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ABSTRACT
This special issue of The Anatomical Record presents a series of papers
that apply the method of ﬁnite element analysis (FEA) to questions in
vertebrate biomechanics. These papers are salient examples of the use of
FEA to test hypotheses regarding structure-function relationships in complexly shaped biological objects such as skulls and in areas of the skeleton
that are otherwise impervious to study. FEA is also a powerful tool for
studying patterns of stress and strain in fossil animals and artiﬁcial constructs hypothesized to represent ancestral conditions. FEA has been used
deductively, to study patterns of growth and development, and to investigate whether skull shapes can be created from amorphous blocks using an
iterative approach of loading and removing elements. Several of the papers
address methodological issues, such as the relative importance of loading
conditions and material properties for generating an accurate model and
the validation of models using in vivo strain data. Continuing improvements in model building techniques will make possible increased application of FEA to study the functional effects of variation in morphology,
whether through ontogenetic or phylogenetic transformations.
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Finite-element modeling (FEM) is a numerical tool for
solving complex mathematical problems in order to determine patterns of stress, strain, deﬂections, heat transfer,
ﬂuid ﬂow, etc., in computer models of structural components. FEM provides a method for addressing a range of
questions that are otherwise intractable, or very difﬁcult
to solve (Richmond et al., 2005, this issue), and is potentially one of the most powerful tools in the methodological
arsenal of vertebrate biomechanics.
One of the central aims of vertebrate biomechanics is
elucidating the functional consequences attendant on the
remarkable histological and morphological diversity of
vertebrate skeletal tissues (Currey, 2002). This structurefunction relationship is important to clinically oriented
research on various disorders or diseases of the skeleton,
research aimed at improving skeletal health during longterm space ﬂight, as well as interpretation of skeletons
found in the fossil and archeological records. The formfunction relationships of the skeleton are therefore of concern to bioengineers, clinicians, biological anthropologists,
and paleontologists, and FEM provides a method for
studying them.
©
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The availability of increasingly powerful computers at
progressively more affordable prices has made FEM an
accessible tool for vertebrate biomechanists. Consequently, the wide use of FEM in clinical research is now
beginning to be replicated in basic science research. Those
of us who are not ﬁnite-element modelers can see that
FEM clearly presents opportunities, but what is it precisely, and what are its limitations?
These questions were addressed in a symposium on
ﬁnite-element analysis of vertebrate skulls at the International Congress of Vertebrate Morphology in Boca Raton, Florida, in July 2004. This special issue of The Ana-
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tomical Record presents the research papers on which
those presentations were based, along with two complementary papers by researchers on the postcranium. Although this issue is not exhaustive, it presents a comprehensive overview of the burgeoning application of this
method to vertebrate biomechanics (see also Huiskes and
Chao, 1983; Beaupre and Carter, 1992). Several issues are
highlighted by these contributions.

BUILDING THE MODELS
Richmond et al. (2005, this issue) describe the sequence
of tasks in building an FEM: the geometry of the object of
interest must be captured and expressed digitally in such
a way that it can be turned into a mesh of ﬁnite elements
that can then be loaded by external forces. Various techniques are available for capturing the geometry, including
manual tracing, CT scanning, and MRI, then bringing the
data into a computer-aided design (CAD) program, from
which a meshable ﬁle can be exported. The various contributors to this issue use different methods, and it is clear
that better methods are needed for performing these functions more quickly. Building the models can be extremely
time-consuming, and only when this process is streamlined will it be possible to build the large number of
models needed to study effects of variation in morphology
on variation in function. In this context, one particularly
productive line of work would be the development of methods for integrating geometric morphometrics (GM) with
FEM. GM already has the geometric and statistical techniques for describing shape, shape variation, and shape
change, as well as for comparing shapes in multidimensional space (Zelditch et al., 2004). It only seems logical to
interface these tools with those of FEM to explore the
functional consequences of morphological variation and
change.
Another aspect of model construction is the assignment
of material properties to the elements. Bone exhibits variability in its material properties, including density, elastic
modulus, anisotropy, and viscoelastic behavior. The contributors to this issue assigned material properties in a
number of ways. Silva et al. (2005, this issue) assumed
that the cortical bone is isotropic and linearly elastic and
derived an elastic modulus for their mouse model using
nanondentation data. Rayﬁeld (2005, this issue) modeled
the dinosaur skull with the material properties of bovine
Haversian bone. Metzger et al. (2005, this issue) ﬁrst
loaded an isotropic model, then adjusted the orientation of
maximum stiffness to match the orientation of principal
stress. Thomason et al. (2005, this issue) used published
data for real hooves to build their horse hoof model. Dumont et al. (2005, this issue) select average values for
elastic modulus and Poisson’s ratio in mammalian bone.
Two papers in this issue directly addressed the issue of
how variation in material properties affects behavior of
the model. Marinescu et al. (2005, this issue) measured
material properties from the same macaque mandible
specimen that their model was derived from and Strait et
al. (2005, this issue) measured material properties from
different macaque skulls to that that was modeled. Both
studies then quantiﬁed the effects on model behavior of
variation in degree of isotrophy and homogeneity in the
model. Both studies found that material properties matter: differences in material properties did result in different patterns of deformation in the models. Strait et al.
(2005) found that the model that behaved most like the in

vivo data was the one with the most detailed modeling of
the bone material properties. Although material properties data are time-consuming to gather, they seem to be
essential for building an accurate model.

LOADING THE MODELS
In order to obtain realistic patterns of stress and strain
in FEMs, it seems that accurate data on the external
forces acting on object would also be important. But how
important are these data relative to data on geometry and
material properties, and how are these external forces to
be calculated and modeled? The loading conditions in
these papers range from the highly controlled four-point
bending of the murine tibia (Silva et al., 2005, this issue)
to the hypothetical forces acting on the skull of the fossil
dinosaur, Allosaurus fragilis (Rayﬁeld, 2005, this issue).
The most detailed treatments of the sensitivity of the
models to different loading conditions were carried out by
Marinescu et al. and Ross et al. The former varied degrees
of freedom, orientation of external forces, and number of
nodal constraints on their FEM of the macaque mandible
and found all to have signiﬁcant effects on model behavior.
Small changes in the direction of load application resulted
in signiﬁcant changes in predicted strains. Ross et al.
studied the relative importance of various assumptions
regarding relative forces exerted on the macaque skull by
the chewing muscles. Using principal coordinates analysis
of the variable deformations of the model to summarize
overall differences in loading patterns, they conclude that
information on the relative cross-sectional areas of the jaw
muscles is important, whereas assumptions regarding
EMG force latencies have little effect on model behavior.
Whether this is generally true or speciﬁc to some group
(e.g., catarrhines or anthropoids) remains to be determined.
Further sensitivity analyses are needed to determine
the relative importance of material properties, geometry,
constraining conditions, and external forces in ﬁnite-element analysis (FEA) (Dar et al., 2002; Marinescu et al.,
2005, this issue; Ross et al., 2005, this issue; Strait et al.,
2005, this issue). Only when such analyses are performed
can an estimate of the robustness of the results be provided.

VALIDATING THE MODELS
Validation of an FEM entails comparing the behavior of
the model with in vivo or in vitro data gathered from parts
of the modeled structures. With notable exceptions
(Coleman et al., 2002, 2003; Kotha et al., 2003; Srinivasan
et al., 2003), few studies gather the kinds of detailed bone
strain data needed to evaluate their models. This will
probably always be true for most models of human skeletal structures, so construction of well-validated models of
nonhuman animals is important because they provide insight into the kinds of data that are important in producing an accurate and valid model.
In vivo bone strain data are used to assess the accuracy
of the macaque skull model discussed by Ross et al. and
Strait et al., the alligator skull model presented by
Metzger et al., and the mouse tibial bending model presented by Silva et al. Marinescu et al. evaluate their model
using in vitro bone strain data gathered from the same
specimen from which their CT scan and material properties data were derived.
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The macaque skull FEM is the most extensively validated, with in vivo data from numerous sites across the
face. The strain orientations and relative magnitudes
from the model generally fall within the range of the in
vivo data, although the variation in the strain patterns
from the model is much less than those from the in vivo
data. This is probably due to variation in gauge location
between individuals and interindividual variation in behavior, anatomy, and material properties. More detailed
studies of patterns of strain variation within and between
experiments and individuals will shed light on these issues. Analysis of changing strain patterns within a single
chewing cycle would also eliminate effects of averaging
multiple loading events (cf. Coleman et al., 2003).
The FEM of the alligator skull is also validated by
experimental data, but this was much less successful.
Metzger et al. attribute this to the fact that, although
sutures were not modeled in either the macaque or the
alligator model, sutures have a greater inﬂuence on overall patterns of skull deformation in alligators than macaques. Given that alligators show indeterminate growth,
this seems plausible, although data on the structure and
in vivo function of sutures in primates are virtually nonexistent.
In their murine leg bending model, Silva et al. used
periosteal strain data measured at the loading point to
establish the relationship between applied force and
strain on the periosteal surface in two strains of mice.
They then built FEMs of the tibiae to quantify the ratio of
peak periosteal-to-peak endocortical strain at the loading
point, using this ratio to estimate the force versus endocortical strain relationships.
In vitro bone strain data are particularly valuable for
validating FEMs because the in vitro environment allows control over more variables. Marinescu et al. use
this approach in their sensitivity analysis of their FEM
of the macaque mandible, but their in vitro strain results resemble their FEM results less closely than do
the in vivo strain and FEM results from the cranium
(Ross et al., 2005, this issue; Strait et al., 2005, this
issue). One possible explanation is that the mandible is
more difﬁcult to model accurately because the geometry
and external forces combine to make a broader range of
loading regimes possible. Perhaps the geometry of the
cranium highly constrains the loading patterns of the
face, so that wide variation in external forces produces
only minimal changes in strain patterns. If true, this
has signiﬁcant implications for our understanding of
skull form and function. Whether skulls of nonprimate
vertebrates are similarly robust against changes in
loading regime remains to be determined.

STRUCTURE-FUNCTION RELATIONSHIPS OF
COMPLEX SHAPES
Biological structures have diverse and complex shapes
that pose problems for those seeking to understand the
functional signiﬁcance of shape. Standard engineering
textbooks give formulae for calculating stresses, strains,
and deformations of relatively simple structures, such as
square, circular, elliptical, or triangular beams with hollow or solid cross-sections, usually made of homogeneous
material properties, subjected to concentrated or distributed forces. Some texts include equations for shell structures. Although these equations can be used to estimate
patterns of stress and strain in relatively simply shaped
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biological structures, such as long limb bones (Rybicki et
al., 1977; Carter et al., 1981; Biewener and Dial, 1995;
Demes, 1998; Blob and Biewener, 1999), curved mandibles
(Hylander, 1984), or zygomatic arches (Hylander and
Johnson, 1997), the complex morphology of the skull
makes it difﬁcult to say deﬁnitive things about exactly
how the skull is deformed during feeding (Herring et al.,
2001; Ross, 2001). For example, the question “Is the skull
twisting like a cylinder?” actually needs to be broken down
into two parts: “Is it twisting?” and “Is it behaving like a
cylinder?” Without FEM, questions like these are very
difﬁcult to answer. Moreover, the steep strain gradients in
the skulls of primates and other vertebrates during feeding suggest that skull morphology is adapted for various
nonfeeding functions (Hylander et al., 1991; Rafferty and
Herring, 1999; Ravosa et al., 2000; Ross, 2001; Ross and
Metzger, 2004). The complex shape of the skull and the
presence of these other functional units make it difﬁcult to
predict precisely the loading regimes resisted by speciﬁc
features of the skull.
The paper by Dumont et al. (2005, this issue) provides a
nice example of the use of FEA to compare the behavior of
different-shaped skulls subjected to similar and different
forces. The skulls they examined were those of bats. Because bats are volant, it is reasonable to think that bat
skulls are optimized for strength with minimum material.
Using FEM, Dumont et al. studied the patterns of stress
and strain in the skulls of two species of fruit bats that
bite hard-food objects in different ways: Artibeus uses
unilateral biting when biting on hard fruits, whereas
Cynopterus uses predominantly bilateral bites. The skull
of Artibeus was strongest when loaded in a manner most
similar to its natural biting behavior, whereas the skull of
Cynopterus showed little difference in stress magnitudes
between the two loading regimes. The skull of Artibeus
appears to be more closely optimized for resisting feeding
forces than that of Cynopterus. In addition to being an
elegant test of the effects of wild biting behavior on skull
morphology, this study nicely illustrates how FEM enables testing of the behavior of skulls of very small animals during feeding.
Metzger et al. (2005, this issue) also use FEA to reconstruct the loading regime in a vertebrate skull, that of
Alligator mississippiensis. Previous workers had suggested that the alligator rostrum is bent in sagittal planes
and twisted about a rostrocaudal axis during biting (Busbey, 1995). Given that the only external forces acting on
the alligator snout during biting will produce bending and
twisting, this hypothesis is reasonable. But what is the
relative importance of these two loading regimes, how do
features such as overlapping scarf joints impact these
loading regimes, and what kind of strain and stress magnitudes are generated during biting? Metzger et al. tested
hypotheses regarding loading regimes in the alligator
snout by collecting in vivo bone strain data from the bones
of the snout during biting on a bite force transducer. They
compare the strains recorded in vivo with those predicted
for an ellipsoid beam subjected to the same external
forces, and those extracted from a ﬁnite-element model of
the alligator skull. They found only rough correspondence
between the in vivo strains and those extracted from either the model or the simple beam equations. They attribute the poor correspondence between in vivo and FEM
data to the low resolution of the model and the absence of
sutures in the model.
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STRUCTURE-FUNCTION RELATIONSHIPS IN
HARD-TO-REACH PLACES
One of the advantages of FEM is the ability to model the
behavior of all parts of the skeleton, even very inaccessible
ones. In vivo strain data can be gathered from some unusual places under unusual circumstances (e.g., Ross,
2001), and it is possible to gather strain data from humans
(Fritton and Rubin, 2001), but there will always be parts
of the skeleton even in larger animals that are impossible
to reach. One such place is the endosteal surface of bones,
which is impossible to put strain gauges on during normal
activity. Consequently, most studies of the relationship
between strain patterns and bone adaptation have focused
on the periosteal surface. However, the marrow cavity is a
rich source of mesenchymal stem cells, which can give rise
to osteoblasts, so an understanding of the relationship
between strain patterns and bone adaptation there is of
interest. Silva et al. (2005, this issue) use FEA to estimate
the strain proﬁle on the endosteal surface of the cortical
bone of the mouse tibia as part of their development of a
murine model of osteoporosis. Silva et al. estimated
strains on the endosteal surface of the mouse tibia under
four-point bending using both FEA and a simple beam
model. They found that a simple beam model performed
almost as well as the FEM in estimating the ratio of
endosteal to periosteal strains under simple bending, but
point out that in situations where the loading regime and
material properties are not well deﬁned or controlled,
simple beam models will not sufﬁce.
Another example of this application of FEA is the study
of Thomason et al. of the laminar junction of the horse hoof
(Thomason et al., 2005, this issue). The laminar junction
is the epidermodermal connection binding the external
keratinous hoof wall to the distal phalanx. The epidermodermal junction is thrown into a series of laminae, the
primary epidermal laminae (PEL), which project inward
from the hoof wall. Despite being keratinous, these laminae are remodeled and Thomason et al. investigate the
relationship between this remodeling of PEL and mechanical stress. FEA of nine hoof models was used to quantify
circumferential and proximodistal stress distributions
and relative displacement of the laminar junction. Comparison of the stress and displacement data with histological data on morphology of the PEL revealed signiﬁcant
correlations between laminar spacing and various displacement and stress variables, providing a concrete link
between mechanical behavior of the hoof and the laminar
morphology of the PEL.

STRUCTURE-FUNCTION RELATIONSHIPS
IN FOSSILS
Most vertebrate species that ever existed are now extinct and are represented at best by fossils. Testing hypotheses regarding the relationship between structure
and function in fossils requires an understanding of this
relationship in living animals (Kay and Cartmill, 1977;
Plavcan et al., 2001). However, there are also many animals for which living analogs are either not obvious or are
not available for study; FEA provides a method to study
structure-function relationships in these animals. Good
examples of applications of FEA to fossils include studies
of pterosaurs (Fastnacht et al., 2002), synapsids (Jenkins
et al., 2002), dinosaurs (Rayﬁeld et al., 2001; Snively and

Russel, 2002; Rayﬁeld, 2004), and vertebrate skulls in
general (Preuschoft and Witzel, 2002).
Rayﬁeld’s studies of dinosaur skulls exemplify the
strengths and problems surrounding FEA of fossil taxa
(Rayﬁeld et al., 2001; Rayﬁeld, 2004). In her contribution
to this issue, Rayﬁeld (2005) addresses a thorny but extremely important question: the functional signiﬁcance of
sutural morphology in skulls. Understanding the biomechanics of sutures is fundamental for understanding vertebrate skull function and evolution. If sutural morphology provides insight into how skulls were stressed during
life (Thomson, 1995; Rafferty and Herring, 1999; Thomason et al., 2001; Rafferty et al., 2003), then sutures will
provide signiﬁcant insight into skull function in fossils.
Rayﬁeld investigates this question by comparing patterns
of deformation at sutural boundaries in an FEM of the
skull of Allosaurus with sutural morphology in the fossils.
She ﬁnds mixed support for the notion that sutural morphology reﬂects loading regimes. In some sutures it does
and in others it does not. Clearly, further work on this
question in living animals is required.
Teeth provide a plethora of important data on behavior
and ecology of fossil animals, including diet, life history,
and social group structure. Macho et al. (2005, this issue)
apply FEA to study the functional signiﬁcance of enamel
microstructure in the fossil hominin, Australopithecus
anamensis, and the extant hominids, Pan, Gorilla, and
Homo. Using software developed previously, blocks of
enamel were constructed with the different internal geometries seen in the extant and fossil taxa and converted
to FEMs with different geometries. The model was then
loaded in compression and the ability of the different
enamels to dissipate stress was quantiﬁed. The results
suggest that the enamel microstructure of A. anamensis
more effectively dissipates loads than other hominin species, suggesting that A. anamensis was better adapted at
puncture-crushing and a hard, tough diet than other
hominins. The future of FEA for the study of fossils is
enormous. Integration of FEA of fossils with in vivo and
FEA studies of the living animals that bracket them promises to greatly expand our ability to study structure-function relationships in fossils.

USING FEA TO STUDY GROWTH,
DEVELOPMENT, AND EVOLUTION
One of the most exciting but underexploited potentials
of FEA is its use to test hypotheses about morphological
transformations through development, growth, and evolution. The pioneers in this ﬁeld are Dennis Carter and his
colleagues, who for many years have used FEA to test
their hypotheses regarding the relationship between loading history and ossiﬁcation patterns in bones (Carter,
1987; Carter and Beaupre, 2001). They hypothesize that
patterns of shear, tension, and compression in the cartilaginous precursors of bones strongly inﬂuence patterns of
appearance of ossiﬁcations in those bones. To test these
hypotheses, Carter and his colleagues built FEMs of these
cartilaginous models, assigned them the material properties of cartilage, loaded them with estimated external
forces, and used the patterns of stress in the models to
predict where to alter material properties for subsequent
loads. This process was repeated iteratively and the patterns of ossiﬁcation documented in the models were compared with those actually observed in vivo.
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This approach has enormous potential. It provides a
method for explicitly testing hypotheses about the relationship between bone growth and loading patterns. More
sophisticated models can be envisaged, in which skull
growth is modeled using complex material properties and
morphology, including growing brains putting the braincase under tension, chewing muscles stimulating sutures,
and nuchal muscles and occipitoatlantal reaction forces
stimulating basicranial development.
The beginnings of this iterative, deductive approach to
skull form are seen in the work of Preuschoft and Witzel
(2002, 2005, this issue; Witzel and Preuschoft, 2005, this
issue). In these studies, the authors start with nonspeciﬁc
block-shaped FEMs, which are loaded at points corresponding to the positions of muscle attachment and bite
points in the living animals they seek to replicate. Various
loading regimes are applied, including bite forces at various places along the tooth row, inertial forces accompanying head-shaking to subdue prey, chewing and nuchal
muscle forces, and the weight of the skull itself. These
forces are then superimposed and the maximum stress
values experienced by each element in the model are recorded. Those elements that are not stressed, or are only
minimally stressed, by these activities are removed, and
the model is loaded again. After several iterations, the
resulting shapes are compared with the skulls of extant
animals. The results are of interest, because many of the
skulls produced in this manner do indeed resemble the
skulls of living and fossil animals.
The application of this technique is of particular interest because there are extensive in vivo bone strain data
from skulls of primates, alligators, pigs, sheep, and
hyraxes demonstrating steep strain gradients in all taxa
so far examined (Hylander et al., 1991; Ravosa et al., 2000;
Ross, 2001; Lieberman et al., 2004; Ross and Metzger,
2004). The presence of areas of low strain in vertebrate
skulls is not predicted by the approach of Preuschoft and
Witzel, yet the resemblance of their synthesized skulls to
living animals is remarkable. Resolution of this inconsistency between modeling and in vivo data is needed.
FEA clearly has much to offer the ﬁelds encompassed by
vertebrate biomechanics. The papers in this issue cover
some of the diverse approaches to which it is being applied. Any hypothesis that relates an aspect of morphology
to patterns of stress and strain can be evaluated using
FEA. The development of methods for rapid construction
of FEMs will enable a larger number of models to be built,
so that soon studies of variation and morphological
changes will be possible. The work of various workers
(Dumont, Grosse, Strait, and Richmond) on these methodological issues promises to expand the potential for this
method in the future. Finally, it is also exciting to realize
that FEA can be used to study ancestral forms that have
only been estimated, not found. Hodges (2004) has developed methods for generating hypothetical ancestors based
on a parsimonious interpretation of morphology quantiﬁed with CT data. One particularly exciting avenue of
research would be the development of methods for integrating these reconstructions of ancestral trait combinations with FEM in order to test hypotheses regarding the
functional signiﬁcance of structural change and unusual
trait combinations through evolution.
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