular
increased in principal strain magnitude.

To determine if these changes in principal strain magni-
tude occur near the bone—suture interface, or are instead
more broadly dispersed throughout the bone, the distance
of every brick to the nearest suture (D) was calculated and
then plotted against: the magnitude of maximum principal
strain in the stiffest trial of each set (¢1¢1); the difference in
the magnitude of maximum principal strain between the
least stiff and stiffest trials (A¢q); and the difference in the
orientation of maximum principal strain between the least
stiff and stiffest trials (A0).
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In set 1, the largest values of ¢1¢; and Ag; in the working
and balancing side surangulars are found at small values of
D, [i.e. adjacent to the bone/suture interface (Fig. 5)].
Moreover, nearly all values of A¢; are positive, indicating
that maximum principal strain increases in these areas as
stiffness is decreased (Table 2). In set 2, the largest values of
&1¢1 and Aeq for the balancing side surangular are grouped
near the smallest values of D,,,, but the largest values of A,
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Fig. 5 Scatter plot showing the relationship between the distance of
each brick to a suture (Dps) with magnitude of maximum principal
strain in the stiffest trial in each set (g111), the difference in the
magnitude of maximum principal strain between the stiffest and least
stiff conditions in each set (A¢q), and the difference in the orientation
of maximum principal strain between the stiffest and least stiff
conditions in each set (Af). Set 1 is represented by green, set 2 is
represented by red, and set 3 is represented by yellow. This plot
shows that the largest values of &y are found at small values of Dy
in all sets. The largest values of Ag; are found at small values of D5 in
set 1, on the balancing side in sets 2 and 3, and at high values of D¢
in the balancing side of set 2. The largest values of A6 are found at
small values of D, in sets 1 and 3, and high values of D, in set 2.

in the working side surangular are not (Table 2). In set 3,
the largest values of &¢1 and Ae¢; are found at small values
of Dy just as in set 1; however, they are negative (Table 2).
In sum, these data indicate that although the model ana-
lyzed in set 1 did not include sutures (i.e. the bricks repre-
senting suture locations were given the material properties
of the surrounding bone), the highest values of ¢111 and Ag4
are found near the bricks representing suture locations.
Decreasing the stiffness of sutures in set 3 resulted in a
decrease in Agq near the sutures, i.e. within the same bricks
that experience an increase in Ag; in the isotropic condition
of set 1.

The largest values of A0 in sets 1 and 3 are found close to
sutures (i.e. at very small values of D), whereas the largest
values of A0 in set 2 are found at high values of D.;. On
average, set 3 had the largest values of A0 (Table 5). Taken
together, we conclude that the impact of suture stiffness
on A0 is highest adjacent to sutures, and that suture stiff-
ness impacts A in these areas more than changes in stiff-
ness of isotropic bone and orthotropic bone.

Large values of A¢q and A6 are not unexpected in areas of
concentrated strain. In all sets, the highest values of ¢4 are
found at low values of D, indicating that strain might be
concentrating in this region. As previously discussed, it is
not unexpected to have concentrated areas of stress and
strain at the bone/suture interface when it is modeled as a
bimaterial interface. Somewhat unexpected are the large
values of ¢4y and Aegq at low values of Dy in set 1, despite
the suture locations in this set being given the material
properties of the surrounding bone. As previously men-
tioned, the complex geometry of these sutures may have
generated undesirable brick aspect ratios or other meshing
artifacts, referred to as discretization errors. Such errors
may explain the concentrated areas of stress and strain at
these suture locations in set 1. Convergence testing has
been shown to mitigate the effects of discretization error
on certain model performance criteria (Hart, 1989; Schmidt
et al. 2009); however, not universally for all variables (Cook
et al. 2001; Schmidt et al. 2009). The trends discussed here
for the working and balancing side surangulars are largely
representative of all bones in the mandible, making discreti-
zation error a possible explanation of these results.

A more intriguing explanation is that sutures in the Alli-
gator mandible are located in positions that, in their
absence, tend to concentrate stress and strain by virtue of
their geometry. Further analyses of these theoretical data,
considered in conjunction with convergence testing and
independent in vivo experimental data, are necessary
before any conclusive statements can be made on this point
(Richmond et al. 2005).

Biological implications

The presence of localized stress concentrations near
sutures is not a surprising result, and indeed similar results
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have been reported in the FEA of several taxa when
sutures are included (Kupczik et al. 2007; Fitton et al.
2009; Moazen et al. 2009). What remains unclear is if the
strain, and the associated stress, distribution at the bone/
suture interface is of a biologically realistic magnitude.
Modeling bone/suture interfaces with a sharp gradient in
the material properties may lead to artifactually high and
localized principal stresses. This is due to the fact that
many biological bimaterial interfaces, such as bone/tendon
or bone/suture interfaces, adopt a strategy of functional
grading (Enlow, 1968, 1990; Woo et al. 1987; Thomopou-
los et al. 2003; Buehler, 2007; Buehler & Ackbarow, 2008),
where the transition between the material properties of
the bimaterial is graduated (Thomopoulos et al. 2003; Bir-
man & Byrd, 2007). Functional grading in both biological
(Thomopoulos et al. 2006) and non-biological materials
(Birman & Byrd, 2007) has been shown to improve resid-
ual stress distributions.

In vivo and in vitro analysis of cranial strain measure-
ments in a number of different taxa support the results
reported here as biologically plausible. Numerous studies
have found that principal strain magnitudes over sutures
are considerably higher than the surrounding bones (Beh-
rents et al. 1978; Oudhof & Doorenmaalen, 1983; Smith &
Hylander, 1985; Herring & Mucci, 1991; Herring, 1993; Raff-
erty & Herring, 1999; Herring & Teng, 2000; Rafferty et al.
2003; Sun et al. 2004; Popowics & Herring, 2007). This sug-
gests that a localized stress distribution exists at bone mar-
gins that might degrade as the total distance to a suture is
increased. Additional in vivo and in vitro work is needed
to understand if the localized stress distributions at the
bone/suture interface, as modeled here, are of a biologi-
cally meaningful magnitude.

Large strain magnitudes over sutures have been used to
argue that sutures are acting as strain sinks, storing elastic
energy, thereby decreasing stress, and the associated strain,
in the surrounding bone (Pritchard et al. 1956; Buckland-
Wright, 1972, 1978; Jaslow, 1990; Rafferty et al. 2003). Our
modeling data provide evidence in support of this idea.
Stored elastic energy was calculated for the entire mandible
both including and excluding sutures. In the least stiff trial
of set 3, it was found that including sutures resulted in a
17.1% difference in stored elastic energy on the balancing
side and a 16.5% difference in stored elastic energy on the
working side. In sets 1 and 2, there is only a 7.5% difference
in stored elastic energy, likely reflecting changes in U result-
ing from an increase in the measured volume (Table 1).
Therefore, the percentage increase when sutures are added
to the calculation of U in set 3 is larger than would be pre-
dicted from just an increase in the measured volume.

We expected that by adding sutures in set 3, stored elastic
energy in each of the bones of the mandible would go
down as the sutures absorbed strain energy. However, this
result was only observed in three out of the 12 bones: the
working and balancing side surangulars and the balancing
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side coronoid (Table 1). In these three bones, not only did
stored elastic energy decrease, but principal strain magni-
tudes decreased adjacent to the bone/suture interface. The
remaining nine bones of the mandible experienced
increases in stored elastic energy when sutures were added
(Table 1), with the majority of bricks increasing in their prin-
cipal strain magnitudes.

This highlights the importance of selecting the appropri-
ate performance measure when assigning optimization cri-
teria to a biological structure, i.e. the material properties
driving mechanical behavior near the bone/suture interface
of the surangular may be different from those of the den-
tary. As pointed out by Farke (2008), a sutural zone, defined
as a suture and the surrounding bone, may be a more
appropriate functional unit when attempting to assign
optimality criteria to bony elements. Defining functional
units in this manner allows hypotheses related to varied
performance demands throughout the structure to be
tested explicitly.

Varied performance demands within a functional unit
such as the Alligator mandible are of particular interest in
the context of mechanobiology. Exogenously applied cyclic
loads have been shown to be osteogenic at suture bound-
aries (Kopher & Mao, 2003; Byron et al. 2004; Byron, 2006),
suggesting that the loading environment experienced
throughout ontogeny may contribute to the phenotypic
variation of the mandible and skull. The data presented
here highlight the importance of precisely characterizing
the gradients of strain distributions on and around sutures,
including how both the magnitude and orientation of prin-
cipal strain changes as a function of the distance to the
bone/suture interface. Only after the behavior of stress and
strain gradients approaching the bone/suture interface are
characterized and placed in the appropriate context of per-
formance can hypotheses relating ontogenetic changes in
suture morphology to loading environment be addressed.

Practical implications for FEA

The accurate measurement of material properties across
complex biological structures, like the mandible studied
here, is difficult and time-consuming in living animals, and
impossible in fossils. This makes it important to determine
the potential impact that bone material properties can have
on stress and strain in vertebrate bones, not only to improve
understanding of bone deformation in living vertebrates,
but also to aid modeling and interpretation of fossils.

The data presented here demonstrate that variation in
the orthotropic material properties of bone and isotropic
material properties of sutures impact more than just the
magnitude of principal strains. Compared with variation in
the isotropic material properties of bone, variation in the or-
thotropic material properties of bone and isotropic material
properties of sutures resulted in: a greater number of bricks
becoming either more compressive or more tensile; bricks
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changing between being either dominantly compressive or
tensile; and larger changes in the orientation of maximum
principal strain. In addition, multivariate analysis of model
displacement revealed changes in both the magnitude and
direction resulting from changes in material properties.
Taken together, we conclude that variation in both the or-
thotropic material properties of bone and the isotropic
material properties of sutures results in changes not only to
the overall magnitude of principal strain but also to the nat-
ure of the strain and deformation regimes in the body.

Model validation using either in vivo or in vitro methods
is the only way of placing this variation in the context of
model accuracy and, indeed, acceptable levels of error may
vary depending on the question being asked. The largest
variations in g1y, Agq and A0 reported here tended to occur
adjacent to the bone/suture interface in both the isotropic
condition of set 1 and the suture stiffness condition of set
3. However, this was not universally true. Variation in or-
thotropic material properties resulted in the largest values
of A¢; (on the working side surangular) and A6 (on both
the working and balancing sides) at large values of Dy. For
this reason, we caution the reader from interpreting these
results as a method of avoiding error prone areas such as
the bone/suture interface when sampling results from a
FEM with approximate material properties.

For models that cannot be validated, such as those from
extinct organisms, the accuracy of statements concerning
the behavior of the model must be considered in the con-
text of the accuracy of the material properties used. Mate-
rial properties from the bones of extinct organisms can be
estimated using both phylogenetic bracketing and histolog-
ical methods (Rayfield et al. 2001; Erickson et al. 2002).
Implicit in both these methods is a need for large compara-
tive datasets, highlighting the importance of comparative
materials testing in vertebrate bone.

Conclusion

Variation in the isotropic material properties of bone with
no sutures resulted primarily in changes within the magni-
tude of principal strain, whereas variation in the orthotrop-
ic material properties of bone and the isotropic material
properties of sutures resulted in changes to the strain and
deformation regimes of the model. This conclusion high-
lights the importance of using biologically verified material
properties when modeling the vertebrate skeleton.

Comparisons of bones within each set revealed that each
bone responds in a different way to changing material
properties. When suture stiffness was decreased, the bal-
ancing side coronoid and working and balancing side su-
rangulars decreased in stored elastic energy, whereas the
remaining nine bones of the mandible increased in stored
elastic energy. These data highlight the importance of
defining the appropriate functional unit when addressing
relationships of performance and morphology.

The decrease in stored elastic energy in the balancing side
coronoid and working side surangular was accompanied by
a decrease in the magnitude of principal strain. These large
differences in the magnitude of principal strain were found
to occur adjacent to the bone/suture interface. Taken
together, these data suggest that sutures are storing strain
energy, thereby decreasing the stored elastic energy and
magnitude of principal strain within some bones. These
modeling data fail to falsify the hypothesis that a functional
consequence of patent sutures is the ability to store elastic
energy, and thereby decrease the magnitude of principal
strain within bones.
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