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1 Abstract
This deliverable integrates results from several work packages, and demonstrates functional
models for body torso, upper and lower extremities. The main functionalities of this models are
tissue deformation, performed using various strategies in order to optimize both, computation
time and tissue deformation accuracy. Physiological response to electrical stimuli is also
modeled. The deliverable is implemented using the SOFA framework, with links to the H3D
platform. A first version of the RASimAs training system has been developed on that basis.

2

Introduction

2.1

Context

This deliverable is associated with WP3, which objective is to develop the virtual models that
will be used by the simulator and the assistant. Several levels of virtual models are necessary
to model the patient- specifics geometry, its biomechanics to simulate the needle propagation
and its physiology to simulate nerve stimulation. This deliverable is also associated with WP5
and WP4. The main sub-objectives are:
- Build anatomical models by registering existing generic virtual models towards the
collected data in order to create a database of patients with the required anatomical
structures and compatible with the subsequent biomechanical modeling
- Model tissue response using finite element methods compatible with real-time
computation
- Model the physiological response which mainly includes the electricity propagation within
the tissues surrounding the nerve, and through the nerve for the simulation of electrical
stimulation
- Integrate these models in the SOFA framework and link them with H3D library for
developing a prototype
- Start developing a tool aiming at posing the virtual patient into the desired position for
regional anesthesia
The main idea for the work presented here is to have a flexible framework for generating
patient-specific tetrahedral meshes supporting a finite element method used for the
computation of tissue deformation. Using models from Task 3.2 and data from Task 3.1, we
propose to use a unique biomechanical model (i.e. constitutive law) for all soft tissues. Each
tissue class is parameterized based on values from the literature. The computation of the
deformation relies on the finite element method, using a co-rotational approach that has
already demonstrated its potential for accurately representing tissue deformation while
remaining compatible with real-time computation.
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Objectives

2.2.1
Deliverable Description
As stated in the Description of Work, the deliverable that constitutes this plan is described as
follows:
D3.3 Physics-based models for Body Torso, Upper and Lower
Extremities
The deliverable will be integrate results from all work packages, and will
demonstrate functional models for body torso, upper and lower extremities.
The main functionalities of this model will be tissue deformation and
physiological response. The deliverable will be implemented using SOFA
and H3D software platforms.

3

Progress Towards Objectives

3.1 WP3, Task 3.2
Anatomical models of upper body torso as well as upper and lower extremities have been
developed based on the data sets created in Task 3.1. Using a combination of segmentation
methods, registration algorithms and existing anatomical datasets, it is possible to identify the
different tissue classes. These classes include the skin, muscles, fat, vessels, bones, fascia,
and nerves. For tissues that have a significant volume, an associated set of material properties
is defined. Small structures, such as nerves, which are not sufficiently visible in conventional
imaging modalities, are geometrically modeled using a template approach and a non-rigid
registration method. Their mechanical influence is assumed to be negligible. As a
consequence, they are only used for visualization and collision detection in the simulation.

Figure 1. Left: original position of the femoral nerve. Right: updated the position of the nerve.
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Figure 2. Left: no meshes for the femoral fascia. Right: added meshes for the fascia, which will play an important
role in the haptic feedback during needle insertion.

Discussions with clinicians involved in the project emphasized the importance of the fascia for
regional anaesthesia, unfortunately missing from existing anatomical datasets. They have
been added to these models (Figure 2) while other anatomical details have been corrected
(Figure 1). Adding the fascia is particularly important for the computation of haptic feedback
(Figure 8).
3.2 WP3, Task 3.3
Our modeling process can use two different types of input data: a segmented volumetric image
or a three-dimensional reconstructed model (such as the Human Anatomy Collection from
Zygote). Figure 3 depicted the process. In both cases, we end-up with a tetrahedral mesh,
which conforms to the main anatomical structures. The same elastic law (small deformations
and large displacements) is used for all soft structures, but with different parameter sets.
Values for these parameters are described in Table 1 below and are an average 1 of values
reported in the literature. We use a co-rotational finite element approach based on the
geometrical co-rotational method proposed in [1].

Table 1. Young’s moduli (mean values and standard deviation) in kPa for the main tissue types involved in
RASimAs simulations. Values taken from [2], [3], [4] and [5].

Muscle
30 ± 14

1

Skin
42 ± 9

Fat
20 ± 8

Artery
400 ± 14

Vein
100 ± 23

Nerve
580 ±150

We use an average value due to the high variability across values reported in biomechanical articles.
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Although the technique relies on linear stress-strain relationship, large displacements including
rotations are modeled correctly. Denoting p a generic P1 tetrahedral element of the
parenchyma, the 12×12 element stiffness matrix is then computed as

where Bp is the strain-displacement matrix, Dp is the stress-strain matrix and Rp is a rotation
matrix derived in the co-rotational formulation. While both Bp and Dp are constant during the
simulation, Rp must be updated in each step of the simulation. We therefore write the global
system of equations linking the external forces f to the displacements u as

K(u)u = f
This system is solved using either an iterative solver (such as a conjugate gradient) or a direct
solver. Although the second is slower than the first, it is sometimes required when tissue
properties lead to an ill-conditioned system.

Figure 3. Left: visual representation of the different anatomical structures of the leg (skin, muscles, nerves,
bones). Middle: corresponding segmented image with different grey levels for each substructure. Right: volumetric
mesh supporting a finite element met
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Bones are modeled as articulated rigid bodies. With this approach, it is possible to model local
tissue deformations but also large motion such as bending of the leg or arm. This is used when
simulating the response to the electrical stimulation of the nerve.
At this stage, we already have an excellent basis supporting the simulation of needle insertion
in real-time, including soft tissue deformation and muscle contraction. Using a constraint-based
algorithm, a prototype of needle insertion has been developed, allowing the traversal of
heterogeneous tissue layers (epidermis, fat, muscle, etc.). It allows the interactive insertion of
the needle anywhere in the tetrahedral volume. Tissue response is not only provided in terms
of local deformation but also global response (i.e. muscle contraction) associated with an
electrical stimulus (Figure 4).
This work has also been completed by a simplification and refactoring of the code for a more
modular approach. This code is part of a SOFA plugin, distributed to all partners of the project.

Figure 4. Needle reaching a nerve and inducing a contraction of the calf.

The final development towards an efficient, real-time tissue response during needle insertion
has been carried out since March 2015. It consists in using a patient-specific model of the
tissues acquired using MRI and CT (data provided by SINTEF to the RASimAs Information
Storage System, ISS). To cope with local regions of interest (ROI), the mesh supporting the
computational FEM model is only generated on a portion of the whole anatomy. This area still
allows for multiple needle insertion points, and encompasses nerves, blood vessels and other
local anatomical structures. The rest of the anatomy (depicted in wireframe in Figure 5)
remains visible in the simulator but is not subject to tissue deformations. This is an acceptable
simplification since needle-induced deformations are local. It allows for real-time, detailed,
tissue deformation during needle insertion (these deformations are visible in the ultrasound
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image). Another example of volumetric meshing, for the arm, is presented in Figure 6Error!
Reference source not found..

Figure 5. An alternative approach to the finite element modeling required for needle insertion. Here the mesh
supporting the mechanical model (in blue) is only generated on a portion of the whole anatomy. This area still
allows for multiple needle insertion points, and encompasses nerves, blood vessels and other local anatomical
structures. The rest of the anatomy (depicted in wireframe) remains visible in the simulator but is not subject to
tissue deformations. This is an acceptable simplification since needle-induced deformations are local.
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Figure 6.Left: Illustration of a volumetric mesh of the right arm, middle: bones, right: skin and vessels. This model
was created after changing the pose (using the pose transform algorithm associated with deliverable D3.1).

In either the local or global FEM approach, haptic modeling associated with soft-tissue
deformation and needle insertion is provided. To this end, we studied real soft tissue haptic
response to better understand force profiles during needle puncture of soft tissues. A forcesensing glove, developed at Bangor University was used to capture haptic information during
an actual needle insertion. A typical force profile is illustrated on Figure 7.
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Figure 7. Haptic information during an actual needle insertion.

Since haptic feedback during needle insertion is an interaction problem (i.e., it involves not
only the soft tissue properties but also needle properties as well as friction and puncture
characteristics), we do not incorporate that information in the tissue modeling approach but in
a separate software component related to needle insertion itself. This will be described in
details in Deliverable D4.2. The only relevant (and essential) element of the tissue modeling is
the addition of the fascia as part of the anatomical and physics-based modeling. Fascia are
membranes that separate different tissue groups and that are more resistive to needle
puncture than other tissue types. Their role is essential in the haptic response for regional
anesthesia. We therefore model fascia as surfaces embedded in the volumetric mesh, and
associate specific properties to their interaction with the needle. Figure 8 illustrates a generic
example.

Figure 8. Left: needle traversing a deformable cube consisting of 3 layers with different mechanical properties.
Right: respective force profile at the tip of the needle. The transition through the different layers is clearly visible.
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3.3 WP3, Task 3.4
For simulation of nerve-stimulator despite the variations in human anatomy, there is a general
rule regarding needle tip location and the nerve-activation current: when the needle tip is close
to a nerve, a small electrical current can be used to activate the nerve, when it is far from the
nerve, a larger current is needed for activating the same response of the nerve. This
relationship is described in Figure 9.
A proof of concept of the mechanical response due to electrical stimulation on nerve has been
implemented, inducing muscle contraction/relaxation. At this stage, we have already a realistic
basis supporting the simulation of needle insertion in real-time, including soft tissue
deformation and muscle contraction. Ongoing work is focusing a simplification and refactoring
of the code for a more modular approach. A first version of this simulation has been integrated
in the prototype simulation.
Recent discussions with medical experts highlighted the need to add more information at the
anatomical, biomechanical, and visual levels to reach a more realistic simulation. We will
pursue this avenue by enhancing the current models with image data from which haptic,
mechanical and visual feedback will be computed. This approach will ensure coherence
between visual and haptic information.

Figure 9. Left: The relation between the magnitude of its stimulus current that can activate a nerve and its
distance to the nerve plane for an insulated needle's anode connection. Right: As the stimulus current increases,
the electricity from the needle tip can cover a larger area, so called “heatmap”.

3.4
Software integration
All the elements described above have been developed within the SOFA framework. They
form a plugin, which generates a binary dynamic library that can be linked to the main
RASimAs application. We have used this approach to facilitate exchanges with other partners
involved in the development of the prototype. We organized a technical workshop (Coding
Sprint Meeting) in April 2015 to accelerate this integration process. As a result, we successfully
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obtained a fully functional simulation of the insertion using a combination of this deliverable
and other RASimAs components.
The snapshots (Figure 10 and Figure 11) are taken from the main SOFA application. They
illustrate the different components that have been implemented or reused to provide a
simulation of tissue response during needle insertion.

4 Deviations/Problems
There are no major deviation or problem to report regarding this deliverable. The algorithms
developed at this stage a functional and generic. They can be applied to either the upper torso,
leg or arm anatomical models to provide support for the simulation of needle insertion. The
main limitation at this point is the lack of detailed anatomical models of these body regions.
This currently impacts the quality of the simulation, since the nerves and muscle fascia for
instance are not well described in the anatomical meshes.

5 Further work
Although the algorithms related to D3.3 have already been integrated in the prototype (WP5),
we will continuously improve them and transfer these improvements into the prototype. This
will be facilitated by the use of the SOFA framework and the continuous development process
we have setup in the project.

6 Publication/Disseminations
There are no publications at this point, but we are going to submit some of this work to
Eurographics in September 2015.

7
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Figure 10. Visualization of the graph of all SOFA components involved in the simulation. Some components have
been reused while others have been specifically developed for the project based on the ideas described above.
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Figure 11. Using an XML high-level code rather than C++, the entire simulation of tissue deformation, needle
insertion and the visualization can be described in less than 100 lines of “code”.

D3.3 report_v2.1

2015-05-21

