Dissection of Hybrid Soft Tissue Models Using Position-based Dynamics
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Abstract

This paper describes an interactive dissection approach for hy-
brid soft tissue models governed by position-based dynamics. Our
framework makes use of a hybrid geometric model comprising both
surface and volumetric meshes. The fine surface triangular mesh is
used to represent the exterior structure of soft tissue models. Mean-
while, the interior structure of soft tissues is constructed by coarser
tetrahedral meshes, which are also employed as physical model-
s participating in dynamic simulation. The less details of interi-
or structure can effectively reduce the computational cost of de-
formation and geometric subdivision during dissection. For phys-
ical deformation, we design and implement a position-based dy-
namics approach that supports topology modification and enforces
the volume-preserving constraint. Experimental results have shown
that, this hybrid dissection method affords real-time and robust cut-
ting simulation without sacrificing realistic visual performance.
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1 Introduction

In recent years, there have been remarkable progresses in the appli-
cation of virtual reality based (VR-based) surgery simulation and
training. Several successful VR surgical simulators have been de-
veloped [Simbionix ] [Pan et al. 2011] [Mao et al. 2013] with great
success. An essential component of surgical simulators is the tech-
nique that supports realistic dissection of soft, deformable tissues in
real time. The major challenge of dissection simulation is the effi-
cient and realistic integration of cutting into deformable models. It
necessitates the accurate modification of both geometric and topo-
logical representation for soft tissues in real time. In principle, soft
tissues can be represented by surface or volumetric models. Tetra-
hedral meshes, as one primary type of volumetric geometry, are fre-
quently applied to the cutting simulation since the interior structure
of objects must be present during virtual surgery for the purpose
of physical fidelity. However, the computational cost for topology
modification in volumetric models tends to be extremely high due
to its geometric and topological complexity [Wu et al. 2014]. In
contrast, surface mesh models are relatively easy to handle in de-
formation and dissection simulation [Pan et al. 2009]. Nonetheless,
it can not exhibit the interior structure of soft tissues to visually dis-
play the cutting result since the surface model is a simple skin that

*e-mail:pjunjun@bournemouth.ac.uk

Permission to make digital or hard copies of part or all of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for commercial advantage and that copies bear this notice and the full citation on the
first page. Copyrights for third-party components of this work must be honored. For all
other uses, contact the Owner/Author.

VRST 2014, November 11 — 13, 2014, Edinburgh, Scotland, UK.

2014 Copyright held by the Owner/Author.

ACM 978-1-4503-3253-8/14/11

http://dx.doi.org/10.1145/2671015.2671129

219

wraps around the model without volumetric substance.

In this paper, we introduce a hybrid geometric model comprising
both surface and volumetric meshes for interactive dissection sim-
ulation. For physical deformation, we improve the position-based
dynamics (PBD) [Muller et al. 2007], and devise a new method to
support the topology modification and enforce volume-preserving
constraints. Figure 1 intuitively illustrates the pipeline of frame-
work for our method.
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Figure 1: The framework of our dissection simulation method.

2 Hybrid Geometric Models

We use both the surface and volumetric models to describe soft
tissue. A fine triangular mesh is applied to represent the exterior
structure of soft tissue model. With an accurate geometric structure
and texture information at the detailed level, this surface model can
afford a realistic graphics performance. Meanwhile, we represent
the interior structure of soft tissue model with larger and coarser
tetrahedra. This tetrahedral mesh is also used as physical model
in deformation. The less details of interior structure can reduce
the computational cost in cutting and deformation. The volumetric
model is slightly larger than the surface model to make sure that the
tetrahedral mesh contains the triangular mesh completely. To gen-
erate the connection between tetrahedral model and surface model,
the coordinate mapping method in [Muller and Gross 2004] is used
to compute the geometry of surface mesh derived from tetrahedra.

3 Deformation Computing using Position-
based Dynamics

For physical deformation, we use the position-based dynamics (PB-
D) [Muller et al. 2007] method. And two types of constraints,
which are directly applied to the positions of tetrahedral vertices,
are considered. One is the stretching constraint. Another is the
volume-preserving constraint. In [Muller et al. 2007], authors pro-
vided the following equation to calculate the positional increment
Ap,.
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where C'(pq,...,p,,) is the constraint of an object for all of its
points: py,...,p,,, and V, C(py,...,p,,) is the constraint’s gradi-
ent at point p,. [Muller et al. 2007] only provides the formulation
of stretching constraint. We give the following equation to express
the constraint of volume conservation:

1
Cootume(P1, P2y P3, Py) = 6 (P —P2) % (P, —P3)]- (P, —P4)— V0,
2)

where V) is the original volume of tetrahedron before deformation.
From Eq.(1) we can get
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4 Interactive Dissection of Hybrid Soft Tis-

sue Models

Once the dissection starts on the surface mesh model, the cutting in
tetrahedral model and surface mesh model will be processed simul-
taneously. We treat the motion of scalpel as a finite length cutting
edge passing through a soft object. In our algorithm, the position of
line segment in both current and previous time step are stored to for-
m the sweep surface, which is built by connecting the correspond-
ing endpoints of the two line segments. To determine the sweep
surface and intersections created by the cutting edge, the following
two tests are required. One is to detect the intersection between
the scalpel tip path and the tetrahedral faces. The other is to detect
the intersection of the sweep surface and the tetrahedral (triangu-
lar) edges. We use the global search method to handle these two
detection tests because of the parallel characteristic of the global
search. If an intersection occurs, the intersection information of the
current tetrahedron (triangle) will be updated and the tetrahedron
(triangle) will be subdivided. We use the approach in [Steinemann
et al. 2006] [Pan et al. 2011] for the tetrahedral and triangular sub-
division. To update the PBD physical model, the processed stretch
and volume-preserving constraints shall be removed. And new con-
straints for the subdivided tetrahedra must be added as well. Finally,
once the scalpel has left the mesh surface, the cutting in tetrahedra
ends at the same time.

5 Experimental Results and Discussion

We have implemented our interactive dissection simulation tech-
nique using C++, OpenGL, CUDA, and OpenHaptics. All the ex-
periments run on a desktop with NVIDIA GeForce GTX 580, In-
tel(R) Xeon(R) CPU (2.53GHz, 8 cores), and 12G RAM. Our ex-
periment is cutting a liver model. The first row in Figure 2 illus-
trates the simulation results of a small incision on the surface of
liver tissue. Due to the influence of gravity and neighboring strain
in biological soft tissue, we can observe the incision grows bigger
afterwards. And at the initial frame before cutting, there is an ob-
vious deformation due to pressure on liver surface. It is realistic
and acts in agreement with the common understanding. The second
row in Figure 2 illustrates the procedure which is cutting off a piece
of tissue from the liver. The number of tetrahedra is 4079. The
time for simulation is 4.64ms with 3 5 iterations. We can observe
that our method easily handles the large topology and volumetric
structure change.

6 Conclusion and Future Work

We have designed an interactive dissection simulation approach
based on the position-based dynamics for hybrid soft tissue model-
s. Our method employs a hybrid geometric model comprising both
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Figure 2: The cutting simulation of liver tissue.

surface and volumetric meshes. The fine surface triangular mesh-
es with accurate geometric structure and texture are necessary for
soft tissues’ exterior representation, while the interior structure of
soft tissues are built up using coarser and larger tetrahedral mesh-
es. It significantly reduces the computational cost of deformation
and model refinement in cutting. Our physical deformation is gov-
erned by the improved position-based dynamics that accommodates
the topology modification and enforces the volume-preserving con-
straint. Based on our experimental results, we have shown this
new dissection method offers realtime and robust simulation with-
out sacrificing the realistic visual performance. In future, we plan
to further exploit the parallel acceleration and apply CUDA to both
deformation and geometric refinement during cutting simulation.
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