Simulation Ready Anatomy Model Generation
Pipeline for Virtual Surgery

Abstract

For surgery simulation application, a high
quality anatomical model is very important
not only for rendering but also for physics
simulation. =~ Many commercial 3D human
anatomical models on the market can only
be used for visualization rather than physics
simulation because of the non-manifold geo-
metric degeneracies (such as self-intersection,
non-watertight, noise, inter-penetrations etc.).
In this paper, we proposed a simulation ready
model generation pipeline which can convert
a non-manifold polygonal surface mesh into
a degeneracy free surface mesh (simulation
ready state) while preserving the original
model’s surface parameterization attribute. Our
pipeline includes two stages. The first stage is a
voxelization and remesh based simulation ready
model generation pipeline which can keep the
shape of original 3D surface model meanwhile
eliminate the ill shaped and degenerated poly-
gons. The second stage is the main contribution
of this paper. A cutting based surface mesh
parameterization transfer algorithm is proposed
which can transfer the original surface param-
eterization (UV mapping especially the UV
seam) to the simulation ready model. It solves
the parameterization space distortion problem in
state-of-art tools when performing surface pa-
rameterization transfer and result is compared.
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1 Introduction

A realistic 3D anatomical model is of great im-
portance to medical applications such as surgery

simulation. In the current market, there are a
lot of 3D human anatomical models which often
includes complete set of human anatomies such
as muscles, organs, skeletons and nerve system
etc. Those models are mostly created by 3D
artists who work under the guidance of medical
practitioners or human anatomy structure books.
However, when artists create those models, they
focus more on the visual appearance. To achieve
complex shapes and structures especially for ju-
nior artists, they may use irregular primitives
to approximate the shape of the real anatomy
structure. Due to the complexity of anatomic
structure, non-manifold geometric degeneracies
(such as self-intersection, non-watertight, noise,
inter-penetrations etc.) are always inevitable
during the modeling process. Although such ar-
tifact will not influence the rendering effect, it
makes the anatomical model can not be used for
continuum mechanics based physics simulation.

In surgery simulation, continuum mechanics
based soft body simulation is widely used which
requires the anatomical model having a solid
structure (not empty inside). Tetrahedralization
is a popular way to solidify surface mesh into
solid structure but it requires the surface model
to be self-degeneracy free and watertight. If the
model have those properties and can be directly
used for tetrahedralization to generate the solid
structure object, we call it simulation ready
model or a model in simulation ready state.

For the development of surgery simulator,
using existing 3D anatomical models on the
market rather than modeling everything from
scratch is a cost saving choice especially for
small companies or research groups which have
inadequate support from professional digital
artists. To convert existing anatomical models
into a simulation ready model, manual fixing us-



ing 3D content creation tools is a tedious and
time consuming process. An automatic conver-
sion pipeline, which can be treated as a black-
box and does not influence traditional artistic
pipeline, will liberate artists from tedious works
and improve the working efficiency. During the
conversion process, there are mainly two chal-
lenges. The first is how to generate a simula-
tion ready model which can efficiently get rid of
the ill shaped and degenerated polygons in origi-
nal model without manual fixing. The second is
how to transfer the original mesh’s surface pa-
rameterization attribute to the newly generated
simulation ready model without distortion.

In this paper, we proposed an automatic
pipeline that converts the poor quality anatom-
ical model into simulation ready model while
preserving the original model’s surface param-
eterization property. The pipeline is composed
of two stages. In the first stage, the original
mesh is sent to a voxelization and remesh based
pipeline which can keep the shape of original 3D
surface model but eliminate the ill shaped and
degenerate polygons without influencing exist-
ing artistic pipeline. In the second stage, a cut-
ting based surface mesh parameterization trans-
fer algorithm is proposed which can transfer the
original surface parameterization (UV mapping)
to the simulation ready model without distortion
in the parameterization space, which is the main
contribution of this paper.

2 Related Works

For the anatomy modeling, the ideal pipeline is
to obtain 3D anatomy model from patient spe-
cific CT or MRI data. However, the labeling
of the interested anatomy area from CT or MRI
data is normally manual based and inaccurate.
Digital modeling based on coarse CT and MRI
data is popular in surgery simulator develop-
ment but the polygon quality of the mesh nor-
mally are not good, which will influence the
simulation accuracy and stability. There are a
lot of commercial 3D human anatomical models
on the market but most of them can only be used
for visualization rather than physics simulation
because of poor mesh quality and non-manifold
structure.

The process of optimizing a poor quality non-

manifold 3D surface model into a simulation
ready model is a geometric processing prob-
lem. Traditional geometric processing tech-
niques such as split, collapse, fuse operation
on vertex, edge, face etc [1] can be helpful in
fixing the geometric degeneracies but they of-
ten require the human intervention to get de-
sired result. A practical framework for the auto-
matic generation of finite element ready meshes
based on subject-specic segmented MRI data
is proposed in [2]. They resolves the noise
and self-intersections mesh artifact by using sur-
face smoothing and region grow based method.
However, their solution only limited to triangu-
lar mesh. They didn’t proposed any solution on
other artifacts such as mesh degeneracy, non-
closed mesh etc. In fact, instead of working
on the trivial polygon representation level, those
non-manifold geometry optimization problems
can also be solved from the perspectives of voxel
representation, which can facilitate the detec-
tion of self-intersections and other degeneracies
using signed distance field (SDF). It is non-
trivial to get rid of the non-manifold geometry
by performing the topological operations ( such
as union, intersection and difference etc.) based
on the SDF. The volumetric data can be repre-
sented on Cartesian, unstructured, Octree grid
[3]. The Cartesian grid is convenient for fast in-
terpolation, level set schemes such as marching
based method [4], which has been widely used
in game and VFX industries[5].

After the voxelization step, an isosurface
mesh can be extracted based on the SDF. How-
ever, the original source mesh’s surface param-
eterization information will be lost in the iso-
surface mesh as the topology of the new mesh
is different from the original one. To preserve
the source mesh’s surface attribute, the transfer
of the surface properties between the source and
the target mesh is the key technique during this
process.

Transferring surface properties from source
mesh to target mesh is an important research
topic in computer graphics, which includes de-
tail synthesis [6], shape analysis[7], texture
synthesis[8] and surface editing [9] etc. In our
case, the input mesh is a non-manifold geometry
with self-intersections and other degeneracies,
the output target mesh is a high quality simu-
lation ready polygon model. To match the orig-



inal mesh to the newly generated target mesh,
finding correspondences between two surfaces
[10] is needed before transferring surface prop-
erties. The classical shape correspondence ap-
plications involves two steps: shape alignment
[11] and feature matching[12]. In our case, the
target mesh is generated from the source mesh.
The target mesh has already preserved the shape
of the original mesh but with different polygon
representation so that shape alignment step is
not necessary. We only need to match the fea-
ture of source and target mesh, and transfer the
texture color and surface parametrization.

For the texture color transfer problem, there
are mainly two general approaches. The first
one builds a common parameterization which
is used as a mapping from the source surface
to the target surface [13]. The smoothness of
the mapping will affect the scale of local distor-
tion. This method will preserve large scale pat-
tern in textures but suffer from local scale distor-
tion especially when the shape variation is large
between source and target mesh. Texture syn-
thesis, as the second approach, is a process of
constructing large images from exemplar by pre-
serving its structural content and detail feature.
The traditional methods in texture synthesis is a
process of pixel-based neighborhood-matching
which finds the best matching pixel between
partially synthesized neighborhoods and exem-
plar neighbours [8]. This method is able to re-
produce the small scale details of the texture but
can not well preserve the large scale patterns.
The above methods will inevitably produce dis-
tortion which are not suitable for our case.

Beside the distortion problem, texture discon-
tinuity across the UV seam (chart boundary) is
another issue when transferring texture color.
UV seam of the texture atlases will produce
discontinuities artifact because the neighbouring
points on the mesh surface may be far away from
each other in the parameterization space (UV
space). There are many works [14][8][15] on
solving the problem of UV seam discontinuity.
However, those methods focus on healing the
UV discontinuity problem based on the original
mesh’s polygon representation but they are not
suitable for our case because we focus on trans-
fer surface parameterization property between
two surfaces of different polygon representation.
Instead of solving the UV discontinuity on origi-
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Figure 1: First stage of voxelization and remesh
based simulation ready model genera-
tion pipeline.

nal mesh, we need to preserve the source mesh’s
UV parameterization for the target mesh and en-
sure the original UV parameterization causes no
artefact (UV space element stretch around UV
seam) on the target mesh.

Compare to the existing methods, most of cur-
rent texture transfer techniques can only main-
tain the texture color and inevitably cause distor-
tion to some extent. In our case, we need the tar-
get mesh not only inherit the source mesh’s tex-
ture color but also the parameterization because
the parameterization information may be needed
for other purposes, such as bleeding, burning ef-
fect etc in surgery simulation. In modern dig-
ital content creation tools such as Maya, Hou-
dini, Blender etc., all support proximity based
attribute transfer however this method will cause
artifact in surface parameterization space (see
more details in section 5). In this paper, we solve
the texture transfer problem using a cutting and
remesh based technique which retains the orig-
inal mesh’s surface property and eliminates the
distortion problem during the transfer process.

3 Voxelization Based Mesh
Optimization

The common way of constructing the volume
representation is to convert the explicit geome-
try representation into a signed distance function
¢(x). The signed distance function computes
the minimum distance from a given point X to
the boundary (¢(x) = 0) on the mesh, with a
positive value sign outside the domain and neg-
ative value sign inside the domain.



For the input non-manifold geometries with
self-intersections and degenerate elements, they
are firstly converted from the explicit polygon
presentation into a signed distance function ¢(x)
(level set) using scan conversion [16][17]. The
gradient of the signed distance function can pro-
vide geometric information. The resolution to
sample the SDF will determine how well the
volumetric data represent the shape of the input
polygon geometry. In the center of each voxel
data, a distance field sampled value is stored.

After building the signed distance function for
input geometries (see result in algorithm proce-
dure description figure 1), the SDF can easily get
rid of self-intersections and degenerate elements
of the input geometries (called source mesh) us-
ing the simple and fast topology operations be-
tween distance fields such as the union, differ-
ence and intersection.

After the topology modification, the volumet-
ric representation of the desired object’s shape is
obtained. Then the volumetric data needs to be
converted back into the polygon mesh, which is
a process of surfacing the volumetric data along
the specified iso value. However, there are two
challenges for the output isosurface. Firstly, the
quality of the isosurface is dependent on the res-
olution of the voxel size. Secondly, the new
mesh will lost the surface parameterization in-
formation (UV coordinate) in the original mesh.

For the first challenge, in order to maintain
the source mesh’s shapes and details of the in-
put polygon geometries, small voxel size is often
used, which normally will create high density
polygons (see the isosurface in figure 1). Here
we apply remesh technique to reduce the poly-
gon count while preserve isosurface’s shape.
This remeshed model can be used as a simula-
tion ready model, we call it as the target mesh

For the second challenge, unwrapping the tar-
get mesh and creating new surface parameteri-
zation for it is quite inefficient which is no eas-
ier than fixing mesh degeneracies piecewisely.
In the following part, a cutting based surface
parameterization transfer method is proposed
which can transfer the source mesh’s surface
parameterization information to the target mesh
without introducing distortion.

Point

3D World space coordinate

Primitive Z\

Basic polygon element

uves

Texture coordinate for
each index

J Target Mesh Source Mesh D

Intermediate Mesh A

Figure 2: Basic Notion of Geometry

4 Parameterization Transfer

4.1 Basic Notion

Before introducing our method, some basic ge-
ometric notions are firstly introduced. As can be
seen in figure 2, point is simply a point in world
space as defined by a 3D coordinate. Vertex is
an integer reference (index) to the point. Primi-
tive consists of a group of vertices that indicate
the basic element of the mesh. The point can
be shared among primitives but the vertices are
unique in each primitive which means a point
can be referenced by several different vertices in
different primitives. In each primitive, each ver-
tex has its own texture coordinate (UV coordi-
nate). The original input mesh is defined as the
source mesh and the remeshed isosurface gen-
erated from the voxelization step is defined as
target mesh. The projection of the target mesh
onto the source mesh’s surface is defined as the
intermediate mesh which is used to transfer at-
tribute from source mesh to the target mesh. For
each vertex on the intermediate mesh, it lays in-
side a primitive on the source mesh. This prim-
itive is defined as the host primitive for interme-
diate mesh’s vertex.

4.2 Method Overview

To transfer the surface parametrization (UV
mapping) information from the source mesh to
the target mesh, it is natural to transfer the sur-



face attribute from the source model to the clos-
est location on the target mesh. However, this
method will also transfer the UV seam from the
source mesh to the target mesh, which will re-
sult in the UV space stretch for the polygons
that cross the UV seam on the target mesh. To
solve this problem, our idea is to project the
target mesh onto the source mesh and dissect-
ing the target mesh based on how the interme-
diate mesh is dissected by the UV seam’s cor-
responding edges ( defined as UV seam edges)
on source mesh, which can completely elimi-
nate the UV space stretch artifact. Then use
the newly generated dissected edge as the hard
edges and feed the dissected target mesh into a
remesher to generate the final good quality sim-
ulation ready model, which can completely in-
herit the surface parameterization of the source
mesh without distortion.

4.3 UV Island Based Surface
Parameterization Transfer

When performing the surface transfer operation,
identify the location where the surface attribute
is transferred from is important. Due to the
shape of the target mesh is conform to that of
the source mesh, it is natural to transfer the sur-
face attribute from the source mesh to its closest
location on the target mesh. The transfer pro-
cess is performed by iterating the source mesh’s
vertices and piece-wisely transferring attribute
to each vertex on the target mesh. For the i-
th vertex on the target mesh, its corresponding
point x; is projected to the source mesh’s surface
(projection position x¥). x? is used as the in-
termediate for the transfer which means surface
parameterization attribute is firstly transferred
from source mesh to intermediate x? and then
this attribute is copied to its corresponding ver-
tex on the target mesh. The transfer operation is
based on barycentric coordinate. For each x, a
barycentric coordinate w; can be computed from
the host primitive it is projected onto, w; € R*
where k is the number of vertices in this primi-
tive (mostly £ = 3 or 4). If k is larger than 4,
the source mesh can be triangulated or quadran-
gulated to meet this standard. Then x?’s surface
parameterization attribute (uv; € R?) is com-
puted by barycentrically interpolating the corre-
sponding vertices’ parameterization attribute on

World Space UV Space

Stretch Artifact

Casel

World Space UV Space

World Space

Source Mesh
UV Mapping

(O uvisland

Source Mesh
Primitive
Intermediate
Mesh Primitive

Figure 3: The UV space stretch artifact.

source mesh. Then assign uv; to the correspond-
ing i-th vertex on the target mesh.

However, this method will generate artifact.
As can be seen in figure 3 (case 1, World Space),
the intermediate mesh’s primitive may cross the
source mesh’s UV seam in the world space. If
the UV seam separates the source mesh into
several isolated UV islands, then the primitive
that cross this UV seam will be stretched in the
UV space, as can be seen in figure 3 (case 1,
UV space). This problem is caused by the fact
that the intermediate mesh’s vertices in the same
primitive belong to different UV islands, which
means the neighbouring points on the interme-
diate mesh surface are far from each other in the
parameterization space (UV space). When per-
forming the barycentric interpolation for those
cross UV seam primitives, their vertices will be
interpolated to different UV islands which cause
the distortion or stretch artifact.

To solve this crossing UV island artifact, en-
suring each intermediate mesh’s primitive is
barycentrically interpolated into the same UV
island will effectively alleviate this artifact. Be-



fore performing the barycentric based attribute
transfer, which UV island each primitive should
be interpolated into is needed to be identified.
For the intermediate mesh, the UV island (x;)
is firstly labeled for each vertex by assigning the
host primitive’s UV island ID to it. For the label-
ing of the primitives that cross the UV seam, we
compute the area portion split by the UV seam
and assign the largest portion’s vertex UV island
ID to all the vertices in this primitive, as can be
seen in figure 3(case 2). Although this method
may work for some models and artifact may not
be obvious, it still generates zigzag UV pattern
near the UV seam. However, if the UV seams
do not split the mesh completely into two sepa-
rate UV islands which means the area crossing
the UV seam share the same UV island ID. The
above method will still generate the UV space
stretch artifact near UV seams, as can be seen in
figure 3 (case 3).

In general, when transferring UV attribute, ar-
tifact is difficult to be avoided if the intermedi-
ate mesh’s primitives cross the UV seam of the
source mesh. To completely eliminate the UV
space stretch artifact, there should not be any
intermediate primitives cross the source mesh’s
UV seam. To achieve this, the intermediate
mesh’s primitives that cross the UV seams must
be split or adjusted to align with the UV seam.

4.4 UV Seam Based Primitive Cutting
Transfer

To split the primitives on the intermediate mesh
that cross the source mesh’s UV seam, inter-
section is tested between the primitives and
the corresponding edges of the UV seam. If
the intermediate primitive intersects with the
UV seam edges, corresponding primitive on the
target mesh will be dissected into refined prim-
itives according to how the intermediate prim-
itive is dissected by the UV seam edges. This
process is called as UV seam cutting based pa-
rameterization transfer. The idea proposed in
[18] is used which combines the vertex snapping
with the element refinement to avoid small or ill
shaped primitives. For the intermediate mesh’s
primitive which cross the UV seam, the polygon
area is measured on both side of the UV seam. If
the polygon area ratio is too large or too small,
the vertex will be snapped onto the seam instead
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Figure 4: UV seam based primitive cutting.

of being split.

After this operation, there will be no primi-
tives crossing the UV seam. And then the UV
island based surface parameterization transfer
operation is performed (see section 4.3), there
will be no artifact near the seam between two
different UV islands, see figure 4 (a). For the
seam that splits the same UV island, when com-
puting the barycentric coordinates for the newly
generated vertices that lay on the UV seam,
we use the rule that the vertices in the same
primitive (on the target mesh) should use the
same host primitive (on source mesh) to com-
pute the barycentric coordinate and transfer at-
tribute, can be seen in figure 4 (b). If not use
this rule, the vertices in the same primitive will
receive attribute from two different primitives on
the source mesh, resulting in UV space stretch
again.

Then the remesh technique [19] is applied to
optimize the shape of polygon by using the edge
that lay on the UV seam as hard edge. The hard
edge may be subdivided by remesher according
to the user-specified edge length for remesher,
but the hard edge shape will be preserved which
can avoid the UV space stretch. Till now the 3D
anatomy models with self-intersections and de-
generate elements can be converted into a sim-
ulation ready model using this pipeline while



preserving the original mesh’s surface parame-
terization. The whole procedure of the cutting
based surface parameterization transfer has been
summarized in algorithm 1.

Algorithm 1 Cutting Based Surface
Parametrization Transfer
1: Definition: target mesh (T), source mesh
(S), barycentric coordinate (w), uv coordi-
nate (av).

2: procedure UVTRANSFER(T, S)

3: Project T onto S to get intermediate
mesh I
4: for all primitive m; € I do
5: if ; intersect with UV seam then
6: Split ; into 7 (k = 1,2)
7 if 7% (k = 1,2) is ill shaped then
8: Perform vertex snapping
9: for all vertices x; € 7F(k = 1,2)
do
10: Compute w; for x;
11: Interpolate uv; using w;
12: Transfer uv; back to T
13: for all edge e,,, € 7(k = 1,2) do
14: if e,,, coincides uv seam then
15: Mark e,,, as hard edge
16: Feed T and all e,,, into remesher
17: Return simulation ready model T

5 Experiment and Results

5.1 Voxelization

The anatomy model used is a human kidney
which includes many parts such as renal pelvis,
adrenal gland, pyramid, artery and vein. The
quality of this kidney anatomy model is fair for
rendering. However, it does not meet the re-
quirement of physics simulation because it in-
cludes the irregular and ill shaped polygons,
self-intersection and not watertight etc., see fig-
ure 5.

The voxelization can be performed separately
on each part of the source mesh or the whole
mesh according to the requirement of simula-
tion. Due to the fact that each part of the
model may have different resolutions, perform
voxelization on the whole mesh may cause the
loss of detailed geometric features and change

irregular shaped polygon

Degenerate Primitive

a
Front Self Intersection
ill shaped polygon

Figure 5: Illustration of the artifacts in the ex-
periment model.
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Figure 6: Surface attribute transfer results.

the source mesh’s geometry group information
which will influence the artistic pipeline. Per-
form voxelization on each part of the source
mesh will capture the detail feature and make
each part of the model simulation ready. For the
purpose of better illustration, the experiment is
only performed on one part of the mesh (renal
pelvis). For other part of the mesh, the same
operation can be performed. In figure 7, high
resolution voxel can capture the detail of mesh
well which can be seen from the SDF and corre-
sponding isosurface. The quality of the isosur-
face will directly influence the final result of the
remesher. When sending isosurface to remesher
[19], the edge length of remesher can be fixed
or adaptive. For the adaptive remesh, the qual-
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Figure 7: Voxelization based mesh optimization pipeline and remeshed results. In the remeshed result,
the shape of source mesh (translucent purple layer) and remeshed model (solid pink layer)
is compared.

ity of the result is controlled by the gradation
[19] which means the rate that edge lengths are
allowed to change from one primitive to an-
other. The more accurate the isosurface is, the
better the remeshed model will approximate the
source model. How well the remeshed model
approximates the source mesh is measured by
relative surface distance (RSD). The surface dis-
tance (SD) between meshes is measured based
on Hausdorff distance [20]. The RSD equals
to SD divide the source mesh’s average edge
length. It can be seen from figure 7 that both
fixed and adaptive edge length can well cap-
ture the shape of the source mesh even choose
large edge length for remesher. Although the
shape of the remeshed model is not completely
the same as the source mesh, RSD of the high
voxel resolution remesh result in figure 7 (lower
row) shows that the distance between meshes is
no more than 16 percent of source mesh’s aver-
age length. Such small variance can satisfy the
need of most virtual surgery simulator for train-
ing purpose. The subtle shape different can be
solved using rendering technique like displace-
ment mapping. It will compute the displacement
from the target mesh to the source mesh along
the local surface normal. When rendering, the
target mesh will be displaced to the shape of
source mesh.

5.2 Surface Attribute Transfer

It can be seen from figure 6 (b) that transfer-
ring the UV parameterization without using the
UV island information will generate the UV
space stretch and obvious object space artifact.
This proximity based attribute transfer widely
adopted by digital creation software such as
Houdini, Maya. By taking into consideration
the UV island information (Figure 6 (c)), the
UV space stretch artifact can be alleviated but
the zigzag artifact near the UV seam and stretch
artifact still exist on the same UV island. In
Figure 6 (d), it can be seen that our method
can well eliminate the UV space stretch. Also,
our method can preserve the original mesh’s UV
density without detail loss and distortion, as can
be seen in Figure 8.

In figure 9, when applying our method on
each part of the kidney model, a simulation
ready model can be generated, which has good
quality polygon discretization and completely
inherit the source model’s surface parameteriza-
tion. Figure 9 also show the result of simulat-
ing the target mesh using finite element method
[21].
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6 Conclusion and Future Works

This paper proposed a simulation ready model
generation pipeline which can convert a poor
quality polygonal surface with non-manifold ge-
ometric degeneracies into simulation ready state
while preserving the original model’s surface
parameterization attribute. The main contribu-
tion of this paper is a cutting based surface pa-
rameterization transfer algorithm which can be
used to transfer the surface parameterization at-
tribute especially the boundary information (UV
seam) from the source mesh to the new target
mesh. It solves the parameterization space dis-
tortion problem in state-of-art tools when per-
forming surface parameterization transfer. As
this paper mainly focus on transferring surface
parameterization attribute between source and
converted mesh. Conversion accuracy is still an
issue especially for accuracy-oriented applica-
tion. In the future, the first stage of the pro-

posed voxelization and remesh based pipeline
can be improved. Although the voxelization and
remesh operation can maintain the shape of the
source mesh, there are still differences between
source and target meshs shape. Maximize the
conversion accuracy will be of great significant.
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