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ABSTRACT

This paper systematically describes an interactive dissection approach for hybrid soft tissue models governed by extended
position-based dynamics. Our framework makes use of a hybrid geometric model comprising both surface and volumet-
ric meshes. The fine surface triangular mesh with high-precision geometric structure and texture at the detailed level is
employed to represent the exterior structure of soft tissue models. Meanwhile, the interior structure of soft tissues is con-
structed by coarser tetrahedral mesh, which is also employed as physical model participating in dynamic simulation. The
less details of interior structure can effectively reduce the computational cost during simulation. For physical deformation,
we design and implement an extended position-based dynamics approach that supports topology modification and material
heterogeneities of soft tissue. Besides stretching and volume conservation constraints, it enforces the energy preserving
constraints, which take the different spring stiffness of material into account and improve the visual performance of soft
tissue deformation. Furthermore, we develop mechanical modeling of dissection behavior and analyze the system stability.
The experimental results have shown that our approach affords real-time and robust cutting without sacrificing realistic
visual performance. Our novel dissection technique has already been integrated into a virtual reality-based laparoscopic
surgery simulator. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION AND
MOTIVATION

In recent years, there have been remarkable progresses in
the application of virtual reality-based (VR-based) surgery
simulation and training [1]. Several commercial VR
surgical simulators have been developed with great suc-
cess [2,3]. An essential component of surgical simulators
is the technique that supports realistic dissection of soft,
deformable tissues in real time.

In principle, soft tissues can be represented by surface
or volumetric models. Tetrahedral meshes, as one primary
type of volumetric geometries, are frequently applied to
the cutting simulation because the interior structure of
objects must be presented 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

Copyright © 2015 John Wiley & Sons, Ltd.

complexity [4]. In contrast, surface mesh models are rel-
atively easy to handle in deformation and dissection sim-
ulation [5,6]. Nonetheless, it cannot exhibit the incision
because the surface model is a simple skin that wraps
around the model without volumetric substance. Although
complex surface models with multiple layers offer an
alternative solution to showcase cutting depth in training
environment [7], it is far from being perfect to afford a
realistic visual performance to simulate the incision of
solid organs, such as liver, kidney, and spleen.

In many practical abdominal surgery procedures, both
the exposure time and area of organs’ interior struc-
ture are usually very limited during cutting [8]. So the
surgeon tends to concentrate on the surface of organs as the
major visual input during most of his or her operation time.
According to this clinical common sense, we introduce
a hybrid geometric model comprising both surface and
volumetric meshes for interactive dissection simulation.
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Figure 1. The framework of our dissection simulation method.

A fine triangular mesh is employed to represent the exte-
rior structure of the soft tissue model. With an accurate
geometric structure and texture at the detailed level, this
surface model can offer a realistic graphical performance.
Meanwhile, we represent the interior structure of soft tissue
model with much coarser and larger tetrahedra. It signif-
icantly reduce the computational cost during deformation
and element refinement/subdivision in cutting.

Figure 1 intuitively illustrates the pipeline and frame-
work of our method. Specifically, the innovative contribu-
tions can be summarized as follows:

e We develop an interactive dissection approach for
the hybrid soft tissue models, which comprise both
surface and volumetric meshes with different detail
levels. The connection between surface and volumet-
ric meshes is generated by the mapping of barycentric
coordinates. It facilitates a realistic graphical perfor-
mance with low computational cost in deformation
and dissection simulation.

For physical deformation, we improve the
position-based dynamics (PBD) and devise a new
method to support the topology modification and
material heterogeneities of soft tissue. Besides
stretching constraint with strain limit and volume
conservation constraint, it enforces the energy pre-
serving constraint, which takes the different stiffness
of material into account and improves the visual
performance of soft tissue deformation.

After subdivision of triangular and tetrahedral mesh,
we present a straightforward but effective method to
handle the cutting surface generation and re-mapping
between new added surface vertices and tetrahedra in
hybrid model.

We integrate the mechanical model of cutting
behavior and stability analysis with haptic rendering.
Finally, this novel cutting method is adapted to a
VR-based laparoscopic surgery simulator.
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2. RELATED WORK

Dissection is an essential procedure in surgery. This is
because cutting simulation requires real-time geometry
and topology modification, which forms the most complex
task in virtual surgery. Despite earlier research endeavors,
interactive realistic dissection simulation remains to be
a challenging topic and continues to attract a great deal
of research efforts in the recent past [4,9]. In principle,
cutting simulation approaches can be classified into three
different categories.

Mass-Spring-Based Methods

This type of methods has been employed most fre-
quently in dissection simulation. Zhang et al [10]
used a surface mass-spring model to simulate virtual
dissection by progressive subdivision and re-meshing.
A geometry-based surface subdivision algorithm is intro-
duced to generate the interior structures that show the
cutting gap between instruments and the soft tissue model.
Choi et al. [11] presented a dissection algorithm for 3D tri-
angular meshes. It can be used in the simulation of cataract
surgery with phacoemulsification. Pan et al. [6] presented
a surface mesh-based cutting algorithm with little topol-
ogy modification. In order to improve the computing
efficiency, a hierarchical database is applied to handle the
mesh subdivision.

Finite Element Model-Based Methods

Finite element subdivision-based approaches are usu-
ally used to solve topological update, but it can create
ill-conditioned subdivided elements [4]. Courtecuisse
et al. [9] developed a finite element model (FEM)-based
incision algorithm for heterogeneous soft tissues. Dick
et al. [12] proposed a geometric multi-grid solver for
cutting simulation based on a hexahedral discretization.
Jerdbkova et al. [13] proposed an interactive FEM-based

Comp. Anim. Virtual Worlds 2015; 26:321-335 © 2015 John Wiley & Sons, Ltd.

DOI: 10.1002/cav



J. Pan et al.

cutting algorithm by removing the finest level voxels from
multi-resolution volumetric images. Wu et al. [14] pre-
sented an efficient collision detection for composite finite
element cutting simulation for deformable objects.

Mesh-Free Methods

Mesh-free methods can be also called mesh-less
methods. Steinemann et al. [15] proposed a fast arbitrary
splitting method using a mesh-less discretization of the
deformation field. A novel visibility graph for fast shape
updating functions are applied in mesh-less discretizations.
Pietroni et al. [16] presented the splitting cubes, which is
based on a mesh-free technique, to handle the interactive
virtual cutting on deformable objects. Takayama et al. [17]
used the lapped solid anisotropic textures to fill a volumet-
ric model. It can be applied to simulate the cross-sectional
cutting of solid objects.

Physically based deformation is another important
research topic in virtual surgery. In this paper, we focus
on the PBD method [18] because of its robustness and
position-based manipulation feature, which makes it quite
popular in the game industry and VR surgical simulator
development [19,20]. Besides the aforementioned advan-
tages, PBD method is easy to implement, and the con-
straints are easy to extend. Most recently, Miiller et al. [21]
also applied the PBD framework to simulate fluid. How-
ever, to the best of our current knowledge, there is little
research work in the utility of PBD for deforming 3D soft
objects that support topological change and material het-
erogeneities, which are the essential tasks in dissection
simulation of 3D soft objects.

3. FRAMEWORK OVERVIEW

As shown in Figure 1, we present the framework overview
as follows.

Hybrid Geometric Model

We use a hybrid geometric model comprising both sur-
face and volumetric meshes to represent soft tissue models.
The connection between surface and volumetric meshes is
hinging upon the mapping of barycentric coordinates.

Physical Model

When computing deformation, we implement the
extended PBD approach that accommodates the topology
modification and material heterogeneities of underlying
tissue. Three geometric constraints, including stretching,
volume conservation, and energy preserving, are incorpo-
rated into the dynamic system.

Cutting Simulation

We design a straightforward collision detection method
for dissection simulation. The cutting of hybrid soft tis-
sue model is divided into two stages: triangular subdivision
and tetrahedral subdivision. The constraints and linkages
information are also updated in concert with cutting.
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Haptic Rendering

We integrate both mechanical modeling of cutting
behavior and system stability analysis for haptic rendering,
to ensure the output force is smooth and the proxy date
being transferred is robust.

4. PHYSICAL DEFORMATION USING
POSITION-BASED DYNAMICS

4.1. Hybrid Geometric Models

We use both the surface and volumetric models to describe
the soft tissue. A fine triangular mesh is applied to repre-
sent the exterior structure of the soft tissue model. With
an accurate geometry structure and texture information at
the detailed level, this surface model can afford a realis-
tic graphics performance. Figure 2(a) and (b) illustrates the
triangular mesh and the texture of the surface model for a
liver. Meanwhile, we represent the interior structure of soft
tissue model with large tetrahedra. This tetrahedral mesh
is also used as physical model in deformation. The less
detail of interior structure can reduce the computational
cost in cutting and deformation. Here, we use the tool
package PhysxViewer in NVIDIA PhysX SDK [19] to gen-
erate the tetrahedral volumetric mesh from the triangular
surface mesh model. Figure 2(c) illustrates the correspond-
ing tetrahedral mesh model of the liver. This volumetric
model is slightly larger than the surface model to make
sure that the tetrahedral mesh contains the triangular mesh
completely. To generate the connection between tetrahe-
dral model and surface model, we attach each vertex on the
surface mesh to the closest tetrahedron in the volumetric
mesh and store its barycentric coordinates. The coordinate
mapping method in [22] is used to compute the geometry
of surface mesh derived from tetrahedra. During deforma-
tion, the position of each vertex on the surface mesh can
be interpolated by the positions of the attached tetrahe-
dron using the stored barycentric coordinates. Figure 2(d)
illustrates the liver model with both texture surface mesh
and tetrahedral mesh. Figure 3 illustrates a scheme of this
coordinate mapping.

4.2. Deformation Computing Using
Position-Based Dynamics

For physical deformation, we use the PBD method primar-
ily because of its two major advantages. The first advantage
is that positions of vertices and parts of an object can be
directly manipulated during simulation. The second advan-
tage is that the position-based simulation offers the direct
control over Verlet integration and removes the typical
instability problem. These features make PBD much more
attractive and convenient in the rapid development of VR
surgery simulator [20]. Moreover, PBD method is easy
to implement, and it is feasible to introduce more types
of constraint to ensure the deformation obey the physical
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Figure 2. The hybrid geometry model of liver: (a) The triangular mesh, (b) Surface model with texture, (c) Tetrahedral volumetric
model, and (d) Hybrid model with both texture surface mesh and tetrahedral mesh.

Figure 3. The coordinates of vertices on the surface mesh (colored in red) can be interpolated using the positions of the attached
tetrahedron via barycentric coordinates.

rules. Our extended PBD deformation method can be
described briefly in the following steps:

Step 1.

Step 2.

Step 3.
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Initialize the position p; and velocity v; for each
vertex in the tetrahedral mesh.

At each time step At, update the velocity of
each vertex through external force f and internal
damping of the system. Assume that m; repre-
sents the mass of vertex i, and w; = 1/m;, and
we have

Vi = v; + fAtw; + Damp(v;) (1)
Then, update p;, we obtain
P = pi+ Vi Al )

Traverse all the constraints for the estimated
position pi“”. Apply these constraints to the

Step 4.

Step 5.

Step 6.

dynamic system to obtain the updated position
pf"l by solving the Gauss Seidel type iteration.
After Step 3, we can obtain the final position
and velocity through the following formula

p/" =p 3)

and

V/i‘in _ ( fOI_Pi) /At )

According to the current position p; of vertices
in the tetrahedral mesh, update the positions of
vertices in the surface triangular mesh.

Go back to Step 2, compute the position and
velocity of each vertex in the tetrahedral mesh
for the next time step.

During the deformation of 3D soft object, we con-

sider three types of constraints, which are directly applied
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to the positions of tetrahedral vertices. The first is the
stretching constraint with strain limit, and the second
is the volume-preserving constraint. The detail of these
two constraints can found in [18]. To solve the material
heterogeneities of soft tissues, we present the third con-
straint, energy preserving constraint, which takes the
different stiffness of material into account. As a major
innovative contribution in this paper, the technical detail is
described in the following section.

4.3. Energy-Preserving Constraint

Currently, none of the constraints used in PBD are
concerned with material property of object. Here, we
design a new constraint, energy-preserving, which uses
the spring potential of each deformed tetrahedron with
spring stiffness (elastic coefficient). By setting different
spring stiffness for tetrahedra in the area with variety of
bio-mechanical material properties, it can give the plausi-
ble deformation for the heterogeneous soft tissue model.

Figure 4 shows an example of energy-preserving con-
straint for p;. po is the barycenter of pi,p2,Pp3, P4,

there is
4 4
po =Yy mpi/ Y mi ©)
i=1 i=1
According to Hookes law, we use the following equation
to express the constraint of energy conservation:

4
1
Cenergy(P1,P2,P3,P4) = 3 Zki(ﬂpi —poll —d)* (6)

i=1

where k; is the elastic coefficient of virtual spring p;po. d; is
the rest length of p;po. So (6) describes the spring potential
of deformable tetrahedron p;p2p3p4. And we can have

Pi — Po

— @)
Ipi — Pol

Vp,-c(plv P2, P3, p4) =

In [18], following equation is provided to calculate the
positional increment Ap,.

C(p1, ...
WCRL-P) Gy ®)

Ap; = i
L WiV C@r )PP

Py

| )
P;

Figure 4. The illustration of energy-preserving constraint.
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where C(py, ..., pn) is the constraint of an object for all of
its points: p, ..., Pn, and Vp, C(P1, ..., Pp) is the constraint’s
gradient at point p;. Its direction is dictated by the maximal
change.

Finally, from (8), we can obtain

Ap; = WiCenergy(El,Pz,m,m) Pi — Po ©)
Zj=1 Wi |pi —P0|

According to (6), (9) contains k;, which describes
the spring stiffness of material for tetrahedral element
P1P2P3P4. ki can be set by the experimental measurement
of physical parameters for soft tissues in practice [23].
‘We now incorporate the previously documented constraints
into the PBD system for deformation.

Figure 5 shows an example of deforming the liver tissue
by a grasper in a minimally invasive surgery (MIS).

5. INTERACTIVE DISSECTION OF
HYBRID SOFT TISSUE MODELS

5.1. Triangular Subdivision

Collision detection is the first task that must be handled
properly before the dissection process starts. We use the
generalized cylinder-based collision detection method [24]
to avoid the local concavity trap of surgical instruments
during the interaction with soft tissues.

After collision detection, if the scalpel moves across any
edge of triangles, the cutting algorithm divides the current
triangle into several sub-triangles. The neighboring trian-
gle with a common edge is added to the cutting list for the
next triangle to be processed. During triangular subdivi-
sion, a hierarchical database [25] is constructed to record
the relationship between every original triangle prior to
its subdivision and its subdivided triangles. The subdi-
vided triangles will be displayed when the scalpel leaves
the current triangle. The vertices linked to the tetrahedron
and barycentric coordinates will also be updated. Finally,
once the simulation loop detects that the scalpel has left
the mesh surface, the position of the last contact point is
recorded, and the triangle with this point will be added to
the cutting list as the last triangle for subdivision. Figure 6
illustrates the triangular subdivision on the liver surface
mesh. The red curve is the cutting trajectory.

5.2. Cutting in Tetrahedra

Once the cutting starts on the surface mesh model, the
cutting in tetrahedral volumetric model will be processed
simultaneously. We treat the motion of scalpel as a finite
length cutting edge passing through a soft object. Suppose
the thickness of the blade can be completely ignored, then
such problem is simplified to simulating a line segment
moving in and through a tetrahedral mesh. In our algo-
rithm, the position of line segment in both current and last
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(b)

Figure 5. The deformation result of liver using the position-based dynamics method: (a) Surface model with texture, and (b) hybrid
tetrahedral and surface model.
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Figure 6. The triangular subdivision of cutting on the liver surface mesh: (a) Before cutting, and (b) after cutting.

Figure 7. The construction of sweep surface.

time step is stored to form the sweep surface, which is built
by connecting the corresponding endpoints of the two line
segments (Figure 7).
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Next, 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 tetra-
hedral edges. We use the search method in [26] to handle
these two detection tests. If an intersection occurs, the
intersection information of the current tetrahedron will be
updated. The neighboring tetrahedra that share the edge or
face are updated accordingly. If the cutting edge no longer
passes through an intersected edge or face, the original
tetrahedron will be subdivided. To update the PBD phys-
ical model, the proceeded stretch, volume-preserving, and
energy-preserving constraints shall be removed. And new
constraints for the subdivided tetrahedra must be added as
well. The spring stiffness of new edges can be computed by
the interpolation of its adjacent connected edges. Finally,
once the scalpel has left the mesh surface, the cutting in
tetrahedra ends at the same time.

Consider both symmetry and rotation transformation,
we enumerate five common subdivision cases based on
the number of intersected faces and edges of tetrahedron
(Figure 8). After subdivision computation for all the tetra-
hedra, the interior mesh will be separated along the sweep
surface. Because of the large size of tetrahedra as inte-
rior geometric elements for soft tissue model, the merging
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Vi

Figure 8. Five common cases for tetrahedral subdivision.

&%

Figure 9. The cutting result of the hybrid liver model: (a) Surface model with texture, and (b) tetrahedral volumetric model.

of small or ill-shaped tetrahedra after subdivision can be
avoided. It can reduce the computational cost during cut-
ting. Figure 9 illustrates the result of cutting off a piece
of tissue from the liver. Here, we use the technique pro-
vided by [27] to generate the texture of cross-section
after incision.

5.3. Generating Incision Surfaces

After cutting and subdivision of surface mesh and tetra-
hedra, new triangular surface needs to be generated for
cutting area. Figure 10 illustrates this process. There are
two major operations. One is the cutting surface gen-
eration; the other is re-mapping the existing and newly
added surface vertices to the correct subdivided tetrahe-

Comp. Anim. Virtual Worlds 2015; 26:321-335 © 2015 John Wiley & Sons, Ltd.
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dra. Before a cut, there are a tetrahedron and two surface
triangles in Figure 10(a). The vector n indicates the nor-
mal of surface mesh. The cutting surface generation can
be described as follows. Firstly, we compute the two types
of intersections as Figure 10(b) illustrated. One is between
sweep surface and tetrahedron; the other is between sweep
surface and surface triangles. Then, we re-triangulate the
external surface and the internal surface (the internal sur-
face is generated by connecting the tetrahedron’s inter-
section with triangles’ intersections, the red triangles) as
Figure 10(c-1). Meanwhile, we subdivide the original tetra-
hedron as Figure 10(c-2). After subdivision, we need to
rebuild the mapping between surface vertices and tetrahe-
dra. Finally, the two part of new surface are separated from
each other as Figure 10(d).
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Figure 11. Re-mapping between surface vertices and the tetrahedra.

5.4. Remapping Between Surface Vertices
and Tetrahedra

Correct re-mapping between tetrahedra and surface ver-
tices after cutting is another important issue in geometry
updating. Figure 11 illustrates this process. Before a cut,
the original tetrahedron (Tet A) contains a triangle whose
vertices are V,, Vp, and V. as shown in Figure 11(a-1).
Without loss of generality, we assume that each of the
three vertices locates inside Tet A. Figure 11(a-2) shows
the relation between Tet A and its contained three sur-
face vertices. There is a link between each surface ver-
tex and Tet A. After a cut, the tetrahedron subdivides
into four sub-tetrahedra, which are Tet A-1, Tet A-2,

Tet A-3, and Tet A-4. Four intersection vertices (Vy, Ve,
Vr, and Vg) are added. V; and V. have same position
when cutting happens. Under the effect of stretching con-
straints in Section 4.3 , V; and V, begin to separate.
And same happens for Vy and V,. For existing vertex
(Vg, Vp, and V), we just compute whether it locates in
the subdivided tetrahedron and build a link between the
vertex and the attached tetrahedron as in Figure 11(b-2).
For intersection vertices, the pair of vertices cannot be
divided into two different tetrahedra easily as they have
same positions. Here, we set a small displacement to
the pair of vertices at opposite directions. The direc-
tions are perpendicular to the sweep surface. After adding
a displacement, we look for the bounding tetrahedron
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for each intersection vertex and build the link. Finally, we
update its barycentric coordinates.

6. INTEGRATION WITH HAPTIC
RENDERING

To apply our technique to virtual surgery training, we
also have to integrate the haptic rendering into the cutting
simulation. Geomagic Touch (Sensable, Phantom Omni)
is chosen as the haptic device, which can simulate the

Scalpel

Tissue surface

Real-time cutting of hybrid soft tissue models

manipulation of scalpel, grasper, hook cautery, or any other
surgical instrument in practical surgery.

6.1. Mechanical Analysis of Cutting
Behavior

Technically speaking, there are two stages of the inter-
action between the scalpel and the object surface when
cutting the soft tissue. First of all, the scalpel presses the
surface, and the soft tissue deforms afterwards. When the
pressure exceeds a threshold, F),, the scalpel penetrates into
the tissue, and the surface will be opened. Then, the scalpel
will move when the tangential force exceeds the static
friction. Here, we use the following mechanical model
(Figure 12) to describe the cutting behavior.

F=F+F, (10

where F is the external force to the surface of the tissue
concerned. F can be decomposed into a normal force F,
perpendicular to the tissue surface and a tangential force
F; on the tissue surface. F; is responsible for the incision
movement of the scalpel on the tissue surface; F;, controls
the press of the scalpel on the tissue surface. In our algo-
rithm, the following criterion is used to determine whether
the dissection starts or not:

|En| > Fp, [F;| > F 1)

In (11), the instrument will open the tissue only if the
magnitude of F, is larger than a given tissue-dependent

Figure 13. The interface of a prototyped VR laparoscopic surgery simulator.
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threshold F),. Then, if the magnitude of F; exceeds the
value of static friction of tissue, Fy, the instrument will
start dissection. During cutting, the system will monitor
and analyze the value of F in each haptic frame. If F; is
smaller than the value of dynamic friction of tissue, Fy4, the
scalpel stops. If the scalpel leaves the tissue surface, the

J. Pan et al.

cutting ends. For this process, all parameters, F), Fs, and
F; can be set by the experimental measurement.

This mechanical model can be utilized to output the
intuitive force feedback during dissection simulation. The
direction of output force as cutting friction is opposite to
the direction of scalpel movement. The force magnitude

Hybrid soft tissue models

Virtual Surgery Engine

Multimedia special effects

Basic procedure simulation

Collision detection

Deformation of soft tissue

Coordinates Forcelfeedback

Geomefric data

Haptic rendering

Graphic rendering

E t

Figure 14. The architecture of our surgical simulator.
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Figure 15. The cutting simulation of the liver tissue.
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is proportional to the depth of scalpel edge stabbed into
the tissue.

6.2. Stability Analysis

In haptic rendering, the stability analysis of virtual environ-
ments is still an open problem. Because all the hardware
parameters are different and unknown to system develop-
ers, it is difficult to set up a general stability criterion for
a haptic device-based system. Moreover, along with the
deformation of soft tissues and the updating of 3D motion
information for virtual surgery instruments in each hap-
tic frame, the virtual force mapping is usually a nonlinear
problem [28]. Based on the virtual wall model and passive
characteristics of proxy in contact, we use the method in [6]

Real-time cutting of hybrid soft tissue models

to control three parameters: stiffness and damping of the
virtual tissue and removing coefficient of material element
from the soft tissue, to ensure the system stability.

7. APPLICATION IN VIRTUAL
REALITY SURGICAL SIMULATOR

Our ultimate goal is to apply this dissection simulation
method to the virtual reality-based medical training and
treatment. To validate our dissection method, we have
incorporated it into a prototyped VR laparoscopic surgery
simulator developed. Figure 13 shows the interface of
this VR simulation system, where two MIS instruments,
grasper and hook cautery, are controlled by the Geomagic

& @ @
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Figure 16. The cutting simulation of the spleen model.
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Figure 17. The cutting simulation of the Stanford bunny.
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Touch haptic devices in the box. This prototyped medical
simulator has been equipped with the following essential
functionalities in laparoscopic surgery training:

e The laparoscope navigation and orientation in the
virtual abdominal cavity.

e Laparoscopic real-time graphic rendering and defor-
mation of soft tissue.

e The manipulation of basic MIS instruments, such as
grasper, scissor, and hook cautery.

e The force feedback control in haptic rendering.

e The simulation of four basic operation proce-
dures: small object transfer, dissection, suturing, and
ligation.

e Multimedia special effects, such as sound, and smoke
generation in electrosurgical dissection.

e Auxiliary functionalities, such as evaluation of
training.

Figure 14 illustrates the system architecture. The core mod-
ules make up the Virtual Surgery Engine of this simulator.

8. EXPERIMENTAL RESULTS AND
DISCUSSION

We have implemented our interactive dissection simulation
technique using OpenGL, CUDA, and OpenHaptics. All
the experiments run on a desktop with NVIDIA GeForce
GTX 580, Intel(R) Xeon(R) CPU (2.53 GHz, 8 cores),
and 12G RAM. The haptic rendering loop is running on
a separate thread, so the update rate is guaranteed around
1 kHz. We have designed three sets of experiments. The

Table I. Time performance (in millisecond).

Model Triangles Elements  Deformation  Cutting
Liver 16 252 4079 4.1 15.2
Spleen 2826 2385 2.9 5.2
Bunny 5110 2129 2.6 5.1

J. Pan et al.

first experiment is cutting a liver model. The first row in
Figure 15 illustrates the simulation results of a small inci-
sion on the surface of liver tissue. Because of the influence
of gravity and neighboring strain in biological soft tis-
sue [23], we can find the cut grows bigger afterwards. The
second row in Figure 15 illustrates the procedure that is
cutting off a piece of tissue from the liver. We can observe
that our method easily handles the large topology and vol-
umetric structure modification. The second experiment is
cutting a spleen model (Figure 16). The first row is having
a small incision on the spleen. The second row is stretch-
ing the tissue by a grasper to open this incision. The third
experiment is cutting and deforming a soft Stanford bunny
by the same way (Figure 17). From Figures 15-17, we
can observe that our method gives the dissection simula-
tion with both accurate topology modification and realistic
deformation performance.

Furthermore, to fully analyze the time performance,
we test our cutting simulation of liver model, spleen
model, and the Stanford bunny. Table I lists the number of
tetrahedra, the time costs for major steps, which include
collision detection, physical deformation, topological
updating, and dynamic rendering. The time record in
Table I shows that our method is competitive for real-time
virtual surgery simulators.

We also compare our dissection method with latest FEM
method [29]. Their result is showed in Figure 18(a). We
cut the steak model with the same direction and position
and record four frames in the animation as the last four
pictures in Figure 18(b)—(e). The iteration time for PBD
is 3. Table II illustrates that our method can use far less

Table Il. Comparison with mass-spring methods.

Method Constraints  Iterations Deformation (ms)
PBD 6427 + 4079 1 142

3 4.64

5 6.83
Explicit Euler 6427 1.16
Runge-Kutta 6427 2.28
Implicit Euler 6427 5.36

Figure 18. The comparison of cutting a steak model with the latest FEM method: (a) The result in [29], and (b)-(e) the result in
our method.
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(c)

Figure 19. The comparison between our method and mass-spring model methods in soft tissue deformation: (a) Explicit Euler
method, (b) implicit Euler method, and (c) our method.

Table lll. Comparison with FEM (in millisecond).

Method Elements
[29] 6272
Ours 1477

Deformation Cutting
25.7 8.6
1.7 6.5

k=0.0 I k=0.75 l k=1.0 I

k=1.0, k=0.0

Figure 20. The deformation of a bar by extended PBD with different spring stiffness.

elements and computation time to obtain the almost same
visual performance of deformation.

Moreover, we compare our method with Explicit Euler
Method (EEM) and Implicit Euler Method (IEM) in
mass-spring model (Figure 19). Table III is the numeri-
cal comparison. Three methods have the same stretching
constraints, but PBD owns additional 4079 volume conser-
vation constraints. These additional constraints need more
processing times. The iteration time in EEM is 1; the iter-
ation time in PBD is 3. In Figure 19, volume conservation
is missing in EEM and IEM, but it is maintained in PBD.

Finally, we demonstrate our extended PBD method to
deform a bar with different spring stiffness. This bar
contains 3 x 3 x12 grids and the left end is fixed. The bar
will deform under the gravity. The extended PBD becomes
plain PBD when £ is 0. From Figure 20, the bar becomes
“stiffer” when k increases. And the deformation result is
different for the bar with homogeneous material and with
heterogenous material.

9. CONCLUSION AND FUTURE
WORK

We have presented an interactive dissection simulation
approach based on the extended PBD for hybrid soft tissue
models. Our method employs a hybrid geometric model
comprising both surface and volumetric meshes in different
detail level. It can greatly reduce the cost of computa-

Comp. Anim. Virtual Worlds 2015; 26:321-335 © 2015 John Wiley & Sons, Ltd.
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tion without loss of realism. Our physical deformation is
governed by the extended PBD approach that accommo-
dates the topology modification of underlying tissue mod-
els and enforces their volume-preserving constraint. The
energy-preserving constraint is applied to takes the differ-
ent spring stiffness of material into account and improves
the visual performance of material heterogeneities for soft
tissue deformation. In addition, we integrate both mechan-
ical modeling of cutting behavior and system stability
analysis with haptic rendering. From comprehensive exper-
imental results, we have observed that this new dissection
method can offer real-time and robust simulation without
sacrificing the realistic visual performance. As an applica-
tion case, we have migrated this approach into a prototype
VR laparoscopic surgery simulator.

In the near future, with the assistance and qualita-
tive/quantitative evaluation from surgeons for pilot study,
we plan to validate our VR surgical simulator in several
practical surgery training tasks, such as hepatectomy and
cholecystctomy. At present, we only have CUDA imple-
mentation in collision detection in our prototype system.
We plan to further exploit the parallel acceleration and
apply CUDA to both deformation and geometric refine-
ment during cutting simulation. We also plan to add
several special visual effects, such as bleeding, in the pro-
cedure to make the simulation much more realistic and
visually appealing.
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