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Introduction

Morphologists have traditionally been study-
ing the functional significance of variations in
skeletal and tooth form among living and fos-
sil vertebrates using a comparative-anatomical
approach or by in vive or in vitro experimenta-
tion. This has increasingly been complemented
by computer-based or virtual biomechanics
which includes three-dimensional (3D) quanti-
tative image analysis of mineralised tissues as well
as simulation and modelling techniques applied
to the musculo-skeletal system such as finite ele-
ment analysis (FEA) and multibody dynamics
analysis (MDA). These modelling techniques
have their origin in Engineering where FEA has
been used for decades to predict structural per-
formance of mechanical systems and MDA has
been applied to derive reaction forces from a rig-
id-body motion of an object (Curtis ez a/., 2008).
In essence, FEA is a numerical analysis technique
that is based on the principle of dividing a sys-
tem into a finite number of discrete elements (in
the shape of triangles, tetrahedrons or cubes). In
turn, these elements are interconnected by nodes,

thus forming a 2D or 3D mesh. In a structural
analysis, engineering parameters of interest are
stress, the applied force per unit area (Nm), and
strain which is the deformation within a struc-
ture (change in length/original length; unitless).

Recently, FEA has emerged as a useful model-
ling technique to study biological systems where
experimental approaches are not feasible (see
reviews on FEA and its use in vertebrate func-
tional morphology by Richmond ez al. (2005),
Ross (2005) and Rayfield (2007)). In primate
morphology and evolution, several studies have
used FEA to assess the effects of differences in
muscle load application, structural complexity
and bone material properties on the stress and
strain distribution and magnitude of the adult
primate jaw and face during static biting (Ross
et al., 2005; Strait er al., 2005, 2007; Kupczik
et al., 2007). On an ultrastructural level, FEA
has been applied to test hypotheses about the
functional significance of the size and the exter-
nal and internal complexity of tooth structures
with implications for interpreting dietary adap-
tations in the fossil human record (Macho ez 4/,
2005; Shimizu & Macho, 2007). In addition
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to modelling the stress-strain regime in existing
biological structures, FEA enables the study of
hypothetical morphologies to understand the
adaptive significance of structures, such as the
supraorbital browridges or the paranasal sinuses,
by altering the size and shape of known skeletal
morphologies. Moreover, a reverse engineering
approach can be applied to deduce skull shape
and bone distribution from the loading regime
applied by iteratively removing elements below
a defined stress threshold in a highly generalised
FE model (Preuschoft and Witzel, 2004).

This guide is designed to provide an overview
of the processing steps involved in constructing
and analysing finite element (FE) models from
3D digital data. These four steps (preprocessing,
solution, postprocessing, validation) are sum-
marised in Figure 1. Moreover, the reader will be
given information on where to obtain the input
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data as well as recommendations on software
and hardware required for 3D image processing
and FEA.

Finite element model building

The preprocessing stage involves the generation
of a model prior to being converted into an FE
mesh. Simple 2D or 3D geometric representations
of the structure under study can be created and
manipulated using computer-aided design (CAD)
software. Many commercial FEA software pack-
ages (e.g. ANSYS, Abagus, MSC Patran/Nastran)
offer a CAD module as part of preprocessing. The
CAD approach provides a relatively good control
over the geometry used, particularly when assum-
ing specific biomechanical models (e.g. the beam
model). However, complex geometries such as
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- Flow chart of steps involved in FEA. Abbreviations: CAD=computer-aided design;

CT=computed tomography; MDA=Multibody dynamics analysis; PCSA=physiological cross-sectional

area of muscle.
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cortical and trabecular bone may not be repre-
sented with sufficient precision.

Alternatively, the external and internal mor-
phology of the skull, teeth and bones of the
postcranial skeleton can be precisely captured
by 3D imaging techniques such as laser surface
scanning, computed tomography (CT), synchro-
tron X-ray or magnetic resonance tomography
(Fig. 2A). Depending on the technology used,
the resulting images vary in resolution between
the millimetre and micrometre scale, which in
the latter case even allows for analyses at the ultra
and microstructural level. The process of extract-
ing the objects of interest (e.g. the elements of
the skull, the craniofacial sutures, the teeth)
from a digital image and assigning them to dis-
crete labels is called segmentation (Spoor et 4l.,
2000; Bruner & Manzi, 2006; Kupczik & Dean,
2008). There exists a plethora of segmentation
procedures and algorithms, including semi-auto-
matic approaches, available in open source soft-
ware such as /mage/ and commercial 3D image
processing packages (e.g. Amira, Mimics). Note
the application of a particular segmentation algo-
rithm is often case-dependent. For instance, one
algorithm may work well when applied to scans
of a single tissue (e.g. trabecular bone) but less
well with scans containing more than one tissue
(e.g. teeth in alveolar bone). Therefore, the seg-
mentation may involve manual editing, which is
often unavoidable when working with CT scans
of both recent and fossil material.

Once the CAD process or the image seg-
mentation has been completed, a triangulated
3D surface model can be generated which can
be converted into an FE mesh consisting of tet-
rahedrons (Fig. 2B). Alternatively, an FE mesh
can be voxel-based, i.e. each segmented voxel
is directly converted into a cubic finite element
(Fig. 2B). However, incompatibility between 3D
image and FE file formats can be an issue as most
3D image processing software commercial FEA
packages cannot import file formats other than
CAD formats. In addition, only certain surface
file formats (e.g. wrl; hypermesh) allow for the
incorporation of more than one material. Some
commercial software solutions exist which serve
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Fig. 2 - Processing steps in an FEA of a macaque
skull. A: Finite element models can be built from
a stack of CT images. B: Following segmenta-
tion of the CT stack, a 3D FE mesh is generated
and may consist of tetrahedral (lower inset) or
cubic (upper inset) elements which have specific
mechanical properties (e.g. for cortical bone,
enamel, dentine etc). C: Scaled contour plot
showing regions of high and low compressive
strains when loads are applied to the zygomatic
arch (thin arrows). The thick arrow indicates
the load exerted on the first molar. This FEA
was conducted using VOX-FE (developed at the
University of Hull and Hull York Medical School).
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as an interface between the segmented images
and the FE software (e.g. Simpleware), but large
datasets cannot currently be processed due to
computational limitations.

If CT image data from a clinical or a indus-
trial microtomographic scanner are not readily
available for FE model building, there are sev-
eral dedicated databases that offer a wide range
of high resolution CT datasets of vertebrate taxa
including fossils for download (e.g. Digimorph,
NESPOS). In addition, Betsy Dumont and Ian
Grosse have initiated a web-based platform that
enables the exchange and use of existing FE mod-
els (FEA in Biology Database). This is very useful
for the FEA community not only because tested
models are made available but also because this
allows for the opportunity to cross-validate results
using different analysis software and/or applying
different boundary conditions (see below).

Material properties and boundary
conditions

Following the mesh creation the mechani-
cal properties of the elements of the objects
involved must be specified. These are the Young’s
modulus of elasticity, Poisson’s ratio and shear
modulus. Their magnitude and orientation per
element and spatial variation within the model
has significant implications for the results of an
FEA (Marinescu et al., 2005; Strait et al., 2005;
Kupczik ez al., 2007). Paul Dechow and co-work-
ers have obtained elastic property data of the cor-
tical bone at several locations across the human,
macaque and baboon skull by mechanical testing
(Peterson & Dechow, 2003; Wang ez al., 2000)
which have already served as a source for several
FEA studies (Strait ez al., 2005; 2007). Moreover,
the FEA in Biology Database lists published
bone elastic property values for several skeletal
elements of a variety of vertebrate taxa. In voxel-
based models, the elastic property values can also
be derived from the calibrated density values of
CT scans assuming specific scaling relationships
between CT numbers, bone density and elastic-
ity (Marinescu ez al., 2005).

Do it yourself

After assigning the material properties, the
boundary conditions must be defined. These
include the loads applied (e.g. muscle and
bite forces; joint reaction forces) and the dis-
placement constraints. In theory, all reaction
forces in the model should be in equilibrium.
However, this is often not the case and the
model would be displaced. Thus constraints are
required to anchor the model in space. Force
estimates are available for the masticatory
muscles for macaques (Ross ez al., 2005; Strait
et al., 2005, 2007). The estimates are derived
from physiological cross-sectional areas of the
masticatory muscles through dissection and
take into account the muscle activity pattern
of the individual muscles (Ross ez al., 2005).
In the absence of bite and joint reaction force
data for most non-human primates, a common
approach is to constrain the teeth and the jaw
joint in the assumed direction of load applica-
tion, thus mimicking the reaction forces (Ross
et al., 2005; Strait et al., 2005; Kupczik ez al.,
2007). Alternatively, MDA allows for an estima-
tion of bite and joint reaction forces and facili-
tates experimentation with muscle architecture
and activity patterns (Curtis ez /., 2008).

Solution and postprocessing

Once the material properties have been
assigned and the boundary conditions set, the
model is ready to be submitted to an FE solver.
This computes the displacements of the nodes
and subsequently the resulting stresses and
strains. Following this, in the postprocessing step
these results can be presented and interpreted
in the form of scaled contour plots or animated
structural deformations (Fig. 2C). The process-
ing time depends on the number of nodes and
elements in the model. Since both the solution
and the preprocessing stage (image segmentation
and meshing) can require a great deal of process-
ing power, a high performance workstation with
multiple processors and a fast graphics board is
recommended (see Table 1 for suggested hard-
ware). High resolution voxel-based models with
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Tab.1- Suggested hardware and software for a Virtual Biomechanics Lab.

Item Description

Estimated costs (€)

PC workstation

(minimum solution) board; 64 bit operating system

Software
pack and very large datasets pack)

File conversion software (e.g. Simpleware)

Multi-body dynamics analysis software (e.g. MSC MD Motion

Bundle)

FEA package incl. pre-, and postprocessing modules and solver

Multiple processors; 8GB and more RAM; OpenGL graphics

3D image processing software (e.g. Amira 64bit version incl. mesh

5,000-10,000

5,000

4,000 (annual)
15,000

14,000 (annual)

(e.g. Abaqus license for dual-core jobs)

element numbers in the order of 10° to 10° may
even require a high performance computing clus-
ter. Most commercial FEA packages run on both
stand-alone PCs and clustered networks.

Validation and sensitivity

Any results from FEA have to be considered
with caution unless a comparison with real-world
data is provided. This means that the FE models
have to be validated against independent empirical
data to test their reliability (Marinescu ez 4., 2005;
Richmond et al, 2005; Ross et al., 2005; Strait
et al., 2005, 2007; Kupczik ez al., 2007). In FEA
studies of primate craniofacial function published
data on in vivo strain magnitude and orientation in
macaques are available, which can be used to vali-
date models. Likewise, in vitro experimental strain
data are well suited for comparison with FEA
results, because loading conditions can be exactly
controlled for and strain gauge locations in the
experimental specimens can be precisely recorded
(Marinescu ez al., 2007; Kupczik ez al., 2007).

In addition to validation, it is also crucial to
have an understanding of the sensitivity of the
input parameters. A sensitivity analysis should test
for e.g. the effects of changes of the applied loads,
variations of the material properties or differences
in the structure and size of the model on the mod-
elling results (Ross e al., 2005; Strait ez al., 2005;
Kupczik ez al., 2007; Curtis ez al., 2008).

Concluding remarks

Virtual biomechanics and in particular FEA
offer the opportunity to study vertebrate func-
tional morphology in a non-invasive way and
where traditional empirical methods cannot be
applied. Crucial to the interpretation of FEA
results is a test of the validity of the model and an
assessment of the sensitivity of the input param-
eters. Most FEAs, that have tested hypotheses
pertaining to the form-function relationship in
adult skeletal form, have assumed static loading.
Since biological systems are dynamic, future FE
studies should assess the effects of growth and
developmental changes in skeletal morphology
on biomechanical performance and vice versa.

A last word of advice, the reader should be
aware that any modelling technique can only
approximate biological reality; it is not meant
to replace it. If we knew all possible input vari-
ables and their effects on a biological structure,
then there should be no reason to model it in

the first place.
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