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Abstract

Hexahedral finite element mesh development for anatomic structures and biomedical implants can
be cumbersome. Moreover, using traditional meshing techniques, detailed features may be
inadequately captured. In this paper, we describe methodologies to handle multi-feature datasets (i.e.,
feature edges and surfaces). Coupling multi-feature information with multiblock meshing techniques
has enabled anatomic structures, as well as orthopaedic implants, to be readily meshed. Moreover,
the projection process, node and element set creation are automated, thus reducing the user interaction
during model development. To improve the mesh quality, Laplacian- and optimization-based mesh
improvement algorithms have been adapted to the multi-feature datasets.
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1. Introduction

Computational models of joint anatomy and function provide a means for biomechanists,
physicians, and physical therapists to understand the effects of repetitive motion, acute injury,
and degenerative diseases. Furthermore, such models may be used to improve the design of
prosthetic implants. The ability to develop models on a patient/subject specific basis, in a rapid
and reliable manner, can facilitate the understanding of biomechanics and can be used in a
variety of applications in the medical and safety arenas. Amongst the existing numerical
methods, Finite Element Analysis (FEA) is the most widely used due to its broad range of
applicability and its ability to represent complex geometries such as anatomical structures
[1-3]. Of the many applications, FEA is commonly used for orthopaedic implant design [4—
6], implant structure interaction [7], bone remodeling [8] and joint contact mechanics [9]. FEA
gives insight into the behavior of the structures being analyzed by augmenting physical
experimentation. Oftentimes FEA is the only choice where physical experimentation is not
feasible.

Mesh generation is a necessary step in any finite element analysis. Inevitably, it constitutes the
bulk of the setup time for a problem. The time devoted to model development varies with the
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user, the pre-processing software, and the structure under consideration. By and large, the time
required to generate a mesh increases with increased structural complexity. This is especially
true of anatomic modeling where the structures to be meshed are anything but regular. The
increase in time is attributed in part to the fact that the quality of the computed solution and
the solution time are highly dependent on the quality of the mesh and the chosen element type.
While free-form meshing schemes using tetrahedral elements are widely employed, it is well
known that hexahedral elements would, in many cases, be more effective for analysis.
Tetrahedral meshes typically require 4-10 times more elements than a hexahedral mesh to
achieve the same level of accuracy [10-12]. As a result, there is an increase in computational
cost. Likewise, in response to high deformations and/or nearly compressible materials, low
order tetrahedral elements tend to be overly stiff and lock. Unfortunately higher order
tetrahedral elements are prone to inversion, or turning inside out. Mesh generation consisting
entirely of hexahedral elements, however, can be a daunting task, which is amplified when
irregularly shaped structures are considered.

Few meshing strategies, or more specifically pre-processing packages, have been designed
with an emphasis on anatomic model development. Commercial meshing tools are typically
geared toward meshing engineering components (in the form of geometric data) with regular
geometry and dimensions. Hence, they are often not suitable for meshing the irregularities of
anatomic structures (in the form of discrete data), especially when a mesh consisting of
hexahedral elements is desired [13,14]. The amount of time required to generate a mesh of
high quality with traditional commercial software can be prohibitively expensive, oftentimes
precluding their use in analyzing a large number of data sets. Hexahedral meshing methods
targeting anatomic structures have recently been proposed. For example, octree-based [15],
octree coupled with dual-contouring [16], and marching cubes coupled with sheet insertion
[17] are some of the proposed methods. Each of the aforementioned techniques start with a
voxel mesh from which the final mesh is sculpted along with the use of buffer layer insertion
and node movement based mesh quality optimization [18]. Although such techniques yield
meshes of high quality, element size and orientation control remains a challenge. This challenge
can be addressed with the multiblock meshing technique which affords greater control over
element size and orientation [19] as compared to the previously mentioned techniques. This is
important because properly chosen element size and orientation aids in efficient modeling of
anatomic structures.

Toward addressing the challenges of anatomic mesh generation, we established an open source
finite element pre-processing environment called IA-FEMesh (lowa FE Mesh) to accelerate
the development and improve the quality of anatomic finite element models
(http://www.ccad.uiowa.edu/mimx/IA-FEMesh/) [19]. IA-FEMesh employs an interactive
multiblock meshing technique. In brief, the models initiate with a triangulated isosurface (STL
or VTK format) of the structure of interest. Anatomic models, for example, may be generated
directly from a segmented image data set (i.e., CT or MR), while triangulated surfaces
generated from geometric surfaces may be used to mesh an implant. Thereafter, an arrangement
of building blocks is positioned about the surface to best replicate the basic geometry of the
structure. Building block generation is an important and often challenging step in the meshing
process. The meshing algorithms implemented in IA-FEMesh to date, rely on closest point
projection to map the multiblock nodes/elements to the surface of interest. Interactive tools
provide the user control over block vertex placement, and hence indirectly the control over the
placement of the nodes assigned to the block edges and faces.

As the level of structural complexity increases, the current multiblock meshing technique may
prove insufficient (e.g., the dataset is limited to a single closed surface). Such techniques alone
may fail to place/maintain nodes at the desired locations, thereby resulting in a loss of mesh
fidelity, distorted elements, and/or an overall poor mesh quality. This is most prevalent in
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regions of high curvature or at abrupt changes in geometry. For example, consider a cylindrical
surface (Fig. 1a). Unfortunately, the closest point projection technique does not guarantee that
the nodes along the edges of the block project to, nor stay on, the periphery of the cylindrical
end cap (Fig. 1b). As illustrated in Fig. 1b, geometric features such as ridges and corners
frequently require special attention/treatments to achieve a high degree of geometric fidelity
(i.e., the mesh illustrated in Fig. 1c). Moreover, mesh improvement strategies must strive to
preserve such features while improving the mesh quality. Consequently, our goal is to use the
features inherent to a structure as a meshing aid.

The objective of this study was to develop proof of concept meshing strategies for addressing
the challenges of meshing anatomic structures and biomedical implants. The ultimate goal is
to accommodate multi-feature datasets in a multiblock framework while reducing/easing the
user interaction during mesh development. Towards addressing this issue, the following
techniques have been devised and tested: (1) automated and user defined feature edge
definitions; (2) automated entity projection calculations based on a novel ‘number of
neighbors’ rule; (3) node and element set creation based on the projection entity calculation;
and (4) Laplacian- and optimization based mesh improvement algorithms for multi-feature
data sets. Orthopaedic related examples are highlighted to illustrate the capability of the
proposed methods.

2. Methods

In brief, each mesh initiates with a triangulated surface, or surfaces, of the structure of interest.
Thereafter, additional structural features may be generated either automatically through feature
extraction or manually via interactive user tracings. A multiblock structure is sculpted about
the surface(s) such that the block vertices capture the features. The computed projection entities
(i.e., edge, face, and block) are used to generate the mesh and define associated node and
element sets. If need be, the element quality of the mesh is improved. The meshing workflow
is depicted by the flow chart in Figure 2.

2.1. Feature edge definition

Feature edges may be defined automatically by extracting the boundary edges and/or sharp
surface edges from a polygonal dataset (i.e., triangulated surface) (Fig. 3a). A boundary edge
is defined as an edge that is used by only one polygon, while a sharp surface edge is shared by
two polygons whose dihedral angle is greater than a specified value (in Fig. 3b a value of
900 is specified). Situations arise when a structure would benefit from user defined feature
edges. Consequently, we have enhanced our earlier tracing methods [20] to interactively draw
acontour directly on the surface using an advanced interactive 3D widget (Fig. 3c). This widget
allows for flexible assignment of control points on the surface of interest; the number and
location of the points can be varied interactively. Once the control points have been defined,
the shortest path between successive control points along the surface of interest [21] is used to
define the feature edge (Fig. 3c inset).

2.2. Block structure entities

The basic entities of a block structure, in the order of dimension, include: vertices (0D), edges
(1D), faces (2D), and blocks (3D). During the projection procedure, a series of projection entity
lists were established/maintained. These lists catalog all building block vertices and edges to
be projected onto a given feature edge, all building block faces to be projected onto a given
surface, and all blocks associated with a given surface. The techniques used to generate and
maintain the respective lists are detailed below for each block entity. Hereafter, for illustration
purposes ‘V’, ‘E’, ‘F’ and ‘B’ are used to denote the aforementioned block entities,
respectively.
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The following conditions hold true during the projection process: (1) If a vertex of the building
block structure is within a user-specified distance of a given feature edge, then the vertex is
designated to be projected onto that feature edge as opposed to the closest point on the surface;
(2) If the two vertices that define an edge of a block project onto a feature edge, then the edge
of the block projects onto the feature edge; and (3) If all four vertices of a block face project
onto a surface, then the block face is designated to project onto the surface.

The following assumptions were enforced to ensure satisfactory performance of the multi-
feature projection techniques: (1) if a feature edge is an open contour, the open ends of the
contour cannot be represented by a single building block edge (Fig. 4a). Hence, the edge should
either be divided (Fig. 4. b) or the contour should be closed (Fig. 4c) so as to ensure satisfactory
projection; (2) a feature edge must lie on the surface of interest; (3) Unintended boundary edges
caused by missing surface polygons must be avoided; and (4) If a surface is an open volume
with a topological hole, the hole in the surface cannot be represented by the building block
faces that are designated to be projected onto the surface (Fig. 5a). Hence, the building block
face should be subdivided such that the subdivided faces are no longer projecting onto the
surface (Fig. 5b) or the topological hole on the surface should be patched (Fig. 5c) for
satisfactory projection.

2.2.1. Vertex—In an effort to accommodate the multi-feature definitions and to ease the mesh
generation process, visual feedback is provided to the user by assigning feature dependent
colors. Accordingly, we have developed building block editing operations to accommodate the
color-coded feature definitions (Fig. 3d). For example, as the user manipulates the vertices of
abuilding block structure within a specified tolerance of a given feature, the sphere representing
that vertex changes color to match that of the feature edge. This visual feedback helps to ensure
that vertices, edges, and faces will be projected onto the desired feature of interest. This color
coding scheme facilitates vertex visualization especially in cases of complicated building block
structures. Based on the vertex projection information, the projection of the remaining building
block entities can be established.

2.2.2. Edge—Once the vertices of a block are designated for projection onto a given feature
edge, the associated edges, must too project accordingly. Care was taken to ensure that internal
edges represented by vertices assigned for projection, must not be projected onto the feature.
For example, consider two building blocks used to define a cylindrical surface (Fig. 6a).
Circular contours defining the periphery of each end cap were automatically extracted as
feature edges (Fig. 3b). With six vertices positioned within tolerance of each feature edge,
ideally only the six external edges (E1—Eg) bounding an individual contour would be projected
onto this feature (i.e., contour). To avoid projecting the internal edge(s), both the edges (E;—
E-) and faces (F; & F») defined by these vertices were identified (Fig. 6b). All edges common
to adjacent faces were removed from the list designated for projection. This would correspond
to eliminating edge E7. The resulting entities to be projected are shown in Figure 6¢. In some
instances, an internal edge may not be common to two faces designated for projection (Fig.
6d). For example, using the aforementioned protocol, edges E;—Eg were retained and
designated for projection onto the contour (Fig. 6e). Edge E1, however, represents an internal
edge and should be removed from the list of projected edges. Consequently, a ‘number of
neighbors’ rule was implemented, such that a given edge is retained if, and only if, it has a total
of two neighboring edges sharing a common vertex. For example, as illustrated in Figure 6e,
edge E1 has four neighbors, while edges Eo—Eg each have three, or fewer, neighbors.
Consequently, the edge with the most neighbors (E;) is removed from the projection list (Fig.
6f). The number of neighbors associated with each edge remaining in the list is recalculated,
and the process repeats itself until only those edges with two or less neighbors remain. As
illustrated, after the removal of edge E1, the number of neighbors for each of the edges Eo—
Eg is two.
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2.2.3. Face—The aforementioned logic was extended to the block faces (Fig. 7). If, for
example, two blocks (B4 and B») share a common face, the common face (F1) is removed from
the list of entities to be projected. Moreover, a check of neighboring faces is performed.
Neighboring faces share an edge. In order to be retained, the count of neighboring faces may
not exceed four. As illustrated in Figure 7a, Face F1, has eight neighboring faces. Consequently,
had both blocks not been considered for projection, the face would be eliminated based on the
number of neighbors rule.

2.2.4. Block—Types of feature surfaces used for mesh generation can broadly be classified
as: 1) Open surface (e.g. articular cartilage surface), 2) Closed surface within a closed surface
(e.g. brain containing a tumor), and 3) Surfaces abutting each other without overlap (e.g. labrum
surface abutting the cartilage surface). The procedure used to generate a list of blocks associated
with a given surface is illustrated with an example of a cylinder within a cylinder (Fig. 8a). If
an exterior face of the block structure projects onto a surface, the block coupled to the face
becomes associated with that surface. As a result, all of the outer blocks would be associated
with the outer cylinder (Fig. 8b). For the remaining internal blocks, a block is associated with
the smallest closed surface volume within which the centroid of the block lies. It should be
noted that a block can only be associated with one surface. As illustrated in Fig. 8a, the centroid
of the inner block lies within both the inner and the outer cylinder. The inner cylinder has the
smaller volume thus requiring that the inner block be associated with the inner cylinder (Fig.
8c).

2.3. Mesh generation

Once the building block structure has been established, mesh seeds are assigned to the
individual blocks. Mesh seeding specifies the subdivision of individual blocks, which in turn
controls the number of elements in the final mesh. The steps for the creation of the finite element
mesh are as follows,

1. Arrectilinear grid structure is created from the initial mesh seeding.
2. The grids corresponding to the blocks are considered one by one.

3. The nodes making up the edges of the block structure are either projected (if the edge
is a part of the edge projection list) onto the designated feature edge or recalculated
using linear interpolation.

4. The faces are either projected (if the face is part of the face projection list) onto the
designated surface or interpolated using elliptical interpolation [22].

5. The interior nodes of the grid are interpolated using elliptical interpolation.

6. Steps 3-6 are repeated for all blocks in the block structure to form the final projected
mesh.

2.4. Node and element set creation

The aforementioned meshing strategy readily enables the nodes and elements to be grouped
automatically for material and load/boundary assignments (Fig. 9). Consider the mesh created
(Fig. 9a) from the features and block structure shown in Figure 8a. For example, nodes
projecting onto a feature are grouped together to form a node set. Figure 9b illustrates the nodes
corresponding to the feature edges and nodes corresponding to the outer cylinder surface (the
nodes corresponding to the inner cylinder are not shown). Elements associated with the blocks
that are in turn associated with feature surfaces are grouped together to form element sets.
Figure 9c shows the element sets created for both the inner and outer cylinders. The elements
rendered in wireframe constitute the element set representing the outer cylinder and the element
set rendered in solid corresponds to the inner cylinder.
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2.5. Mesh quality improvement

The closest point projection scheme used to place nodes on features can result in a node
distribution that is less than optimal. The node distribution directly impacts the quality of the
mesh which in turn impacts the accuracy of the finite element analysis. Hence, mesh
improvement strategies involving Laplacian and optimization based methods have been
implemented [23] in the meshing workflow. Here nodes are divided into (1) feature associated
nodes (hodes projecting onto a feature edge or surface) and (2) independent nodes (all other
nodes). Feature associated nodes are repositioned using Laplacian smoothing [24]; followed
by the repositioning of independent nodes using optimization based methods [18,25]. Laplacian
smoothing is carried out in two stages. In the first stage of the Laplacian smoothing, nodes
associated with feature edges are smoothed. In the second stage of the Laplacian smoothing,
nodes associated with surfaces are smoothed. The feature edge node sets are constrained in the
second stage of the Laplacian smoothing. The nodes during Laplacian smoothing are always
projected back onto the feature of interest during smoothing.

In the next step of mesh improvement, independent nodes are repositioned to improve the mesh
quality by optimization based methods while feature associated nodes are constrained. In
optimization based methods, mesh quality metrics are used as the objective functions for
minimization. Of the mesh quality metrics, Jacobian based metrics are commonly used due to
their strong mathematical background [26]. The optimization based mesh improvement method
used here incorporates mesh untangling [18] followed by shape improvement [25]. In the mesh
untangling phase, nodes in an element with non-positive Jacobian are repositioned so as to
make the Jacobian positive. In the shape improvement phase, the inverse mean metric ratio
function is used to make the element angles as orthogonal as possible thus improving the mesh
quality.

2.6. Orthopaedic Applications

3. Results

To test the applicability of the methods described, models representing a femoral component
of a total knee replacement (TKR) (Fig. 10) and a distal femur with cartilage (Fig. 11) were
created. Three feature edges were extracted from the triangulated surface of the TKR to aid
the meshing processing (Fig. 10a). The distal femur model consisted of two triangulated
surfaces, one characterizing the femoral surface and the other defining the articular cartilage
surface. The feature edge indentifying the periphery of the articular cartilage was projected
onto the surface of the femur as a second feature definition (Fig. 11a, inset). Building block
structures (Fig. 10b and 11b) closely resembling the structures of interest were generated. The
tolerance used for the placement of block vertices was 0.5mm. Mesh seeds were assigned to
the ensuing block structure and the nodes projected according to the techniques described
herein. The resulting mesh definitions are shown in Figure 10c and Figure 11c. Mesh
improvement strategies described previously were applied to the mesh definitions. In each
case, three iterations of Laplacian smoothing were applied to the feature associated nodes. For
the independent nodes, a minimum scaled Jacobian of 0.05 was specified for all the meshes
during the mesh untangling step. After the mesh untangling step, three shape improvement
iterations were applied.

and Discussion

In the absence of additional feature information, the minimum scaled Jacobian of the resulting
cylindrical mesh (Fig. 1b) was 0.22. This metric increased to 0.44 with the supplemental feature
edge data (Fig. 1c). Moreover, the average scaled Jacobian for the respective models increased
from 0.58 to 0.76, thus indicating an overall improvement in mesh quality. The cylindrical
mesh exemplifies the ability to enhance model fidelity by capturing the features and improving
the overall element quality.
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Figure 10d and Figure 11d illustrate the resulting mesh definitions for the TKR and the distal
femur models, respectively. The resulting meshes were generated in a matter of minutes. The
elements of each mesh (Fig. 10d and Fig. 11d) exhibit a positive scaled Jacobian after mesh
quality improvement operations (Table 1); thus, making the meshes suitable for analysis. The
minimum and maximum values of the scaled Jacobian for both examples were 0.05 and 0.99,
respectively. The average scaled Jacobian value for the TKR was 0.85, while that of the distal
femur was 0.81.

Numerous finite element models of orthopaedic structures exist and based on the type of
elements, the models can be classified as containing tetrahedral, hexahedral, and mixed
(containing both tetrahedral and hexahedral elements) meshes. It is generally accepted that
hexahedral elements perform better in non-linear analyses [10]. Hence, the majority of the
models contain hexahedral meshes [27-29] as compared to tetrahedral [30] or mixed [31]
meshes. Bendjaballah et al. [29] have used a method to generate the hexahedral mesh but do
not document the procedure to vary the mesh size, which is important in mesh convergence
studies. In our method, the mesh density can be changed by changing the mesh seeding, thus
simplifying mesh convergence studies. The knee mesh used by Haut-Donahue et al. [28] in the
tibio-femoral contact is generated from planar projection which works well if the surface being
meshed is nearly planar. The planar projection method might not be applicable for the surfaces
with complex topology. In our method, use of closest-point projection ensures satisfactory
meshing of surfaces with complex topology. Mixed mesh has been used to study the joint
contact in the hip by Anderson et al. [31] and in the knee by Baldwin et al. [32]. The cartilage
(region of interest) is modeled using hexahedral elements and the bone with tetrahedral
elements. The tetrahedral and hexahedral elements are tied at their interface. But, mixed meshes
cannot be used where the studies in interfacial stress transfer is of importance. In our method,
the elements at the interface (cartilage and bone in Fig. 11d) have node to node correspondence,
thus making the method suitable for interfacial stress transfer studies.

Other multiblock methods are available to mesh the examples highlighted herein [13,14].
Rarely, however, do the existing methods consider discrete triangulated surfaces as input, but
use geometric/parametric data such as spline curves and NURBS surfaces. If the existing
methods were applied to discrete datasets their use would be cumbersome at best, as the
methods would require additional tools to convert discrete data to geometric/parametric data.
The data conversion is required to generate a four sided geometric surface patch for each
external block structure face. The surface patches are used in deciding the location of external
nodes of the ensuing mesh. The size and the location of these geometric patches should be
decided by the user thus requiring inordinate amount of preplanning. In our method, the closest
point projection employed automatically places the external nodes on the surface without any
user intervention thus reducing the time required to generate a mesh. To quantify the time
required, a comparative study has been carried out previously comparing our method to other
meshing techniques [33] and the study found a marked decrease in the time required to generate
meshes. Multiblock based preprocessors [13,14] require the user to specify whether a given
block entity is to be projected, and if so, where it projects. The complexity of manual projection
specification increases with block structure complexity. In our method, automated calculation
of projection edge and face lists using the ‘numbers of neighbors’ rule addresses this difficulty.
For the examples chosen herein, the models were generated in matter of minutes. Moreover,
the accommodation of multiple surface designations enables the node and the element set
definitions to be automated, thereby further reducing the time devoted to mesh development.
This is particularly helpful because anatomic structures are oftentimes multi-material datasets.

Future endeavors include generalizing the multi-feature techniques, thereby enabling countless
models to be developed with ease. Moreover, we are addressing mesh improvement techniques
aimed at both the internal and external node definitions. For example, automating various
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gridding patterns at the block level are being considered. The internal mesh quality may be
improved if the blocks are arranged in a butterfly pattern [34,35], as opposed to the rectilinear
pattern. Rather than rely on manually defining such patterns, our goal is to automate the
definitions thereof. Laplacian smoothing is used to improve the 3D surface mesh quality. The
Laplacian smoothing is a heuristic method which repositions the nodes based on the average
distance to the connected neighbor. Deterministic methods such as optimization-based methods
perform better as compared to heuristic methods. Hence, optimization6é based methods are
being explored for the improvement of the 3D surface mesh.

4. Conclusions

Our new method of mesh generation involves multiple discrete features, which makes it ideal
for generating meshes of anatomic structures as well as implants. Automated calculation of the
projection entities along with automated node and element set creation is incorporated to reduce
user interaction. Mesh improvement algorithms have been implemented to improve mesh

quality. We have demonstrated the application of the method for orthopaedic structures. Our
goal is to generalize the techniques such that they may be applied to wide range of problems.
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Fig. 1.

Cylinder with ends capped: (a) The triangulated surface, (b) the finite element mesh without
capturing the cylindrical end caps, and (c) the finite element mesh generated by capturing the
cylindrical end caps via feature edge definitions.
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Fig. 2.
Flow chart of meshing workflow.
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Fig. 3.

Feature edge definition: (a) The triangulated surface, (b) Automated feature edge extraction,
(c) An example of a manually defined feature edge, (d) the proposed building block editing
operation with color-coded feature dependent attributes.
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Fig. 4.

Building block edge definition for open contour, vertices colored green - designated to be
projected: (a) Nodes on edge E; should not be projected because of open contour, (b) split the
edge E; resulting in edges E1; and E1», the resulting edges are not designated to be projected
onto the feature edge, and (c) closed contour ensures satisfactory projection of edge E;.
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Fig. 5.

Building block face definition for open surface (cylinder without end caps), vertices colored
green - designated to be projected: (a) Nodes on face F4 should not be projected because of
open surface, (b) split the face Fq resulting in faces F11, Fq2, F13 and Fy4, the resulting faces
are not designated to be projected onto the surface as the center vertex is not designated to be
projected, and (c) Patched surface ensures satisfactory projection of face F;.
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Fig. 6.

Computation of projection edges: (a) Block structure with two blocks with an edge common
between faces F1and F»,(b) edges identified to be projected onto the feature edge, with interior
edge Ey7 falsely identified to be projected, (c) edge E; removed from the list, (d) interior edge
not common to two faces, (e) list of projection edges with interior edge E; falsely identified
to be projected, and (f) edge E;1 removed after the application of *‘Number of neighbors rule’.
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Fig. 7.
Computation of projection faces for block structure with two blocks: (a) Face F; falsely
identified to be projected, and (b) updated projection face list after removal of face F;.
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Fig. 8.
Computation of associated blocks: (a) Block structure for cylinder within a cylinder data set,
(b) blocks associated with the outer cylinder, and (c) block associated with the inner cylinder.
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Fig. 9.

Automated creation of node sets: (a) Mesh corresponding to cylinder within a cylinder dataset,
(b) nodes colored yellow associated with the outer surface(blue and red — associated with the
feature edges), and (c) nodes associated with the inner surface.
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Fig. 10.

Femoral component of a total knee replacement device: (a) Triangulated surface definition
(white) with feature edges (blue), (b) building block structure, (c) femoral component mesh
before mesh improvement, and (d) after mesh improvement.
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Fig. 11.

Distal femur with cartilage dataset: (a) Triangulated surface definition of femur (white),
cartilage (red) and feature edges (blue), (b) building block structure, (c) corresponding mesh
(femur(white) and cartilage(red)) before mesh improvement, and (d) after mesh improvement.

Comput Aided Des. Author manuscript; available in PMC 2011 December 1.



Page 22

Shivanna et al.

910 180 660 500 zL8y aBeIIED Y1 Inwa-
€10 580 660 500 2891 ML
120 9,0 0T w0 18 (2anyea4-nINA) J3pUIlAD
620 850 96'0 440 18 13puIlk
Ae@ P1S | ebesany | wnwixew | wnuwiunn
uelgooer Pajess SJUBWIa[T JO #
‘uelqooer pajeds — Aujenb yssw Buninssy
T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Comput Aided Des. Author manuscript; available in PMC 2011 December 1.



