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Abstract

The simulation of needle insertion is an important research area that
has many applications in robotic and image guided brachytherapy
cancer treatment, biopsies, and neurosurgery. Modeling of soft tis-
sue plays an important role in the needle insertion simulation, but
the use of Finite Element Method is complicated due to the need for
remeshing in the neighbourhood of the needle tip. We are propos-
ing to use a meshfree method for the tissue deformation modeling,
in which new tissue nodes are added on the needle shaft as the nee-
dle is inserted into the tissue. In addition, we have utilized Nvidia’s
CUDA technology to accelerate the methods used in our frame-
work.
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Our Framework

Zhu et. al.[Zhu et al. 2007] uses a localized mass-spring model to
simulate needle tissue interaction. They assume that the needle
only causes deformation in the region local to the insertion path.
Therefore, once the needle is inside, a cylindrical deforming field
centered at the predicted insertion path (i.e., the current direction
of the needle) is created in the form of a tetrahedral mesh.

In [Chentanez et al. 2009] the Finite Element Method is used
to model tissue deformations during needle insertion and the
condensation method is used to achieve higher frame rates.
However, there is a fundamental challenge when simulating needle
insertion with FEM and that is the fact that boundary conditions
can only be applied on the nodes. Since the needle tip can pass
through elements, the tissue should be constantly remeshed around
the tip to ensure it is always aligned with a node. Remeshing is
complicated and costly, especially if the quality of the new mesh
should be preserved.[Chentanez et al. 2009]

In our proposed framework, meshfree methods are used for the
simulation. Our main contribution is that instead of remeshing or
snapping the nodes, we add nodes to the system. Adding a node is
done in such a way that it does not impose any artificial strain in
the tissue.

In our framework, for each node a set of arrays are generated
to store several variables associated with the simulation. These
variables are stored for all nodes and include the position, velocity,
elastic force, list of neighbours and the weights of each neighbour.
The original positions of the nodes are also kept since it is required
in most methods. If we decide to add a node to our model (for
example if the needle is penetrated more than a threshold) we
have to make a list of neighbours for it and calculate the weight
for each of its neighbour nodes. Moreover, the new node should
be added to the list of neighbours of all nodes in its vicinity and
the corresponding weight should also be updated. On the other
hand, in each meshfree method some values should be calculated
on the original undeformed shape. For example in [Miiller et al.
2004] A~ = (Z] XijX;;wi;)~ " is pre-computed for all the
nodes at the beginning of the simulation. This value should be
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Figure 1: A screenshot of needle insertion simulation in our frame-
work.

calculated for the newly added node and it should be updated for
all other affected nodes (neighbours of the new node). In order to
recalculate these values, the position of the newly added node in the
reference mesh is needed. The position of the newly added node in
the reference mesh(or the material space) is obtained by an approx-
imation based on the position of the new node in the deformed state.

In order to be able to remove the added nodes due to pulling the
needle out, two stacks are defined to hold the node neighbours and
node weights arrays. Every time a node is added, current arrays are
pushed into the stack before updating, and the stack is popped if the
last added node is deleted.

We have successfully modeled a non-deflecting needle with this
technique. We use a stick slip method for the friction between nee-
dle shaft and nodes. The newly added nodes are constrained to
move with the needle in the stick state. A node goes to the slip
mode if the elastic force on it exceeds a threshold. In the slip mode
boundary condition is enforced by projecting each node to the nee-
dle shaft trajectory.

Since most meshfree methods can be performed faster if they are
executed in parallel, our framework utilizes Nvidia’s CUDA tech-
nology to accelerate the calculations by transferring their core com-
putations to the GPU. Our results show that frame rates can be im-
proved to more than 20 times using GPU.
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