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Figure 2.9: Experimental results vs Meshless model in the experiment of Horton et al. [32]

FEM (see Figure 2.10) [78]. In that figure, one can observe that the simulation of needle insertion
requires first the study from simpler points of view, i.e. compression experiments and needle in-
dentation. Additionally, the first step that needs to be done is an appropriated characterization of
brain tissue (initially using compression test measurements). Later, they proceeded to determine
the best biomechanical model to approximate brain tissue behavior. Subsequently, they proceeded
to the simulation of needle indentation followed by needle insertion. Finally, in their work done in
2010, they studied meshless and FEM and they concluded considering that the large displacements
which occur in the brain (the order of 10 - 20 mm) are strongly non-linear, they advocated the
use of general FE approximation. The challenges they found in these applications are related with
real time responses for surgical simulation. They proposed the used of parallel programming on
networks of processors by harnessing graphics processing units (GPU), using automatic meshing
methods, and meshless methods, they identified parts in the algorithm which can be pre-computed
and parts that do not have to be calculated at every time step [56].
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Figure 2.10: Needle Insertion Study Scheme [78]



Chapter 3

Characterization of Soft Tissue

3.1 Introduction

Haptic models, which include relationships between forces and displacements during the simulated
medical procedure, are usually based on biomechanics. To simulate realistic surgical interventions
for needle insertion into the brain, it is necessary to implement algorithms that are accurate and
computationally efficient [48]. Furthermore, the accuracy of planning in medical interventions and
the credibility of surgical simulation depend on soft-tissue constitutive laws, the shape of the sur-
gical tool, organ geometry and boundary conditions imposed by the connective tissues surrounding
the organ[58].

Considering the current development of real-time deformable models for surgery simulation,
the techniques to acquire brain properties and the integration of haptic feedback into surgical
training interfaces, it is still necessary to implement experimental studies to measure mechani-
cal properties of soft tissue and compare the results obtained with tool-tissue interaction models
with empirical data. Some researchers have evaluated soft tissue properties in-vivo, ex-vivo, or in
phantom tissues, using stretch tests [7], aspiration experiments [38], compression tests and, needle
insertion, for linear [19] and non-linear bio-mechanical models [40]. In all these cases, researchers
showed that their parameters correctly fit the experimental data used in a material calibration.
However, they did not evaluate the estimated material properties in different types of experimental
setups by comparing the results with additional experimental data. It is for this reason that in
this thesis we used three specimens made of silicone rubber (a block, a cylinder and a brain, see
Fig. 3.1) and we simulated and calibrated their material properties based on different experimental
measurements (standard compression, bonded compression, flat-tip needle indentation and conical
needle indentation). We estimated the material properties of a silicone rubber cube with similar
mechanical properties as brain matter by performing a standard compression test. In addition, we
validated the results of the estimated parameters by simulating a needle indentation and comparing
the results with the corresponding experimental data. In our study, we also evaluate the effect of
modeling space and material models on the accuracy of the FEM to simulate needle indentation in
soft tissue. Our results can be applied to a variety of medical applications, but we focus on brain
biopsies in which physicians use a needle. The obtained material model can be used for subsequent
surgical simulations that include haptic feedback during the indentation of a needle into a virtual
brain.

34
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Figure 3.1: Silicone rubber shapes with similar properties to brain tissue that were used in this
thesis

Related work on tissue characterization is reviewed in Section 3.1.1. In Section 3.2 we describe
the methods, experiments, results and conclusions to calibrate a cylinder made of silicone rubber
under a standard compression test using both the analytical solution and the FEM approximation
to the solution of the problem. Later in section 3.3, we evaluated a more simplified scheme to
see the possibility of analyzing the needle indentation of a flat punch over the same cylinder
by means of a 2D simulation with a linear elastic material model (in MATLAB) or through an
axisymmetric simulation with an hyperelastic material model (in ABAQUS). Section 3.4 includes
the study of an appropriated mesh for the simulation of conical-tip needle indentation, followed by
the characterization of a silicone rubber with brain shape using both: flat and conical needles. In
Section 3.5, we evaluated the effect of modeling space and material models in the accuracy of the
solution. Finally in Section 3.6 as an additional validation, we compared the nodal displacements
of the simulation with a 3D scan model of the deformed geometry.

3.1.1 Previous works in Tissue Characterization

To produce a realistic approximation of soft tissue in virtual environments for surgical simulation, it
is important to develop accurate mathematical models that predict the behavior of soft tissue. Tis-
sue characterization, also called calibration, consists on the definition of material properties based
on the measurement of tool-tissue interaction forces and deformations. The measurements can be
done using several invasive and non-invasive techniques and devices to obtain material properties
of animals, human and phantom specimens. Previous works on soft tissue characterization can be
classified in several ways. Some researchers use indentation [19][40][62], others consider stretching
[7][53], aspiration [38], compression [15], vibration [43][37], among many other techniques. Addi-
tionally, results have been reported on different organs from animals and human samples, such
as liver [63], brain [56][41] and kidney [40]. Considering the limitations and advantages of the
measurement techniques, some researchers have used ex-vivo experiments and phantom tissues,
as they allow precise control of the sample and experimental conditions for modeling [19][62][67].
Ottensmeyer [64] compares mechanical properties between in-vivo and ex-vivo experiments. In
addition, an overview of studies on the mechanical properties of brain tissue, focusing on how
those properties change depending on test conditions is given by Hrapko, et al. [33]. Finally, due
to the many factors involved in soft tissue deformation, there are numerous constitutive biome-
chanic models that can be used to simulate different material behaviors. Some materials can be
successfully defined by very simple approximations based on Hooke’s Law, as shown by DiMaio
and Salcudean in [19]. However, more complex materials, such as liver, kidney and brain, re-
quire the use of viscoelastic and hyperelastic constitutive models. Kim et al. [40] determined the
hyper-viscoelastic properties of intra-abdominal organs in-vivo using an indentation device. They
implemented a tridimensional inverse FEM parameter estimation algorithm and they assumed the
quasi-linear-viscoelastic theory proposed by Fung [26]. As mentioned earlier, previous work on
tissue calibration obtained material properties based on experimental data, but researchers usu-
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ally did not evaluate and validate model performance in different applications. This is a crucial
evaluation. For instance, Miller et al. [56] demonstrated that swine brain tissue is considerably
softer in extension than in compression. Therefore, these parameters should be carefully selected
according to the application that needs to be simulated.

After reviewing the previous works, one can conclude that the most critical aspect in the sim-
ulation and characterization of soft tissue is the precise validation of the results. As shown in
Tables 3.1 and 3.2 there have been many investigations in the area, but just few of them had tried
to validate the results. Based on this weakness, Kerdok et al. [39] proposed a robust physical
standard for use in validation real-time models. The goal was to provide a “gold standard” of
experimental results for comparison with simulation results, they called it the “Truth Cube”. This
8 cm× 8 cm× 8 cm cube is made of a well-characterized silicone rubber (RTV6166, General Elec-
tric Co.) with spherical markers embedded in a 1 cm grid pattern throughout its volume. They
acquired computer tomography (CT) scans of the cube in undeformed and loaded states, and they
extracted the displacement of each fiducial using image processing techniques (see Figure 3.2). In
this thesis we will make our own truth cube, but instead of having markers inside the block, we
will have them in the surface. Additionally, instead of validating the displacements of the nodes
based on CT images, we used a laser scanner.

Figure 3.2: The Truth Cube [39]
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Ġ
(s
)d
s)

·γ
(t
)
=

G
∗ γ

(t
),

B
io
lo
gi
ca
l
T
is
su
e:

P
h
an

to
m

|G
∗ |

=
39

.1
k
P
a
,
σ
|G

∗
|
=

9
.4
2k

P
a

C
ar
te
r

[1
0
]

In
-E

x
In
d
en
ta
ti
on

P
or
ci
n
e
li
v
er

E
x
p
on

en
ti
a
l
F
u
n
g
’s

M
o
d
el
:

F
E
M

P
ig
’s

sp
le
en
(e
x
-v
iv
o)

E
=

0.
11
M

P
a

20
01

V
iv
o

an
d
sp
le
en

τ
=

µ
(λ

−
2
−
λ
)e
x
p
(γ
(λ

+
2λ

−
1
/
2
−
3
))

P
ig
’s

li
v
er
(e
x
-v
iv
o)

E
=

4
.0
M

P
a

H
u
m
an

L
iv
er

P
ig
’s

sp
le
en

γ
=

0.
08
,µ

=
0
.1
2

H
u
m
an

li
v
er

E
=

0.
27
M

P
a

H
u
m
an

li
v
er
(d
is
ea
se
d
)E

=
0.
74
M

P
a

D
av
ie
s

[1
4
]

In
-

In
d
en
ta
ti
on

P
or
ci
n
e
sp
le
en

E
x
p
on

en
ti
a
l
F
u
n
g
’s

M
o
d
el
:

F
E
M

(γ
=

2
.0
,µ

=
1
.1
6k

N
m
m

−
2
)

20
02

V
iv
o

τ
=

µ
(λ

−
2
−
λ
)e
x
p
(γ
(λ

+
2λ

−
1
/
2
−
3
))

(γ
=

3
.0
,µ

=
0
.8
2k

N
m
m

−
2
)

V
u
sk
ov
ic

[7
6
]

In
-

A
sp
ir
at
io
n

P
or
ci
n
e
li
v
er

H
y
p
er
el
as
ti
c
S
im

il
a
r
to

V
er
on

d
a-
W
es
tm

an
n

F
E
M

F
or

P
ig
’s

k
id
n
ey
:

20
00

V
iv
o

an
d
k
id
n
ey

W
=

µ γ
(e
x
p
(γ
(J

−
3)
)
−
1
)
+

1 2
K
(J

−
1
)2

γ
=

12
.0
,µ

=
69
3
N
/m

2
,

a
n
d
a
Q
u
as
i
L
in
ea
r
V
is
co
el
a
st
ic

m
o
d
el

(Q
L
V
)

C
=

0.
41
,τ

=
4
.1
s

T
ab

le
3.
2:

P
re
v
io
u
s
w
or
k
in

ti
ss
u
e
m
o
d
el
in
g
a
n
d
ch
a
ra
ct
er
iz
a
ti
o
n
(P

a
rt

2)



CHAPTER 3. CHARACTERIZATION OF SOFT TISSUE 39

3.2 Characterization of Soft Tissue: Compression Test

Like in many applications of engineering, it is important to start the analysis with simple approx-
imations of the problem. In this case of study, we want to finally obtain the mechanical properties
of soft tissue through a 3D simulation of needle indentation. But first, it is required to implement
some studies that need less computational effort.

We decided to obtain the mechanical properties of a silicone rubber submitted to a simple
compression test using both the analytical and the numerical solution of the problem. This chapter
presents the method and results for this simulation and validates the estimated material properties
in different scenarios.

3.2.1 Material Calibration using the Analytical Solution of a Simple
Compression Test

Tissue characterization consists on the determination of material properties by minimizing the
differences between experimental measurements and the solution of the constitutive equation. This
equation can be solved analytically or numerically. We first executed some simple experiments (i.e.
simple compression test) to obtain the material model parameters based on the analytical solution.
This section presents the results on the characterization of a silicone rubber based on compression
test experimental data.

Analytical Solution of an Uniaxial Compression Test

In a simple compression test, the material is submitted only to normal stresses because the surfaces
in contact, between the plates and the deformable body, are lubricated (see Fig. 3.3). Let us also
assume an incompressible, homogeneous∗ and, isotropic material†; therefore the transverse strains
ε22 and ε33

‡ are considered to be the same.

Figure 3.3: Standard Compression Test in a Cylinder

∗Same material properties at all points in the body.
†Independent stress-strain relationship of the orientation of the coordinate system.
‡ε33 is perpendicular to the applied load and ε11 is in the same direction of the load.


