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ABSTRACT

Flexible Multibody System Dynamics (FMSD) is a simulation technique that can
be used to study the behavior of the mechanical systems that consists of one or more
deformable bodies. A deformable body can be modeled using a number of approaches
while the floating frame of reference formulation is a widely used approach. In that
approach, flexibility within Multibody System Dynamics (MSD) is described by employ-
ing the Finite Element Analysis (FEA) with a modal reduction approach. The applicabil-
ity of an FMSD in the feeding mechanism of vertebrate structures is tested in order to
utilize the potential of the method in biological research. Flexible Multibody System
Dynamics is explored studying the feeding mechanism in a skull of Edingerella mada-
gascariensis. Firstly, a static structural analysis is done using FEA and secondly,
dynamic solutions based on FMSD are obtained by varying the number of deformation
modes used in the modal reduction analysis. The conclusion is that use of this
approach is feasible and efficient for the study of feeding mechanisms in vertebrate
structures when a dynamic response should be evaluated.
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INTRODUCTION

The potential of computational mechanics as
an analytical technique in biological research has
been widely highlighted in recent years facilitating
the use of Finite Element Analysis (FEA) or Multi-
body System Dynamics approach (MSD) in esti-
mating the performance of vertebrate skeletal and
soft tissues. Vertebrate paleontologists also found
in the non-invasive techniques, such as Computed
Tomography (CT), a useful tool to generate accu-
rate         three-dimensional images of living struc-
tures and to transform them to Computer Aided
Design (CAD) models in a reverse engineering
process, enabling the possibility of conducting ver-
tebrates simulation studies at present. See Ray-
field (2007) for a review of FEA, Curtis (2011) for a
review of MDA and Abel et al. (2012) for a review
of non-invasive techniques in vertebrate structures.

Finite Element Analysis is a widely known
computer simulation technique for analysing the
response of materials to specific loading conditions
(Zienkiewicz, 1971). Its use has been conducted
particularly in mammals and reptiles in the last 10
years and provided new insights to explore the
function, morphological evolution, particular adap-
tation and constraints of the biological structures.
The influence of all the parameters of these meth-
odologies is summarized in Walmsley et al. (2013).

Recently a number of musculoskeletal model-
ing packages have been developed, including Arti-
Synth (www.artisynth.org) and Simulation Open
Framework Architecture (SOFA, www.sofa-frame-
work.org), to simulate systems consisting of bones,
muscles, ligaments and tendons using MSD,
where the multibody system is used to model the
dynamic behavior of interconnected bodies, each
of which can undergo large translational and rota-
tional displacements. The technique has been
applied to studies of craniofacial form to simulate
musculoskeletal function and facilitates in-depth
exploration of the relationships between musculo-
skeletal geometry, muscle parameters, forces and
motion in vertebrate structures (Curtis et al., 2009;
Bates and Falkingham, 2012; Gröning et al., 2013;
Snively et al., 2013). In spite of it, the research uti-
lizing both the musculoskeletal modeling and
deformable body modeling together has rarely
been seen in publications (Moazen et al., 2008a,
2008b; Curtis, 2011; Curtis et al., 2010a, 2010b,
2011). The current research utilizes the flexible
multibody dynamics, which is mostly employed in
the field of machine dynamics. An approach called
Floating Frame of Reference Formulation, is also
applied successfully to study bone strains in

humans (Klodowski et al., 2009, 2012; Al Nazer et
al., 2011). This inspires the use of this approach
also for other vertebrate organisms. 

Evaluating internal loading of the components
in rigid multibody simulations is directly cumber-
some. To solve internal loads of the bodies in multi-
body simulation, flexibility of the members has to
be accounted for. In case of simple structures,
mass-lumped approach can be used. However, for
geometrically more complex structures, the floating
frame of reference formulation with modal reduc-
tion techniques can be used.

The Flexible Multibody System Dynamics
(FMSD) approach is a simulation technique com-
monly used to study the behavior of the mechani-
cal systems that exhibit significant flexibility in its
structures (Ambrósio and Gonçalves, 2001; Khu-
lief, 2001). FMSD can also be used in situations
where long time simulation results of dynamically
induced stresses and strain need to be determined
(Zhu et al., 2008). In such cases dynamic simula-
tions performed using the finite element formula-
tion tends to be computationally overwhelming.
The additional benefit of the method is the ability to
combine the efficiency of the rigid body dynamics,
and the ability to account for deformation and elas-
ticity in the structures, and thus strain and stress.
Moreover, FMSD can also benefit from the simplic-
ity of control system implementation, which is
especially important in studying robotic or musculo-
skeletal systems. 

Commonly one simple approach for assess-
ing dynamically induced stress is used. The multi-
body simulation describes the dynamics of rigid
bodies only, and it is followed by a finite element
simulation of strain of the particular part. The loads
in the finite element model are then assessed from
the multibody simulation results. This approach is
referred to as the linear theory of elastodynamics
(Eringen and Șuhubi, 1974). The clear benefit of
this approach is the possibility to use the standard
rigid body dynamics software and standard finite
element software directly. In practice, the use of
this method means that for each time step for
which the internal loading should be estimated, a
full finite element simulation needs to be run.
Another down side of the linear theory of elastody-
namics is that it does not offer any coupling
between flexibility of the members and dynamic
behavior. This happens as the data is only trans-
ferred one-directionally from the multibody to the
finite element solver. 

The alternative to performing dynamical simu-
lations in a relatively CPU consuming finite ele-
2



PALAEO-ELECTRONICA.ORG
ment approach and faster but somehow
oversimplified theory of elastodynamics is the float-
ing frame of reference formulation with a modal
reduction (Wasfy and Noor, 2003). In this
approach, the finite element model of a flexible
member is prepared in standard finite element soft-
ware. Then it is subjected to a modal reduction
such as the Craig-Bampton approach (Bampton
and Craig, 1968). In the course of this procedure,
the large number of nodal degrees of freedom is
replaced by deformation modes. This can lead to a
significant reduction of the model size, which will
have to be processed for each single time step of
the multibody simulation. Finally, the modal repre-
sentation of the finite element model is transferred
to the multibody solver, where it is embedded as
one of the bodies forming up the mechanism. From
this stage on, the multibody simulation is con-
ducted in a usual way when it comes to the user
experience. The equations of motions are solved
forward in time, and the modal variables are added
to the general rigid body system of equations. The
stresses and strains as well as the deformation
caused by the dynamical forces are accounted in
each single time step. As a result the stresses and
strains can be obtained at any of the nodes from
the initial finite element model with good accuracy.
The simplification of the model however imposes
decreased accuracy in terms of strain and stress
results. More information about accounting for flex-
ibility in the multibody dynamics simulations can be
found in the reviews (Shabana, 1997; Wasfy and
Noor, 2003).

Use of the flexible multibody approach will be
explored in this paper in studying the feeding
mechanism in amphibious vertebrate structures as
Edingerella madagascariensis is a Triassic temno-
spondyl amphibian. Cosmopolitan in distribution,
these kinds of amphibious top-predators haunted
the brackish, fluvial and sometimes coastal eco-
systems. They are usually compared with crocodil-
ians because they seem to capture prey by direct
bite using active swimming, but their precise feed-
ing ecology still remains a mystery. 

The objective of this work is to test the appli-
cability of the flexible multibody approach in pale-
ontological research that is currently dominated by
both pure finite element studies and studies based
on rigid body multibody method without the total
coupling of both methodologies. The biting simula-
tion is simplified (lacking muscles, teeth contact,
dynamics, etc.) because this paper presents only a
test case to validate usage of the method. This
new approach will open new possibilities in the

field of computational mechanics in vertebrate
structures as Edingerella madagascariensis to
understand their feeding ecology and their biting
system in a dynamic point of view.

MATERIALS AND METHODS

Description of the Geometric Model

An FMSD analysis and an FEA were per-
formed in the skull of Edingerella madagascarien-
sis (a basal capitosaurian from the Early Triassic of
Madagascar). The specimen is stored at the
Museum National d’Histoire Naturelle (MNHN) in
Paris, with the labelling MSNM V2992 and was
described in detail in (Maganuco, 2009), being the
largest and most well-preserved specimen recov-
ered to date for this taxon. Capitosaurians are Tri-
assic temnospondyl amphibians characterized by
large, parabolic and heavy skulls as well as exten-
sive pectoral girdles, which have been widely stud-
ied using FEA (Fortuny et al., 2011, 2012a, 2012b)
but not using multibody approaches. 

The specimen comes from a siliceous nodule
and a cast made with silicon resins allowed us to
obtain a complete 3D skull with an exceptional
fidelity of skull details, including most the inner
regions without deformation (See Maganuco
(2009) for further details). The digital model of the
skull was obtained from a medical CT Siemens®
Sensations-16, at 140 kV and 150 mAs giving an
output of 512 x 512 pixels per slice. The pixel size
and the inter-slice space were 0.586 mm and 0.1
mm, respectively. 

It has been converted to a CAD model using
reverse engineering techniques (Marcé-Nogué et
al., 2011) solving the usual irregularities in the sur-
face due to the generation of the model from the
CT scan. To solve the irregularities, a refinement
and smoothing and/or a relaxation of some regions
of the geometrical mesh was done using AVIZO®.

Some inner regions as the air space between
the vomer and the skull roof bones, the endocranial
area and the inner part of the cultriform process
were reconstructed based in the descriptions by
(Bystrow and Efremov, 1940; Dutuit, 1976; Schoch,
2002). These issues were done using the CAD
interface of the Finite Element Package ANSYS
14.5 (Figure 1). 

A spider web of beams is built to connect the
areas of boundary conditions or forces with the
interface point where the force or the boundary
condition will be applied to ensure that the modal
reduction method can be carried out successfully.
In this case, a spider web of beam elements is cre-
3
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ated between the skull and the fixed boundary con-
ditions in the spine allowing for the movement of
the neck as described by (Hohn-Schulte et al.,
2013), this justifies the location of the rotation’s
center in the model.

This method is recommended because force
can be distributed over an area without the creation
of mass elements and moments are properly trans-
mitted from the interface point to the structure. It
also simplifies the multibody modeling.

Description of the Finite Element Model

The skull was analyzed to evaluate the stress
state using the Finite Elements Method Package
ANSYS® 14.5 for Windows 7 (64-bit system) in a
Dell Precision™ Workstation T7600 with 32 GB
(4X8GB) and 1600 MHz. Linear, elastic and homo-
geneous properties were assumed for the cortical
bone of the skull, using the following values: E
(Young’s modulus) 6.65 GPa and v (Poisson’s
ratio) 0.35, based on the frontal and prefrontal
bones from Crocodylus (Currey, 1987). A simple
mesh of 12880 nodes and 54337 linear tetrahedral
elements of four nodes were created with beam

elements in the spider web connecting the spine
with the skull.

An arbitrary force of 800 N is applied in the
anterior part of the skull simulating different feeding
movements according the three different cases
described in Figure 2. Although this value is arbi-
trary, taking into account that most of the ultimate
strengths in bones are between 100 and 200 MPa
(Currey, 1990), this force fits the Von Mises Stress
values around this maximum values giving the
examples more realistic results. The skull is fixed in
the condyle following the two cases described
below with or without a web of beams acting as
boundary conditions.

Description of the Multibody Model

The multibody model was created in the MSC
Software ADAMS® for Windows XP (64-bit sys-
tem), and it is based on the input created by modal
analysis performed in ANSYS. The goal of modal
analysis in structural mechanics is to determine the
mode shapes and corresponding frequencies of a
structure during constrained vibration and defor-
mation modes due to unit displacements (Bampton
and Craig, 1968). It is common to use FEA to per-
form this analysis because when using FEA, the
object being analyzed can have an arbitrary shape,
as a vertebrate skull. The data between the soft-
ware are transferred only once. In case of ADAMS
multibody package coupling is done through the
so-called Modal Neutral File (MNF), which is a pro-
prietary file format that allows porting the flexible
body description from finite element software to
Adams. The multibody model consists of one flexi-
ble body that represents the skull; fixed joint con-
necting the head to the ground; and a three
component force that can be adjusted to produce
the different test cases. As the simulation starts,
the force is linearly ramped from zero to the final
value (800 N) within 0.5 seconds, to represent
quasi-static force application and avoid the need
for the initial static optimization. Dynamic simula-
tion solver is used with standard integrator settings
(integrator: GSTIFF, formulation: I3, error norm:
0.001, maximum iterations allowed for conver-
gence: 10).

Test Procedure

Two different problems were solved. One,
where the constraints are applied directly to the
surface nodes of the model (cases A), and the sec-
ond one, where an auxiliary constrain node is cre-
ated and connected with the nodes to be fixed by
rigid massless beams (cases B). In the first

FIGURE 1. Simplification of the center of head move-
ment as a joint in extinct Temnospondyli amphibian
when biting. Elaborated from the original image
(en.wikipedia.org/wiki/File:Jammerbergia_for-
mops.jpg). Under license: CC BY-SA 3.0 (creativecom-
mons.org/licenses/by-sa/3.0/).
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approach, the fixed boundary conditions are
applied in the skull whereas in the second, the
interface points in the spine are fixed. For each
problem three cases are solved modifying the
direction of the applied force in the three principal
axes as shown in Figure 2. For each case, first, a
static structural analysis is done using FEA and the
second, different solutions are obtained in function
of the number of modes used: 30, 50, 100 and 200
using the FMSD.It is important to state that case A
was presented just to visualize the caveats of mod-
eling boundary conditions, while case B is the cor-
rect modeling technique of an FMSD model. The
elapsed time spent for ANSYS to solve the static
structural FEA is 30 seconds for each case. On the
other hand, the elapsed time spent for ANSYS and
ADAMS to solve the FMSD range from 3 minutes
(30 modes) to 16 minutes (200 modes). It has to be
noted that in the case of FMSD 3 seconds of
motion with 0.01 s time step are solved in the given

time, which gives only 3.2 s per time step com-
pared to 30 seconds of FE simulation time.

The Von Mises stress results were evaluated
at nine different nodes scattered on the surface of
the skull, which are indicated in Figure 3. The
stress values computed by the flexible multibody
approach were compared to the results of the cor-
responding finite element analysis. To assure that
the nodal values compared between models
solved in the FEA and in the FMSD are exactly the
same and that the models are compatible, when
the MNF is created, the numeration of the nodes is
checked, and the boundary conditions and the
forces are applied at the same nodes. We assume
the finite element analysis here as the reference
data just to compare different modeling techniques,
but it has to be noted that in order to truly validate
any numerical model with respect to reality, experi-
mental measurements should be used.

FIGURE 2. Studied test cases of different feeding movements when applying a force F=800 N in the direction of the
red arrow (when the force is perpendicular at the view the red arrow is a red dot). Case 1A, 2A and 3A with a fixed
boundary condition in the condyle without the web of beams. Case 1B, 2B and 3B with the web of beams in the con-
dyle and a fixed boundary condition.
5
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RESULTS

Static analysis with Finite Element Analysis
was conducted. Two test cases were evaluated,
with direct application of constraints on the surface
nodes of the model (test case A), and with the
massless beams connecting the surface nodes to
the constrain nodes (test case B). Figure 4 shows
the Von Mises stress distribution in the skull
obtained for the static analysis in FEA in the cases
described in Figure 2 with the web of beams (case
B) and without (case A). The numerical results are
recorded in nodes from the nine different locations
in the skull in order to compare the results obtained

from the FMSD with the ones obtained in FEA.
Numerical results for test cases A and B are pre-
sented in the Table S1 and Table S2 of the supple-
mentary information, respectively. The Von Mises
criterion is an isotropic criterion traditionally used to
predict the yielding of ductile materials such as
metals. Bone could be considered brittle (Doblaré
et al., 2004) or ductile (Dumont et al., 2009) but,
according to Doblaré et al. (2004) when isotropic
material properties are used in cortical bone, the
Von Mises criterion may be the most accurate for
predicting fracture location regardless of its consid-
eration. 

The selection of these nine nodes is taking
into account that nodes close to the place where
the fixed boundary conditions are applied and
nodes close to the point where the force is applied
are not selected to avoid results affected by the
artificial noise in the Von Mises stress values. The
artificial noise is a numerical singularity, which
appears close to some boundary conditions, punc-
tual forces and sharp angles in the geometry. It is
well-known in the field of FEA and shouldn’t be
considered in the analysis of the stress results of
the models (Marcé-Nogué et al., in press). The res-
olution of the static analysis helps in the selection
of those nine points.

Dynamic Analysis with Flexible Multibody 
System Analysis

Two test cases were evaluated, with direct
application of constraints on the surface nodes of
the model (test case A) and with the massless

FIGURE 3. Locations of the nine nodes at which the
stresses were evaluated.

FIGURE 4. Von Mises stress distribution in the skull for the Static Analysis in FEA in cases 1A, 2A, 3A, 1B, 2B and
3B.
6
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beams connecting the surface nodes to the con-
strain nodes (test case B).

For solving the FMSD, firstly 200 modes of the
skull have been obtained from a modal analysis in
both cases A (without the web of beams) and case
B (with the web of beams). Figure 5 and Figure 6
show the first 12 modes of both cases and Table
S3 and Table S4 in the supplementary information
show the values of the frequencies for the 200
modes for test case A and B, respectively. The first
modes contribute the most to the total strain
energy of the model.

To compare the different results of stress
obtained when different numbers of modes are
used, an error is evaluated between FEA and
FMSD results. The percent error between the Von
Mises stress obtained in the FEA and the FMSD is
evaluated according to equation 1 where the
numerical results of von Mises stress obtained
using FEA (σFEA  in the equation 1) and FMSD

(σFMDA in equation 1) can be checked in Table S1
and Table S2 of the supplementary information.

The stress results error is presented in Table 1
for the case where the boundary conditions were
applied directly on the nodes. Results for cases
with massless rigid beam connections are pre-

sented in Table 2. The mean of the error value for
the nine cases is calculated for all the cases and
also shown in the table when different numbers of
modes are used in the FMSD. 

Finally a summary of the mean error for each
test case versus the number of deformation modes
used is presented in Figure 7. It shows that for the
case 1A, 2A and 3A, where the constraint are
applied directly to the surface nodes of the model
without the spider-web beams, the overall error is
higher than, 70% in case 1A, 55% in case 2A and
20% in case 3A. And the tendency of this error
does not vary considerably when the number of
deformation modes used in Craig-Bampton is
changed. This incorrect result agrees with the fact
that case A is not usually the correct way to model
an FMSD problem and was presented as a warn-
ing for the readers. On the other hand, for the
cases where an auxiliary constrain node is created
and connected with the nodes to be fixed by rigid
massless beams (the right way to model an FMSD
problem), the overall error decreases to values
lower than 5% when the number of deformation
modes increases.

It must be taken into account that when
describing the overall accuracy, dealing with single
node values does not give the clear picture of the
method accuracy. Therefore, average values are
used in comparisons. Differences that were larger
than the average occurred on nodes which are
subjected to very low stress, thus numerical error

(1)

FIGURE 5. First 12 modes of the skull in case 1 (without web of beams in the model).
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has greater influence than the stress result itself
here.

DISCUSSION

The methodology presented herein was not
used before to study the feeding mechanism of
vertebrate structures. It is important to differentiate
the FMSD, which couples the equations of the
MSD and the FEA during the simulation from the
other excellent approaches that can be found in
the literature. Firstly, in Curtis et al. (2009, 2010a),
Bates and Falkingham (2012) and Snively et al.
(2013) only the MSD equations are used to deter-
mine the forces that are acting in the model without
any interaction with FEA and secondly, in Moazen
et al. (2008a) and Curtis et al. (2011) there is a
combination between MSD and FEA but they are
not coupled during the simulation. Uncoupled anal-
ysis does not account for strains being a result of
dynamics response of a flexible object. Also
uncoupled analysis in this case means remarkably
higher computational expense for evaluation of the
stresses for each single time step instead the cou-
pled analysis proposed herein.

Multibody dynamics as well as its sibling
called flexible multibody dynamics are methods
that aim to make transient analysis of systems’
dynamics. Of course, it is possible to use those
methods in quasi-static analyses as it has been
done in the past in biological research, but then the

full potential of the method cannot be used. The
frequently used method, referred to as linear the-
ory of elastodynamics, is based on rigid multibody
simulation followed by finite element analysis. The
drawback of the methodology is that to assess
stresses through the whole simulation cycle, one
has to perform many finite element analyses. In
case of using flexible multibody dynamics, dynamic
simulation output contains stresses for each single
time step of the simulation. This is why we believe
this methodology has more potential than the
widely used theory of elastodynamics.

In this case example, first the MSD is solved
to transfer the forces to the FEA and study the
structural problem. Such an approach in this partic-
ular case does not create significant error; how-
ever, it assumes that the deformation of the
structure does not affect the dynamical behavior,
which can be questioned. In other words, even
though the structure is to some extent flexible, it is
considered rigid, and the flexibility is only used to
assess internal forces and deformation.

In case of the systems which exhibit relatively
large flexibility, the goal of the floating frame of ref-
erence formulation is to account for deflections in
the dynamic response of the system (Shabana,
1997). There is, however, no obstacle in using
floating frame of reference formulation for relatively
stiff systems like bones. Rigid multibody dynamics
does not allow accounting for internal loads like
stresses and strains. Accounting for flexibility is

FIGURE 6. First 12 modes of the skull in case 2 (with the web of beams in the model).
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just a way to enable internal load estimation in the
multibody approach. Floating frame of reference
formulation is one of such approaches that is very
efficient, thus it allows one to study stresses within
bones, induced during the chewing process.
Achieving the same effect using only a finite ele-

ment approach would require a much higher com-
putational power and memory.

Nonetheless, using the new methodology
FMSD, the results summarised in Figure 7, clearly
indicate that the number of deformation modes has
a remarkable effect on the results accuracy. As it
could be expected based on the linear theory of

TABLE 1. Equivalent Von-Mises stress results errors at

selected nodes - test cases 1A, 2A and 3A.

Node
Number of deformation modes

30 50 100 200

CASE 1A

1 82.90 82.78 82.36 82.85 

2 85.66 79.91 77.62 79.12 

3 60.68 60.50 61.06 62.51 

4 89.31 92.46 92.50 92.55

5 58.79 55.99 56.90 55.03 

6 58.05 64.87 58.97 56.90 

7 62.55 65.68 64.33 68.78 

8 76.09 73.25 70.97 72.00 

9 81.80 86.90 88.08 88.21 

MEAN 72.87 73.59 72.53 73.10 

CASE 2A

1 91.56 93.37 92.73 92.75 

2 12.70 11.53 12.07 4.87 

3 84.30 93.84 92.17 92.84

4 86.21 92.02 87.62 87.61 

5 45.39 53.29 60.72 60.95 

6 42.78 6.67 9.71 3.07 

7 76.60 79.19 79.47 80.21 

8 8.07 4.42 9.63 17.00 

9 84.33 88.19 87.05 87.82 

MEAN 59.11 58.06 59.02 58.57 

CASE 3A

1 22.21 2.80 6.49 4.76 

2 26.98 46.79 43.21 36.63 

3 68.08 39.08 31.28 28.06 

4 18.79 27.90 27.64 26.30 

5 27.26 19.76 26.71 23.41 

6 41.70 32.73 11.88 29.92 

7 22.32  13.33 11.90 12.86 

8 34.07 15.54 7.66 24.33 

9 18.31 18.48 13.50 15.49 

MEAN 31.08 24.05 20.03 22.42 

TABLE 2. Equivalent Von-Mises stress results errors at

selected nodes - test cases 1B, 2B and 3B.

Node
Number of deformation modes

30 50 100 200

CASE 1B

1 10.50 2.27 6.30 0.45 

2 0.44 0.56 0.61 0.27

3 1.60 4.74 0.29 1.83 

4 5.63 0.02 0.53 0.56 

5 4.70 1.93 5.13 0.87 

6 0.10 3.25 6.07 3.17 

7 2.42 1.17 1.22 0.18 

8 0.99 4.00 2.64 0.31 

9 10.57 2.37 1.83 0.13 

MEAN 4.10 2.26 2.74 0.86 

CASE 2B

1 6.83 9.87 2.30 2.72 

2 0.93 0.15 0.06 0.04

3 21.79 2.22 1.04 2.27 

4 0.17 0.98 0.36 0.27 

5 7.87  3.55 4.66 3.81 

6 8.69 8.87 2.45 0.43 

7 0.52 0.57 0.71 0.31 

8 9.68 5.01 1.47 0.46 

9 2.07 0.63 0.34 0.09 

MEAN 6.51 3.54 1.49 1.16 

CASE 3B

1 10.47 18.44 1.90 9.29 

2 3.67 21.38 0.41 8.04

3 38.24 3.41 3.76 2.14 

4 105.10 17.50 1.46 0.38 

5 17.93 10.01 3.61 1.53 

6 41.06 6.96 21.15 5.79 

7 18.23 1.85 5.46 0.06 

8 10.86 10.32 7.35 0.52 

9 18.86 12.31 5.08 4.18 

MEAN 29.38 11.35 5.58 3.55 
9
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elasticity (Slaughter, 2002), the higher the number
of deformation modes used, the more accurate the
results. However, using 100 deformation modes
already lowers the maximum error below 6%. The
tradeoff between accuracy and speed of this
method in biomechanical studies was presented in
an earlier conference paper (Kłodowski et. al.,
2011).

Application of boundary constrains has the
most significant effect on the results. For the same
conditions, the difference between direct and
through beams constraint application can account
for as much as 72.24%. In the case of modal
reduction, direct application of constraints (such as
case A) will result on their penetration further
through the model, and this is what causes large
discrepancies between modally reduced models
with directly applied constraints and full finite ele-
ment models. Indirect constraints applications,
however, are proven to solve the problem (case B).

Load direction also has an effect on the
results accuracy. The longitude direction, which
results in tension of the specimen, produces signifi-
cantly less accurate results than loads causing
bending. Interestingly, the bending stiffness does
not affect the accuracy in any significant manner. It
can be seen comparing bending in the test cases 1
and 2, where the bending stiffness differs signifi-
cantly, while the error difference is minor.

Biting results in dominating bending load in
the jaw as well as in the skull, thus for such appli-
cation, the flexible multibody approach seems to
be a good tool. By using FMSD, the whole chewing

process could be studied not limiting the research
to sole biting. The way boundary conditions are
applied in the finite element model has a dramatic
effect on the modal analysis results. Therefore it is
advised to use massless beams as connectors of
the surface nodes to the constraint nodes, to
enhance accuracy of the simulation. In the current
study, the error level using direct constrains on sur-
face nodes varied between 20% and 75%. Using
intermediate beam elements to apply boundary
constrains reduced the error to the range of 0.86%
to 30% depending on the number of deformation
modes used. In such constrain configurations; use
of at least 100 deformation modes restricts the
error to maximally 5.58%. This conclusion opens a
wide range of possible new studies in the field of
paleontology and computational mechanics to
improve the knowledge in this area about feeding
mechanisms.

The approximation of stresses and strains in
this method is independent of source of loading.
For test purposes, we have conducted a simulation
with constant force value, but the solver utilized
was set for dynamic simulation and actually a cou-
ple of seconds of constant load was simulated.
Therefore, reasonable approximation of stresses is
also to be expected from a simulation where the
external force is time dependent and, conse-
quently, the analysis is dynamic.

Large differences between finite element
stress values and FMSD stresses for a low number
of deformation modes are a result of approximation
of the stresses within the skull. It has to be noted

FIGURE 7. Average error with respect to the number of deformation modes used.
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that the far location of the node with respect to
boundary conditions does not guarantee automati-
cally high accuracy of the approximated stress
results; however, the nodes in direct proximity to
the boundary conditions are affected more by the
constrain conditions than nodes located further
from the constrain application nodes. Therefore,
modally reduced model should always be verified
with respect to the original FE model to determine
if the number of deformation modes and boundary
conditions applied are providing accurate enough
stress approximation.

As in any modeling technique based on
reduction of the models, the results are approxi-
mated as compared to the full scale model. This
means that, using a low number of deformation
modes can lead to significant errors. This behavior
is analogical function approximation. For simple
functions low order polynomials will work great, but
for complex functions, higher order polynomials or
more complex functions have to be used, other-
wise the errors will be significant. Thus, care must
be taken to choose a sufficient number of modes
(that are a sort of approximation function) to repre-
sent the original model with required accuracy.

CONCLUSIONS

Uncoupled analysis of MDA and FEA have
been used before to estimate forces acting on a
skull and then applied to a Finite Element Model of
this same skull to obtain patterns of strain and
stress across it (Moazen et al., 2008a, 2008b,
2009a, 2009b; Curtis et al. 2008, 2010a, 2010b,
2011). Those results have been combined with
knowledge of evolutionary paths to develop
hypotheses regarding the genetic and epigenetic
factors that shape the skeleton or the feeding
mechanism in vertebrate structures.

In the work presented herein, a coupling of
MDA and FEA was presented for a flexible multi-
body approach. According to the results presented
herein for the comparison of FMSD and a static
structural FEA, the use of this new and challenging
approach is also recommended for the study of
feeding mechanisms in vertebrate structures such
as the skull of an Edingerella madagascariensis
when a dynamic analysis is to be tested. 
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