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previous section). Figure 3.11 shows the integration of multiple hardware and software systems
that were required in the simulations of this thesis.

Figure 3.11: Data transfer for the calibration of a material using inverse FEM and experimental
measurements.

Results

Figure 3.12 shows the geometrical changes of a Silicon Rubber cylinder submitted under com-
pressive forces without lubricant among the plate, the floor and the specimen. To facilitate the
visualization of the barreling effect described by Fig. 3.8, we displaced the plate until the tissue
was compressed 30 mm.

Figure 3.12: Deformation of the tissue under a compression test without lubricant between the
rigid surfaces and the silicone rubber.

To visualize the behavior of the force/displacement (f/d) curve for the material at higher de-
formations, we also submitted the tissue to a bonded compression test that displaced the plate up
to 30 mm (see Fig. 3.13). In that case, it was obvious the curvature of the f/d relationship. But,
because we are interested in brain needle insertion applications, we do not require indentations
that produce strains bigger than 0.14 (bigger than 10 mm using this specimen). Therefore, we will
focus in the definition of a material model that accurately fit the region of strains lower than 0.14.

For 10 mm displacement, the f/d measurements are reported in Fig. 3.14. We also include the
previous f/d data for a standard compression test, in order to facilitate the comparison with the
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Figure 3.13: Experimental Force/Displacement plot for a bonded compression test in a cylinder
made of silicone rubber (compressed by 30 mm).

three replicas of bonded compression test.

Figure 3.14: Experimental Force/Displacement plot for three replicas of a bonded compression
test in a cylinder made of silicone rubber, and the measurements of the standard compression test
done over the same specimen.

As one can see, the three curves for bonded compression test are very closed to each other. So
we will use one of them to calibrate the material model. As expected, the reaction forces in the
plate were higher during a bonded compression test compared to a standard compression test.
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To ensure an efficient simulation, before we ran the experiments we refined the mesh until the
error of the simulation with respect to the experimental data did not change significantly. For the
following experimental runs, we kept the same mesh parameters.

To define the initial guesses for the material parameters (C10 and C20 in the Second order
Reduced Polynomial model) we used different values until we determined a set of parameters that
gave us a behavior closed to the experimental measurements. We called this process “Manual
Optimization” and figure 3.15 shows the results that provided an initial set of material properties.
This reaction force was calculated in ABAQUS at the reference point of the rigid body (the plate).
As one can see the closest group of parameters corresponded to C10 = 1400 and C20 = 600, which
was already closed to the coefficients determined by the analytical solution (C10 = 1404.9 and
C20 = 699.4).

Figure 3.15: Definition of the initial guess for material properties to calibrate a cylinder made of
silicone rubber under bonded compression test.

Later, using the Levenberg-Marquardt Optimization algorithm and the initial set of material
properties, we ran multiple FEM simulations to determine the optimal material coefficients. Ta-
ble 3.5 shows the square of the absolute error obtained for each run of the FEM simulation for
this problem. The optimal set of parameters calibrated under a bonded compression test for the
second order Reduced Polynomial model are: C10 = 1420.662 and C20 = 598.436. Additionally,
the figure 3.16 plots the stress distribution over the cylinder under a bonded compression test once
the maximum deformation was achieved.

Finally we validated the stability of the material with the Drucker Stability test and we con-
cluded that the material was stable for all strains.

Summary

In this section we characterized a cylinder made of silicone rubber submitted to a bonded com-
pression test. This material was ECOFLEX 00-10 with 20% of Slacker. We obtained the material
properties using a Inverse FE method and we compared the results with the analytical solution of
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Run C10 C20 Absolute Error

1 1400.0 600.0 2.98561327989

2 1400.00002086 600.0 2.98561204436

3 1400.0 600.000008941 2.98561327989

4 1420.66183352 600.0 2.22333411561

5 1420.66185469 600.0 2.22333411561

6 1420.66183352 600.000008941 2.22333436413

7 1420.66183352 598.435589686 2.21807342507

8 1420.66185469 598.435589686 2.21807342507

9 1420.66183352 598.435598603 2.21807342507

Table 3.5: Inverse FEM results for the calibration of a cylinder made of silicone rubber and under
compressive forces without lubricant.

Figure 3.16: Results of a FEM simulation corresponding to a bonded compression test over a
silicon rubber cylinder.

a standard compression test. We used a second order Reduced Polynomial Model and the optimal
parameters (determined with the Levenberg Marquardt optimization algorithm) corresponded to:
C10 = 1420.662 and C20 = 598.436, with an absolute error of 2.218. The C10 parameter leads us
to an initial Young’s Modulus of 8.52 kPa. Both sets of coefficients were similar; however, the
inverse FEM technique allows the estimation of properties by means of more complex tool-tissue
interactions were the analytical solution is not feasible to be determined.

The following step is the calibration of a material under more complex interactions, such as
needle indentation with different types of indenters (such as flat-tip needles and conic).
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3.3 Tissue Characterization during Needle Indentation: Flat
Punch

As mentioned in previous sections, the characterization of soft tissue is required, among other
things, in the development of accurate surgical simulators for training and planning. But at the
same time it is important the development of devices, methods and techniques that allow the char-
acterization of soft tissue in-vivo. We already implemented an Inverse FEM for a simple case of
study (compression test) to characterize soft tissue. Therefore, we can now move to more complex
scenarios that are more common in medical interventions. To obtain material properties during
a compression test is simple, fast, and accurate, using the analytical solution. However, this ex-
perimental setup can not be achieved for in-vivo measurements due to safety problems with the
patient. On the other hand, needle indentation is a common procedure, especially in neurosurgery,
and is an excellent alternative to characterize brain tissue during in-vivo conditions. This proce-
dure can be done during MIS interventions, allows the integrations of commercial measurement
devices (i.e. neuronavigation systems), can be efficiently simulated with FEM and, the movement
can be controlled using a stereotactic frame.

Different studies have been done in the simulation of “needle insertion”, which is different to
our case of study: “needle indentation”. According to Allison Okamura [1][63], the forces during
needle insertion can be subdivided in three stages: stiffness force, friction force and cutting force.
The first type of force occurs only during the needle indentation, while the friction and cutting
force appear once the needle penetrates the soft tissue (see Fig. 3.17). Therefore the needle forces
that we pretend to simulate are associated just with the stiffness of the material.

Figure 3.17: Stages during a needle insertion into soft tissue.

To simulate needle indentation forces we will not try to get the analytical solution to the prob-
lem. This is because there are many factors that vary at every step right after the needle touches
the soft tissue. According to the shape of the needle, the reaction force direction will be different.
Additionally, the contact area changes depending of the needle shape and the distance of penetra-
tion. Those reasons, led us to implement an Inverse FEM rather than use the analytical solution
of the problem. Note that we assumed that needles are rigid, which facilitates the calculation of
every needle point location during the indentation.

As shown before, the calibration of a material using Inverse FEM is an iterative procedure where
we run the same simulation with different material coefficients. Therefore, it is crucial to select the
best configuration of the simulation, in terms of geometry, assumptions, interaction properties, etc.
The first part of this section presents multiple FEM simulations that we took into consideration
before we established the one for the optimization. Finally we include the characterization of a
silicone rubber by means of inverse FEM.

The FE simulation of needle indentation can be simplified in many ways. One can use 2D vs.
3D geometric models, linear vs. hyperelastic material models, quasi-static vs. dynamic equilibrium
and one object vs. two bodies interaction. In this thesis we started with very simple approaches,
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such a quasi-static 2D needle indentation using a linear elastic material model. Secondly, we used
axisymmetric simulations with hyperelastic material models to compare the differences. Finally
we implemented a 3D simulation of needle indentation over a hyperelastic material. The first
simulation was developed in MATLAB, whereas the rest were run in ABAQUS.

3.3.1 2D Simulation of Needle Indentation in MATLAB (Flat Punch)

We implemented a FEM code in MATLAB to solve the simplest approximation of the problem.
We simulated an indentation of a flat-tip needle into a silicone rubber which was modeled in a
bidimensional space. We will explain the method that we used as follows.

Method

As defined in section 2.3.1, we considered some steps for the FEM simulation which are described
in more detail below.

a. We defined the general parameters of the simulation, i.e. material properties (Young’s Modu-
lus and Poission Ratio), dimensions of the soft tissue, type of elements (triangles, rectangles),
parameters of the mesh, the values of BC, and the stress state (plane stress or plane strain).
Remark that the constitutive equation for a linear elastic and isotropic material is given by
σ = cε [46], where:

– ε = LU, with U = {u1, u2}T , and

L =

 ∂/∂x1 0
0 ∂/∂x2

∂/∂x2 ∂/∂x1

 (3.15)

– for plane stress:

c =
E

1− ν2

 1 ν 0
ν 1 0
0 0 (1− ν)/2

 (3.16)

– for plane strain:

c =
E(1− ν)

(1 + ν)(1− 2ν)

 1 ν/(1− ν) 0
ν/(1− ν) 1 0

0 0 (1− 2ν)/2(1− ν)

 (3.17)

b. We generated the mesh as a regular pattern which was composed by a matrix of nodes and
elements. For nn number of nodes, the nodes matrix has nn rows and two columns (with
the x and y coordinates of each node). On the other hand, the element matrix gave the
information of connectivity among the nodes and depended on the type of element to be
used (see Fig. 3.18). For ne number of elements, the elements matrix had ne rows and the
number of columns corresponded to the number of nodes of the element type (3, 4, or 9).
Each row of the element matrix had the index of the nodes that conformed the element.
Finally we grouped a set of nodes and elements that conformed the boundaries.

c. We initialized the K matrix, the u vector and the f vector.

d. To compute the Stiffness matrix of the element ke, we had to solve the following integral
based on the information given in each element over its area A.

ke =

∫
Ae

BT cBdA (3.18)
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Figure 3.18: Element types for the FEM Mesh.

where, B = LN and N are the shape functions defined by Eq. 2.45. To facilitate the
computation of this integrals, one should calculate the Eq. 3.18 in a “Standard Element”,
also called “Master Element” and multiply the results by the Jacobian (defined in terms
of the coordinates of the “Physical Element”). Eq. 3.18 was solved by approximating the
integral to a sum using the Gauss Quadrature [11] (see Eq. 3.19).∫ ξ=1

ξ=−1

f(ξ)dξ =
∑
q

f(ξq)Wq, (3.19)

where Wq are the quadrature weights, ξq are the quadrature points and f(ξ) is the function
to be integrated.

The final objective is to calculate a “Global Stiffness Matrix” K that includes the information
of the ke in all the domain Ω (see Eq. 3.20). To obtain this matrix, we assembled the ke of
each element into K.

K =

∫
Ω

BT cBdΩ (3.20)

e. Similarly, we calculated the vector of forces F defined by Eq. 3.21. Note that this integral
was solved in the boundary Γ where the BC were applied. Therefore, for a 2D problem, this
integral is solve for unidimensional boundaries (lines).

fe =

∫
Γ

NT fbdΓ, (3.21)

where fb are external forces acting at the nodes of the elements which are located at the
boundary. This corresponded to the definition of the Neumman or Natural boundary condi-
tions.
Again, we solved this integral using the Gauss Quadrature and we assembled the fe of each
element into F.

f. Once we defined K and F, we proceeded to imposed the displacement BC, also called Dirich-
let or Essential BC. To satisfy that the displacement of the nodes with Dirichlet BC is
appropriate, we modified the system Ku = F. According to [11], an easy way to enforce this
BC is to change the rows and columns of K where we know the BC by using the Kronecker
delta(see Eq. 3.22), but also we needed to change the rows of F to satisfy Eq. 3.23.

Knm = δnm (3.22)

fn = ūn, (3.23)

where ūn are values of displacement at the nodes with essential BC.

g. We solved the system of equations u = K−1F.

h. Based on the results for the displacement vector, we calculated the stress and strain, where:
ε = Bu and σ = cε.
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Results

Using the previous procedure, and defining the following parameters, we ran a 2D FEM simulation
of flat-tip needle indentation in MATLAB:

* Young’s modulus: E = 8.52 kPa (based on the calibration results of compression test).

* Poisson Ratio: ν = 0.5.

* Length of the specimen: L = 0.07 m.

* Mid-line distance of the specimen: c = 0.04 m.

* Area of the cross section: A = 0.005 m2.

* Number of elements in X direction: numx = 12.

* Number of elements in Y direction: numy = 12.

The meshes for the 3 types of elements are shown bellow (see Fig. 3.19). For this simulation the
diameter of the indenter was 16 mm, and it was displaced 10 mm. The results of the FEM simu-
lation using each mesh type are shown in Fig. 3.20.

(a) Triangular Mesh (3 Nodes) (b) Quadrilateral Mesh (4 Nodes) (c) Quadrilateral Mesh (9 Nodes)

Figure 3.19: Element types for the FEM Mesh. The highlighted nodes corresponds to the ones
with BC.

3.3.2 2D Simulation of Needle Indentation in ABAQUS (Flat Punch
Characterization)

In ABAQUS we ran a FEM simulation of needle indentation using an hypereleastic material model
(Second Order Reduced Polynomial Model) and we compared the results with experimental mea-
surements. Using the results of the FEM simulation in ABAQUS we proceeded to calibrate the
material as we did in section 3.2.2.

Method

We assumed the material was homogeneous, incompressible, symmetric and isotropic. We sim-
ulated the indentation with an axisymmetric formulation. The needle had a flat tip of 16 mm
diameter and was indented 10 mm. We used a friction coefficient of 0.7 in our simulation.

We simulated the flat needle indentation as the contact between a analytical rigid indenter,
the floor (also an analytical rigid object) and hyperelastic cylinder. Both rigid bodies had refer-
ence points (RP) where we imposed the BC. The axisymmetric object was modeled as a rectangle
of 40mm by 70 mm, with 500 quadratic quadrilateral hybrid elements of type C4X8RH and 1601
nodes, and we allowed reduced integration. The mesh was not structured to ensure smaller elements
close to the needle tip than in the rest of the soft tissue. In all simulations, we allowed nonlineari-
ties for the material model and for large geometric deformation. The mesh size was graded to be


