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Abstract. This paper presents a novel orthopedics surgery training sys-
tem with both the components for modeling as well as simulating the
deformation and visualization in an efficient way. By employing tech-
niques such as optimization, segmentation and center line extraction, the
modeling of deformable model can be completed with minimal manual
involvement. The novel trainer can simulate rigid body, soft tissue and
blood with state-of-the-art techniques, so that convincing deformation
and realistic bleeding can be achieved. More important, newly released
Physics Processing Unit (PPU) is adopted to tackle the high requirement
for physics related computations. Experiment shows that the accelera-
tion gain from PPU is significant for maintaining interactive frame rate
under a complex surgical environments of orthopedics surgery.

1 Introduction

Orthopedics surgery simulation is complex due to the co-existence of various
kinds of body tissues with heterogeneous mechanical behaviors, such as bones,
dermis, fatty tissues and blood vessels. This obviously makes the modeling and
simulation more complicated and challenging.

Many existing simulators for Orthopedics surgeries are focusing on the inter-
activity and training procedures, while realism is compromised because of lim-
ited computational resources and the lack of realistic mechanical and anatomical
data. For example, the physical simulation of bleeding and tissue deformation,
which are indispensable components in orthopedics surgical simulation, are usu-
ally far from realistic. Besides, modeling of soft tissue and vessel are usually
prepared manually, which may not reveal the correct anatomy and appearance
of a real organ.

To meet these challenges, in this paper, we present a novel virtual reality
(VR) system for Orthopedics surgery training. New consumer-level Physics Pro-
cessing Unit (PPU) is used to accelerate the physical computation involved in
bleeding simulation and tissue deformation. By exploiting the power of the PPU,
high realism and interactive frame rate can be simultaneously achieved in a
cost-effective way. Moreover, geometry construction and visualization of dermis,
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muscles and vessels are mainly based on anatomical information from Chinese
Visible Human (CVH) dataset. This helps a lot in preparing a surgical environ-
ment similar to real situations. Finally, taumar surgery on upper limb is chosen
as a particular application to demonstrate our system.

2 Related Work

Many academic and commercial VR-based orthopedics surgery simulators have
been proposed for the training of surgeons [1,2,3]. Most of them can be catego-
rized into two classes based on the nature of surgery involved, namely arthroscopy
and trauma surgery. McCarthy et al. [4] proposed the Sheffield Knee Arthroscopy
Training System (SKATS), in which trainees are expected to learn the skill of
navigating the knee arthroscopically. Haptic devices are incorporated to increase
the learning speed of users. Reinig et al. [5] presented the US Militarys Thigh
Trauma Simulator which provides a virtual environment with case scenarios of
thigh trauma resulting in femur fractures. Our current system is mainly targeted
towards trauma surgeries and tries to simulate the kind of open surgery in ortho-
pedics involving incision.

Hardware acceleration for rendering has long been used in many graphics ap-
plications including surgical applications. Similar to rendering, physically based
deformation is another essential and computationally intensive component in
surgical simulations. Many researchers [6,7] have tried to exploit the power of
the programmable GPU for physics computation, but they usually suffer from
certain difficulties or limitations, such as the restriction on the topology of de-
formable model. Recently, a specialized hardware accelerator for physics known
as Physical Processing Unit (PPU) is released for complex dynamic motion, in-
teraction and physics computation [8]. More details of the capabilities of the
PPU in our virtual orthopedics simulator will be introduced in section 4.

3 Geometric Modeling

In our system, creation of deformation and visualization models is based on
anatomical information provided by the CVH dataset. In order for the models
to resemble human organs, we employ a layered soft tissue model. Each layer
is modeled as a mass-spring model with different topologies, like tetrahedron or
lattice structures.

In the modeling of human dermal-muscular tissues, epidermis is in tetrahe-
dron structure while others are in lattice structure as shown in Figure 1(a) and
(b). Based on the segmented CVH, consistent polygonal surfaces of each tissue
layer are extracted as Stereolithography (STL) format. By re-parameterizing the
polygonal surface meshes into a quad-based surface, we can easily control the
complexity of the surface and skip the manual smoothing procedures. Next, a
multi-layered mass-spring model can be automatically produced based on the
re-parameterized surface meshes. For the tetrahedron layer, every triangle in
the upper surface projects its centroid in the normal direction to hit the lower
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Fig. 1. The multilayer topology of mass-spring model, (a) a side view, (b) a 3D view,
(c) the upper limb model from CVH data and (d) the deformed model by external
pressure

surface layer. These intersection points, namely projected centroids, form the
masses units in the lower layer. Then, springs are added to connect the vertices
in original triangle and its projected centroid. This creates a tetrahedral mesh
structure between the two surface layers. Afterwards, triangulation is carried out
on these projected centroids. Similar processes are repeated for the lower layers
until all layers are constructed.

Apart from the topology building of the mass-spring model, some auxiliary
modules are used to extract boundary, texture from the CVH, adjust mass den-
sity and other mechanical properties. Figure 1(c) shows a textured mass-spring
model generated using the CVH’s upper limb.

To automatically construct the deformable vessel model, the centreline of the
entire vascular structure have to be extracted first. Since bifurcations (branches)
occur throughout the vascular network, a tree structure is deployed for storing
this structure. After centerline extraction, we perform geometric modeling. First,
a series of Bezier curves are fitted onto the extracted centreline where the distri-
bution of control points depend on the local curvature of the vascular pathway.
Bifurcations are handled through a modified Bezier triangle. Finally, the external
surface structure are modeled through a swap of local frame.

4 PPU-Accelerated Integrated Orthopedics Simulation

Instead of concentrating on the simulation of bone,our system is a more com-
prehensive simulation system for different kinds of orthopedics surgery. Both
realistic blood flow simulation and soft tissue deformation are supported in our
integrated orthopedics simulator. These two components are most computation-
ally intensive. Many of the previous simulators try to simplify their models for
maintaining an interactive frame-rate, however, this will reduce the realism pro-
vided to the user. As a result, our system utilizes the recently released PPU
to accelerate physics simulations. In addition to the deformation computation,
the collision and interaction can be handled inside the PPU which only require
construction of a collision mesh model at the initialization.
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4.1 MSM-Based Soft Tissue Deformation

It is well-known that softtissue exhibits non-linear viscoelasticity, that means the
stress-strain relation is non-linear. In general, it has a very low stiffness at the
beginning and extremely high stiffness after the tissue is stretched to a certain
extent. Therefore, a biphasic mass-spring system is used to mimic the non-linear
behavior of body tissues.

However, the latest PPU is built only with linear mass-spring system imple-
mentation, even though it allows for the definition of mass-spring in arbitrary
topology. As a result, we need to extend the current linear mass-spring system by
making use of two linear springs with different elastic configurations in parallel.
The basic idea is letting the first linear spring be effective in the first phase of
the stress-strain curve, while the second linear spring becomes activated when
the turning point is reached. This simple construction of biphasic spring from
linear springs leads to a simple decomposition of a biphasic spring into two linear
springs and can be done automatically when the deformable model is initialized.

In order to obtain a macroscopic mass-spring system that is consistent with
biomechanical properties of body tissue [9], we carry out an optimization process
on (microscopic) individual spring elasticity. We choose simulated annealing for
optimization, because it is very suitable for problems with many parameters
and the first derivative of the objective function is unavailable. The objective
function ψ for optimization is formulated as Equation 1,

ψ =
∑

i

wi(pi − qi)2 (1)

where pi is the value of the i-th parameter from the experiment and qi is the
corresponding value for that particular tissue coming from data books. wi is the
weighting factor for that parameter. If biphasic spring is used, i is 3 and pi are
the first phase stiffness (K1), turning length and the second phase stiffness (K2);
while for a linear spring, i is 1 which referring to stiffness alone.

In order to evaluate pi, experiments are carried out on the multilayer model
repeatedly until a minimum objective is found. The springs in all tissue layers
are optimized in a similar manner. Table 1 reports the mechanical properties of
real dermis as well as our optimized model. Notice that the optimization process
is only necessary to be performed once for each tissue. Figure 1(d) shows a
deformed result of the upper limb model.

Theoretically, higher-order spring models should produce more realistic de-
formation, however, the visual difference is insignificant and the performance
penalty induced by them might not worth. The relaxation of using high order
spring is possible to certain tissue, for example, we did relax the spring to linear
model like hypodermis.

Table 1. Comparison of real dermis elastic properties with our optimized result

K1 (KPa) K2 (KPa) Turning point (in strain)

real dermis 0.1 18.8 0.4

optimized model 0.118 18.51 0.41
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Fig. 2. The computational model of Smoothed Particle Hydrodynamics (SPH), (a) a
particle and its inference kernel with radius r, (b) the blood surface extraction from
particles, and (c) the rendered result

4.2 SPH-Based Blood Flow Simulation

Smoothed Particle Hydrodynamics (SPH) is known to be an efficient method
in many graphics application for fluid animation [10,11]. Moreover, it can be
accelerated with the PPU, so that sophisticated blood effects can run at a high
frame rates.

SPH is a particle-based method for fluid simulation, in which nearby particles
interact with each other according to the following formula,

Q(l) =
∑

j

ajQjf(l − lj, r) (2)

where Q defines a scalar quantity at location l, which can be density, pressure
and viscosity. It is a weighted sum of contributions from neighboring particles
(denoted as j) within radius r, based on the field quantity Qj and inversely
proportional to their distance l − lj . aj is equal to mj

ρj
, with mj and ρj are the

mass and density of particle j respectively. The function f(l, r) is referred as the
smoothing kernel with radius r as shown in Figure 2(a).

The governing equations for fluid dynamics are the Navier-Stokes equations,
which formulate conservation of momentum as follow,

ρ

(
∂v

∂t
+ v · ∇v

)
= − ∇p+ ρg + µ∇2v, (3)

Notice that the above formulations had assumed the fluid is newtonian (e.g.
water). According to biomechanicalliteratures, blood is regarded as non-
newtonian fluid. However, by carefully adjusting the properties, we can achieve
similar visual effect. In our experiments, we use 3cP for viscosity, 20 N for stiff-
ness and 1.06 g/cm−3 for density.

To render thesurface from a cloud of particles, there are many existing meth-
ods, such as level-set, marching cube or point splatting. For performance reasons,
we use the marching cubes method to track the blood surface as a triangular
mesh and then render it using the standard graphics pipeline.

g = ∇d (4)



Orthopedics Surgery Trainer 847

|g(ri)| > h (5)

n = − g(ri)
|g(ri)| . (6)

The surface tracking starts with the building of a color field d within the space
that the particles occupy. Then, we compute the gradient field g using Equation 4;
surface elements are located using Equation 5 with h being the threshold. Finally,
the surface normal n is obtained by normalizing g according to Equation 6.

5 Time Performance and Visualization

Experiments are carried out to compare the performance of a PPU-based system
and a solely CPU-based system. Our two core components, the mass-spring
modeled soft-tissue deformation and the SPH modeled bleeding simulation are
used in the experiments. The test platform is a PC equipped with Pentium 4
Dual Core 3.2 GHz CPU and 4 GB memory, while the PPU is AGEIA PhysX
Processor with 128MB.

Figure 3(a) shows the experimental results of the mass-spring model. A sig-
nificant speed improvement is observed in all grid-sizes with the use of the PPU,
especially the double improvement in 15×5 and 18×5 grids. For fluid simula-
tion using smoothed particles hydrodynamics method, the real-time frame rate
is reported using the PPU when the number of particles is below 6,000 (see Fig-
ure 3(b)). With the same number of particles, pure CPU version decreases much
faster in performance. The sudden performance drop at 6,000 particles in the
PPU may be due to a data transfer bottleneck on the relatively slow PCI bus
interface. From our experience, around 3,000 particles is enough for an accept-
able bleeding effect. An integrated environment with both MSM (39×9 mesh
size) and SPH (5,000 particles) running can maintain an interactive frame rate
of above 10 frames per second.

We demonstrate our orthopedics training system with an upper limb surgery
training programme, in which a deformable upper limb is modeled as the
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Fig. 3. Comparison on time performance of using the PPU and CPU for (a) mass-
spring model deformation and (b) SPH bleeding simulation
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(a) (b) (c)

(d) (e) (f)

Fig. 4. Open orthopedic surgery: (a) the mass-spring model of the CVH upper limb,
(b) the surface model, (c) the incision fixed by arms, (d) pulling on the incision, (e) an
accidental cut at the blood vessel and (f) bleeding from the blood vessel

proposed mass-spring model and bleeding is simulated by the SPH particle
method. By providing the generated mass-spring model, fluid particles and col-
lision models to the PPU, we receive an updated coordinate of the masses and
fluid particles in each time step. Based on these updated positions, we render
the tissue models with texture from the CVH dataset. Figures 4(a) and (b) show
the mass-spring model and the surface model generated using an upper limb of
the CVH dataset respectively. Figures 4(c) and (d) show an incision being done
on the upper limb and that the limb can be deformed by a user for investigation
during training. Bleeding is common during surgery, especially when there is
accidental surgical fault, as shown in Figures 4(e) and (f). The user can prac-
tice handling bleeding using a draining tool. Realistic bleeding and soft-tissue
deformation effects improve the experience given to the trainee.

6 Conclusion and Future Work

An integrated system for orthopedic surgery training is presented. The proposed
method for modeling soft-tissue and blood by a combination of CVH dataset and
biomechanics information is shown to be effective and efficient. By accelerating the
computation with the PPU, a high fidelity of realism and interactive frame rate
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can be achieved in a virtual environment simulating both soft-tissue deformation
and bleeding. Experiments have demonstrated the practical value of our work on
an orthopedics trainer. We believe our work will be beneficial to similar surgical
simulators as well. As a future work, we will try to enhance the visualization of
blood and soft tissues by using more robust and advanced rendering techniques.
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