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ABSTRACT

Several authors have employed Finite Element Analysis (FEA) for stress and strain
analysis in orthopaedic biomechanics. Unfortunately, the use of three-dimensional models is
time consuming and consequently the number of analysis to be performed is limited.

The authors have investigated a new method allowing automatically 3D mesh generation
for structures as complex as bone for example. This method called Mesh-Matching (M-M)
algorithm generated automatically customized 3D meshes of bones from an already existing
model. The M-M algorithm has been used to generate FE models of ten proximal human
femora from an initial one which had been experimentally validated. The new meshes
seemed to demonstrate satisfying results.



1. Introduction

Finite Element (FE) analysis of muscular-skeletal systems has been developed in order to
assess strain and stress field within the different structures. This method presents a wide
range of application domains as bone remodeling analysis (Huiskes et al., 1993, 1991;
Weinans et al., 1991) , mechanical behavior of bones with or without an implant
(Prendergast et al., 1990, Rubin et al., 1993; Skinner et al., 1994; Kuiper et al., 1996; Mann
et al. 1995) and fracture process understanding (Vichnin et al., 1986; Lotz et al., 1991;
Janson et al., 1993). These analysis require to know the exact geometry and mechanical
properties of the different structures. Unfortunately, FE analysis are usually limited to only
one specimen due to the prohibitive amount of manual labor required to generate a three-
dimensional mesh. According to this reason, many two dimensional bone models have been
developed in the orthopaedic research field, offering thus the possibility of high 2D mesh
refinement, with a limited manual intervention (Brown et al., 1982; Carter et al., 1984;
Rybicki et al., 1972; Weinans et al., 1988). In practice, when 3D finite element analysis for
bone was carried out, some compromises were often made in terms of homogeneity
(Valliappan et al., 1977; Oonishi et al., 1983), symmetry (Huiskes and Heck, 1981) or mesh
refinement (Valliappan et al., 1977; Vichnin and Batterman, 1982). Moreover, 3D models,
based on “average” bone geometry, have also been developed (Lotz et al., 1988; Weinstein
et al., 1987), loosing thus any patient-oriented specificity. However, patient-specific three-
dimensional FE models are important as they would be a way of correlating mechanical
predictions with clinical results. This is the reason why the automated FE modeling of bone
by using CT scan voxels as developed by Keyak et al. (1990) presents a great interest.

The objective of the present paper was to suggest a new method allowing automatical 3D
mesh generation for structures with complex geometry as in case of bones. The Mesh-
Matching (M-M) algorithm has been used to generate automatically customized 3D meshes
of proximal femora from an existing 3D mesh.

2. Materials and Methods

The M-M algorithm is based on a registration method which was originally proposed for
applications in computer-integrated surgery (Lavallée et al., 1995, 1996; Szeliski et al.,
1996). This algorithm was applied here to infer an existing FE bone model to the same type
of bone but from another patient. This paper focused more specifically on the proximal
region of the femur (from the top of the head to the bottom of the lesser trochanter).

2.1 Mesh-Matching (M-M) algorithm.
This section presentes an outline of the elastic registration method which is used to deform
an object in order to match another object (Szeliski and Lavallée, 1996).

The idea consists of finding a transform T which is the combination of a rigid-body
transform R7, a global warping I and a local displacement function S built on a hierarchical
and adaptive grid of displacements basis (oct-tree splines) :

T,=RToWoS ()
Where p is a vector gathering the 6 parameters that defines R7, the 12 to 30 parameters that
defines W and the thousands of local displacement vectors that defines S.

Let M = {M,, i=1.N;} and P = {P;, i = 1..N;} be the sets of model and patient features,
obtained by segmentation algorithms. The elastic registration algorithm minimizes a least-
square criterion E(p), given by :
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Where R defines a regularization term which is applied to S in order to obtain a smooth
displacement function.
o is the variance of the noise of the measurement i (Besl and McKay, 1992).

dist is the distance between the set P and a point M;' (transformed by T). In that case, the
distance dist was a 6-D distance function, as proposed by Feldmar and Ayache (1996).
The optimization of E(p) is performed by using the Levenberg-Marquardt algorithm (Press
et al., 1992) and a modified conjugate gradient algorithm in the hierarchical representation
of T, in order to smooth the solution and to speed up the minimization

2-2 Finite Element meshing using the M-M algorithm

Transverse CT images (Siemens, DRH2) were performed on 11 cadaveric femora devoid of
pathological signs. One millimeter thick slices were performed at 3 mm interval for the
epiphyses and at 20 mm interval for the diaphysal region. Each image was subjected to an
edge detection to extract bone contour lines. Each contour line was defined by a finite
number of parametric cubic splines. The connection of cubic curves from two successive
slices provided the 3D bone surface.

Reference 3D mesh - The so called "reference 3D mesh" was manually obtained from one of
the femora by using hexaedric (8 nodes) and wedge (6 nodes) elements. The FE model
comprised 3572 3D elements and it has been widely validated by means of experimental
techniques. Mechanical properties of the bone were chosen from literature (Hobatho et al.,
1991) in case of cortical bone and from predictive relationships with the Computed
Tomography (CT) number (Couteau et al., 1998) in case of cancellous bone. Firstly, a
vibrational technique provided a good agreement between experimental resonant frequencies
and those obtained numerically. Secondly, extensometric measurements demonstrated
relatively low errors between experimental strains and those calculated numerically
(Couteau, 1997).

The mesh generation is particularly difficult in the proximal region of the femur because
element layer have to be, as far as possible perpendicular to the curved axis of the proximal
femur (Vander Sloten and Van Der Perre, 1995). This is the reason why the automatic mesh
generation was limited to the proximal femoral epiphysis. Consequently, the reference 3D
mesh was defined by the elements located between the top of the head and the bottom of the
lesser trochanter.

Patient specific data sets - The 3D surfaces of the other ten femora which were computed
from CT scans were meshed with 2D elements (quads and triangles) in order to obtain the
external points of the bone structure.

Then, the reference femur and each femur surface points were superimposed by using
centroids of each data set as well as principal axis of inertia. The next step was the matching
of the 3D reference mesh to the "target" points. (Fig.1) by means of the M-M algorithm.



Fig. 1 : Superimposition of the reference 3D mesh (gray) with the 3D surface target points
(black) from one of the ten others femora.

M-M algorithm application - The M-M algorithm computed first the volumetric function
T (1) that transformed external nodes of the reference mesh into surface "target" points.
This elastic volumetric registration took less than 30 seconds on a DEC Alpha 5000
workstation. Then this transformation T was applied to all the nodes of the 3D reference
mesh leading to the new 3D mesh (this step required less than 10 seconds). Fig. 2
illustrates the mesh generation of one femur based on the reference mesh transformation.

Fig. 2 : 3D mesh of the patient's femur (shaded gray) generated from the "reference" 3D
mesh (wireframe).

3. Results

The application of the M-M method to the ten proximal femora demonstrated successful
transformations. These have been tested by checking element distortion with respect to an
ideal shape. The mechanical software (MSC/Patran V7.5) checked the distortion of each
element through the angle between isoparametric lines of the element. Criterion of this test
consisted in verifying whether the angle was greater than 45° or less than 135° in order to
reduce the influence of the element distortion on the accuracy of the numerical integration
(Dhatt et Touzot, 1984). If the angle was found outside this range of values a warning
message was declared for the element. Our reference mesh had 14% of the elements with at
least one angle outside the 45°-135° range. Nevertheless, the mean value of the worst angles
of the declared distorted elements was equal to 35° and 75% of the distorted elements had
their worst angle between 30° and 45°. This was not so far from the reasonable range and



probably explained why the validation of the reference mesh was satisfactory. Concerning
the ten others meshes which have been generated from the reference mesh, the rate of
distorted elements was around 15% and the mean worst angle was equal to 34° (Fig. 3). The
percentage of distorted elements with the worst angle between 30° and 45° was around 72%.
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Fig. 3: Number of distorted elements in percentage of the total number of elements equal to 1758.
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According to present results, the M-M method does not seem to make the mesh worse in
spite of differences between femur geometries (Fig. 4.).
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Fig. 4: Geometry differences in respect to the geometry of the reference femur. Dimensions of height, neck r
and head diameter were given in % of the reference femur.

Actually, the differences between femur geometries have been quantified by comparing
geometrical parameters (height, neck @ and head (J) of the ten femora with that of the
reference femur. The maximum differences were around 25%, 30% and 23% for
respectively the height, the neck and the head diameters.

4. Discussion

The M-M method allowed the automatic generation of FE meshes of patient proximal
femora from an existing 3D model. For the ten patient femora tested in this paper, the
element shape checking was satisfactory in comparison with the reference model. Therefore,
the potential of the M-M method to mesh complex structures becomes evident. The
necessity of having an initial mesh can be seen as a disadvantage of this method.
Nevertheless, this can give the opportunity to have an optimal model with desired
refinement mesh regions according to the geometric irregularities. Comparing with the
automatic method introduced by Keyak et al. (1990), the advantage of the M-M method
consists in the smooth surface representation which allows to get strains at specific points on



the surface. Moreover, this method can be extended to all sorts of element (cubic,
tetrahedral, ...). In the light of these results, limits of the method do probably exist but they
were not yet reached there. Intrinsically, the elastic registration does not accept very
different shapes to match. The next step will consist in assessing the limits of the M-M
method by using it with very different sizes of basic shapes. Afterward, the M-M method
will be tested with hollowed shape in order to take into account the whole parts of long
bones.

To conclude, this paper has introduced a new method (Mesh-Matching algorithm) to
automatically mesh 3D structures in the framework of mechanical analysis by the Finite
Element Method. This method seems to show a great potential for the mechanical analysis
of structures and it probably represents a new approach in the meshing or re-meshing
techniques. Nevertheless, evaluation of the technique has to be performed on many kinds of
bone structures in order to clarify the limits of the algorithm.

Finally, the originality of this work lies in the found link between two different disciplines
belonging to the orthopaedic domain, i.e. computer-integrated surgery and mechanical
analysis.

Acknowledgments
Richard Szeliski and Eric Bittar are acknowledged for their contributions on the elastic
registration algorithm used in this paper. Marie-Christine Hobatho is acknowledged for her
initial collaboration.

References

Besl P.J. and McKay N.D., 1992. A new method for registration of 3-D shapes. IEEE Transactions
on Pattern Analysis and Machine Intelligence, 14(2): 239-256.

Brown T.D., Way M.E., Fu F.H. and Ferguson A.B., 1982. Some femoral head load transmission
changes occurring with infarction and with normal growth. In: Gallagher R.H. et al. eds, Finite
Elements in Biomechanics, New York: John Wiley, 269-294.

Carter D.R., Vasu R. and Harris W.H., 1984. Stress changes in the femoral head due to porous
ingrowth surface replacement arthroplasty. J.Biomechanics, 17: 737-747.

Couteau B., 1997. Modélisation 3D par la Méthode des Eléments Finis du fémur humain.
Application a 1'é¢tude des prothéses sur-mesure. Thesis of Paul Sabatier Universityr, Toulouse,
France, n°2677.

Couteau B., Hobatho M.C., Darmana R., Brignola J.C. & Arlaud J.Y., 1998. Finite Element
Modelling of the vibrational behaviour of the human femur using CT-based individualized
geometrical and material properties. J. Biomechanics, 31: 383-386.

Dhatt G. et Touzot G., 1984. Une présentation de la méthode des éléments finis. Collection
Université de Compiégne (Eds.), Maloine S.A. Editeur Paris, pp. 277-410.

Feldmar J. and Ayache N., 1996. Rigid, affine and locally affine registration of free-form surfaces.
Int. J. of Computer Vision, 18(2): 99-119.

Hobatho M.C., Ashman R.B., Darmana R., Morucci J.P., 1991. Assessment of the elastic properties
of human tibial cortical bone by ultrasonic measurements. In "In Vivo assessmentof bone quality
by vibration and wave propagation techniques" Edited by G.Van Der Perre, G.Lowet,
A.Borgwardt, 45-56, ACCO, Leuven.

Huiskes R. and Heck J.V., 1981. Stresses in the femoral head-neck region after surface replacement.
A three-dimensional finite element analysis. Trans. Orthop. Res. Soc., 6: 174.

Huiskes R., Weinans H., Van Rietbergen B., 1991. The relationship between stress shielding and
bone resorption around total hip stems and the effects of flexible materials. Clin.Orthop.247, 124-
134.



Huiskes R., 1993. Stress shielding and bone resorption in THA: Clinical versus computer-
simulation studies. Acta Orthop. Belgica, 59/suppl.1, 118-129.

Jansson V., Refior H.J., 1993. Mechanical failure of the femoral component in cemented total hip
replacement - a finite element evaluation. Arch.Orthop.Trauma.Surg. 113, 23-27.

Keyak J.H., Meagher J.M., Skinner H.B. and Mote C.D., 1990. Automated three-dimensional finite
element modelling of bone: a new method. J. Biomed. Eng., 12: 389-397.

Keyak J.H., Fourkas M.G., Meagher J.M. and Skinner H.B., 1993. Validation of an automated
method of three-dimensional finite element modelling of bone. J. Biomed. Eng., 15: 505-509.

Kuiper J.H., Huiskes R., 1996. Friction and stem stiffness affect dynamic interface motion in total
hip replacement. J.Orthop.Res., 14/1, 36-43.

Lavallée S., Sautot P., Troccaz J., Cinquin P., Merloz P., 1995. Computer Assisted Spine Surgery: a
technique for accurate transpedicular screw fixation using CT data and a 3D optical localizer. J.
Image Guided Surg., 1/1, 65-73.

Lavallée S., 1996. Registration for Computer-Integrated Surgery: Methodology, State of the Art. In
R. Taylor, S. Lavallée, G. Burdea & R. Mosges (Eds.), Computer Integrated Surgery, Cambridge,
MA: MIT Press: 77-97.

Lotz J.C., Hayes W.C. and Gerhart T.N., 1988. The structural contribution of cortical and trabecular
bone in the femoral neck. Trans. Orthop. Res. Soc., 13: 232.

Lotz J.C., Cheal E.J., Hayes W.C., 1991. Fracture prediction for the proximal femur using finite
element models: Partl-Linear Analysis. J. Biomech. Eng., 113, 353:360.

Oonishi H., Isha H. and Hasegawa T., 1983. Mechanical analysis of the human pelvis and its
application to the artificial hip joint - by means of the three dimensional finite element method. J.
Biomechanics, 16: 427-444.

Mann K.A.,.Bartel D.L, Wright M., Burstein A.H., 1995. Coulomb frictional interfaces inmodeling
cemented total hip replacements: a more realistic model. J.Biomechanics 28/9, 1067-1078,1995.

Prendergast P.J., Taylor D.,1990. Stress analysis of the proximo-medial femur after total hip
replacement. J.Biomed.Eng., 12/9, 379-382.

Press W.H., Flannery B.P., Teukolsky S.A. and Vetterling W.T., 1992. Numerical Recipes in C: The
Art of Scientific Computing, Cambridge, England: Cambridge University Press.

Rubin P.J., Rakotomanana R.L., Leyvraz P.F., Zysset P.K., Curnier A., Heegaard J.H., 1993.
Frictional interface micromotions and anisotropic stress distribution in a femoral total hip
component. J.Biomechanics 26/6, 725-739.

Rybicki E.F., Simonen F.A. and Weis E.B., 1972. On the mathematical analysis of stress in the
human femur. J. Biomechanics, 5: 203-215.

Skinner H.B., Kim A.S., Keyak J.H., Mote C.D., 1994. Femoral prosthesis implantation induces
changes in bone stress depend on the extent of porous coating. J. Orthop. Res. 12/4, 553-563.

Szeliski R. and Lavallée S., 1996. Matching 3-D anatomical surfaces with non-rigid deformations
using octree-splines. Int. J. of Computer Vision, 18(2): 171-186.

Valliappan S., Svensson N.L. and Wood R.D., 1977. Three dimensional stress analysis of the human
femur. Comput. Biol. Med., 7: 253-264.

Vander Sloten J., Van Der Perre G. The influence of geometrical distrotions of three-dimensional
finite elements, used to model proximal femoral bone. Proc.Instn.Mech.Engrs. 209, 31-36.

Vichnin H.H. and Batterman S.C., 1982. Effects of cortical bone anisotropy on prothesis stem
stresses. Trans. Orthop. Res. Soc., 7: 277.

Vichnin H.H. and Batterman S.C., 1986. Stress analysis and failure prediction in the proximal femur
before and after total hip replacement. ASME Journal of Biomechanical Engineering 108, 33-41.
Weinans H., Huiskes R. and Grootenboer H., 1988. The mechanical effects of fibrous tissue

interposition at the cement-bone interface in THA. Trans. Orthop. Res. Soc., 13: 502.

Weinans H., Huiskes R., Van Rietbergen B.,. Sumner D.R, Turner T.M., Galante J.O., 1993.
Adaptative bone remodeling around bonded noncemented total hip arthroplasty: a comparison
between animal experimants and computer simulation. J.Orthop.Res. 11/4, 500-513, 1993.

Weinstein A.M., Koeneman J.B. and Hansen T.M., 1987. Finite element analysis of a composite
material hip stem. Proc. 13th Ann. Meet. Soc. Biomat., New-York, June 1987: 264.



