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Abstract
Objective The objective of our work is to develop and
validate a viscoelastic and nonlinear physical liver model
for organ model-based needle insertion, in which the defor-
mation of an organ is estimated and predicted, and the needle
path is determined with organ deformation taken into consi-
deration.
Materials and Methods First, an overview is given of the
development of the physical liver model. The material pro-
perties of the liver considering viscoelasticity and nonlinea-
rity are modeled based on the measured data collected from a
pig’s liver. The method to develop the liver model using FEM
is also shown. Second, the experimental method to validate
the model is explained. Both in vitro and in vivo experiments
that made use of a pig’s liver were conducted for comparison
with the simulation using the model.
Results Results of the in vitro experiment showed that the
model reproduces nonlinear and viscoelastic response of dis-
placement at an internally located point with high accuracy.
For a force up to 0.45 N, the maximum error is below 1 mm.
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Results of the in vivo experiment showed that the model
reproduces the nonlinear increase of load upon the needle
during insertion.
Discussion Based on these results, the liver model developed
and validated in this work reproduces the physical response
of a liver in both in vitro and in vivo situations.
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Introduction

Background

In recent years, research and development work has been
done on surgical robots and navigation systems [1,2]. Since
surgical robots are capable of minimally invasive and pre-
cise surgery, they can enhance patients’ early recovery. The
expectations of surgery performed by surgical robots have
increased, and research and development into surgical robot
systems has advanced in many fields.

One of the most common procedures employed in clinical
practice is needle insertion. Recently, needle insertions, such
as radiofrequency ablation (RFA) and percutaneous ethanol
injection therapy (PEIT), have been used for cancer therapy.
Since these treatments are based on minimally invasive sur-
gery and achieve positive results, their future application is
likely to be widespread. Recently, the need has also arisen
for successful early diagnosis and treatment cancer. With
this in mind, precise needle insertion will be important as
an example of localized treatment for small cancers that are
diagnosed early. Medical procedures such as RFA and PEIT
require the insertion of a needle into a specific part of the
diseased area. In all cases, the needle tip should be as close

123



54 Int J CARS (2009) 4:53–63

as possible to the center of the target cancer. The needle
insertion site, in the case of the liver for example, is very
soft, and it is easy for the force of the needle to deform
the tissues, resulting in organ deformation and displacement
of the target cancer. Therefore, it is very difficult to preci-
sely insert the needle without increasing the risk of cancer
displacement.

Goal

The goal of our research was to develop an intelligent system
for robot-assisted needle insertion that takes organ deforma-
tion into consideration. The functions of our method, which
we call “organ model-based needle insertion” [3–7], are as
follows (see Fig. 1):

(1) Preoperative function: Preoperative planning is car-
ried out using the organ model to decide the optimi-
zed needle insertion path. The organ model is used to
predict the organ deformation and displacement of the
target cancer during needle insertion.

(2) Intraoperative function: A deformation calculation is
carried out using intraoperative information to modify
the needle path and needle speed corresponding to the
state of the organ. Because intraoperative information,
such as the force upon the needle measured by a force
sensor, is used, real-time deformation calculation iden-
tifies the stiffness of the organ and accurately estimates
organ deformation.

In short, the insertion of the needle with organ deformation
taken into consideration facilitates the precise positioning of
the needle tip into the target cancer. Such an intelligent sys-
tem for robot-assisted needle insertion, which makes maxi-
mal use of accurate robotic positioning, will become vital
in future robotic surgery, in which very precise positioning
will be required. An accurate physical model of an organ that
estimates and predicts the state of the real organ plays a key
role in our system.

Related work

Creating an accurate organ model, which remains a
challenging problem because of the complexity of organ
properties, is still the subject of much research [8–21]. For
example, the Physiome Project is known worldwide [9]. In
addition, K. Miller presents three-dimensional, nonlinear,
viscoelastic constitutive models for the liver and kidney [10],
and for brain tissue [11]. Conventional research into the
modeling of living bodies mainly concerns deformation ana-
lysis using a finite element method (FEM) for surgical simu-
lation and training. For example, Tiller et al. [12] present
a deformation analysis of the uterus using FEM. Altero-
vitz et al. [13,14] have researched the simulation of needle
insertion for prostate brach therapy. Meanwhile, DiMaio and
Salcudean [15,16] use a linear elastic material model to illus-
trate a system for measuring the extent of planar tissue phan-
tom deformation during needle insertion. Moreover, Sakuma
et al. show the equation that combines both logarithmic and
polynomial strain energy forms of a pig liver from combined
compression and elongation tests [17,18]. Salcudean et al.
shows the planning system to determine the optimized inser-
tion angle and position using a linear and nonlinear organ
model [19,20]. Finally, Schwartz et al. [21] present a vis-
coelastic and nonlinear model for the simulation of needle
insertion.

Purpose

In general, tissue modeling is complex because tissue exhi-
bits inhomogeous, nonlinear, anisotropic elastic and viscous
behavior [8–11,17–21]. In particular, the viscoelastic and
nonlinear properties of tissue are important for precise needle
insertion. It has been reported that there is nonlinear relation
between the force loaded on the needle and the deformation
of the liver deformation [22] as a result of nonlinear pro-
perties. It is well known that since the liver has viscoelastic
properties, its deformation is dependent on the velocity of
needle insertion [23].

Fig. 1 The concept of organ
model-based needle insertion
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Our work focused on the development of a model inclu-
ding both viscoelastic and nonlinear properties. Schwartz
et al. already present a model including viscoelastic and non-
linear properties. However, the material properties included
in that model are coarse approximation of the real mate-
rial properties of biological soft tissues. The uniqueness of
our work is in the development of a viscoelastic and non-
linear liver model based on the detailed material properties
of tissues, as well as the validation of our model based on
comparing the deformation of a pig liver in both in vitro and
in vivo situations. Modeling including anisotropic properties
was not a target of this research, because anisotropic proper-
ties are not largely affected to the simulation of only needle
insertion when the liver is compressed to a certain direction.

The rest of this paper is organized as follows: “Mate-
rials and methods I (development of physical liver model)”
presents the development of our liver model, including the
material properties of the model and the formulation and
solution of the FEM-based model. “Materials and methods II
(validation experiment)” discusses the methodology of both
the in vitro and in vivo validation experiments. “Results” pre-
sents the results of these experiments. “Discussions”
discusses the accuracy of our model. Finally, “Conclusion”
presents a summary, overall conclusions, and a look at future
work.

Materials and methods I (development of physical liver
model)

Overview

In general, tissue is inhomogeneous and exhibits nonlinear,
anisotropic elastic and viscous behavior, which means that
tissue models are relatively complex [8]. In our work, we
focused on the viscoelastic and nonlinear properties of the
liver. The material properties of the liver considering both
viscoelasticity and nonlinearity were modeled based on the
measured data. A pig liver was used as the sample for this
study because surgeons say that the abdominal organs of a
pig have mechanical properties similar to those of a human’s
organs.

Material properties [3,4]

The material properties of a pig liver were both measured
and modeled in our experiments. We have already reported
on the material properties of a pig liver in [3,4], in which we
also gave specific descriptions of the physical properties of
the liver. Thus, only a simplified explanation of the material
behavior used for deformation calculation is shown in this
paper.
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Fig. 2 Mechanical impedance of the liver [3–6]

Experiments were individually implemented to measure
the physical properties of the pig’s interior liver using a rheo-
meter (TA-Instrument: AR550). The shear modulus, shear
stress, and shear strain were then calculated based on these
results.

Viscoelastic properties

A dynamic viscoelastic test was carried out to measure the
frequency response of the liver. A sine-wave stress from 0.1
to 250 rad/s, providing 3% strain amplitude, was loaded on
the liver, and a dynamic viscoelastic test was conducted. The
mechanical impedance of the pig liver obtained from the
result of this test is shown in Fig. 2. G* is a complex shear
modulus, G’ the storage elastic modulus, and G” the loss elas-
tic modulus. The needle is generally inserted into the organ at
a low velocity; hence the response is mainly affected by the
low frequency characteristics. Thus, we used the viscoelastic
model using the fractional derivative described in (1), which
takes only low-frequency characteristics into consideration.

G
dkγ

dtk
= τ (1)

where G is the viscoelasticity, k is the order of derivative, γ

is the shear strain, t is time, and τ is the shear stress. The
derivative order k was approximately equal to 0.1, based on
the slopes of G’ and G” shown in Fig. 2.

Nonlinear properties (strain dependence of elastic modulus)

The nonlinear characteristics of liver as a material were inves-
tigated based on the creep test, in which the step response is
measured. The steady state of the step response following
sufficient elapsed time exhibits the low-frequency characte-
ristics described in (1). And, Eq. (1) becomes (2) if (1) is
solved by the condition of the creep test.

γ = τc

G�(1 + k)
tk = γc tk (2)
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Fig. 3 Strain dependence of Viscoelasticity [3–6]

where τc is constant shear stress, �() is the gamma function,
t is time, and γc is the coefficient deciding the strain value.

The creep test for each stress was carried out repeatedly
while the viscoelasticity G and strain γc or each stress were
calculated using (2). Figure 3 shows the viscoelasticity
G-strain γc diagram from these results. A liver with a low
strain of less than about 0.35 displays linear characteristics
and a viscoelasticity G at a constant 400 Pa. A liver with a
high strain of more than about 0.35 displays nonlinear charac-
teristics and an increased degree of viscoelasticity G. Then,
strain dependence was modeled using the quadratic function
of strain shown by (3)

G(γ ) =
{

Go

G0(1 + aγ (γ − γ0)
2)

(γ < γ0)

(γ > γ0)
(3)

where Go is the viscoelastic modulus of the linear part, aγ

is the coefficient deciding the change of stiffness, and γ0 is
the strain at which the characteristics of the liver change to
show nonlinearity.

Shear stress-strain relation

The material properties of the liver were modeled using (4)
from the discussion in “Viscoelastic properties” and “Nonli-
near properties (strain dependence of elastic modulus)”.

G(γ )
dkγ

dtk
= τ (4)

Stress-strain relation

In general, the elastic modulus E was used to construct the
deformation model. The relation between the elastic modulus
E and the shear modulus G was calculated using Poisson’s
ratio ν as in the following equation:

E = 2(1 + ν)G (5)

In the experiment using the rheometer, only the shear
modulus was loaded on the test material. However, the stress
state is more complex in the situation of deformation simula-
tion. We assume that the nonlinearity of the elastic modulus
is decided by the relative strain calculated in (6).

εr =
√

2

9

{
(ε1 − ε2)

2 + (ε2 − ε3)
2 + (ε3 − ε1)

2} (6)

where ε1, ε2, ε3 is the principal strain.
Thus, from these considerations, the material properties

using the liver model are described in (7) and (8).

E(εr )
dkε

dtk
= σ (7)

E(ε) =
{

Eo

E0(1 + aε (εr − ε0)
2)

(ε < ε0)

(ε > ε0)
(8)

FEM based liver model [5,6]

This section shows the formulation and solution to the FEM
model using the material properties described in “Material
properties [3,4]”. We already have reported the formulation
and solution to the FEM model and already have given speci-
fic descriptions in [5,6]. Thus, only a simplified explanation
for the solution is shown in this paper.

The expression between the displacements at all the nodal
points and all the applied loads is written in (9)–(11) from
the result of (8).

K(U)D(k)U = F (9)

where

K (U) =
∑

all element

k (εr ) (10)

k(εr ) =
{

k0

k0(1 + aε (εr − ε0)
2)

(εr < ε0)

(εr > ε0)
(11)

where k is the nonlinear element stiffness matrix, k0 is the
element stiffness matrix when the liver tissue shows linear
characteristics, aε is the coefficient deciding the change of
stiffness, and εr is the relative strain.

First, the solution for the viscoelastic system is shown in
“Solution for the viscoelastic system”, and the solution for
the nonlinear system is given in “Nonlinear system”. Finally,
the solution for (9) is shown based on the discussions from
both “Solution for the viscoelastic system” and “Nonlinear
system”.

Solution for the viscoelastic system

The analysis can be considerably simplified when the follo-
wing conditions are fulfilled [24]:

– The derivative operator of (9) is a common factor in all
element stiffness.

– Only the external loads influence the stresses.
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Fig. 4 The solution to the
nonlinear FEM equation
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Then, Eq. (12) is derived from (9).

K(U)U = F′ (
F′ = D(−k)F

)
(12)

where D(−k) means the kth-order integration.
Equation (12) is identical to the elastic problem when the

virtual external force vector F′ is used. The fractional calcu-
lation (12) for each component of the external force vector
F was implemented to obtain the virtual external force vec-
tor F′

. We used the sampling time scaling property introdu-
ced in [5,6,25] to make a discrete fractional calculation. The
sampling time scaling property was the method we used to
consider the discrete fractional order integrals as the “defor-
mation” of their integer order counterparts.

Nonlinear system

Incremental approaches are important to obtain a significant
answer because the answer is not unique for many nonli-
near situations. The incremental form of a discrete nonlinear
model is generally written by as in (13).

Kt(Un)�U n = �Fn (13)

where Kt is the tangential stiffness matrix, �Un is an incre-
ment of the overall displacement vector, and �Fn is an incre-
ment of the overall external force.

The tangential matrix Kt is described by (14) from
Eq. (11).

Kt (U) =
∑

all element

kt (εr) (14)

kt (εr ) =

⎧⎪⎨
⎪⎩

k0 (εr < ε0)[
1 + aε (εr − ε0)

2

+2aε (εr − ε0) εr ] k0 (εr > ε0)

(15)

where kt is the tangential element stiffness matrix.

We used both the Euler method and the Modified
Newton–Raphson method to solve the nonlinear system, as
shown in Fig. 4.

Calculation process

Based on these discussions, the solution for the system (9) can
be described as follows. First, the virtual external force F′ was
calculated, then the incremental of F′(�F′) was computed.
The solution to the nonlinear system described in “Nonlinear
properties (strain dependence of elastic modulus)” was then
carried out using �F′.

K (Un)�Un = �F′
n (16)

Materials and methods II (validation experiment)

Validation of liver model by in vitro experiment

Measurement of liver deformation

Some researchers have shown the methods for the measu-
ring of organ deformation. For example, DiMaio et al. [15]
measured the deformation of a liver or phantom by sensing
the displacement of a marker attached to the surface. Howe-
ver, there is a significant difference between the deformation
of the liver surface to which the marker is attached and the
deformation of the liver in the needle plane.

In our work, medical ultrasound equipment was used to
measure the deformation of the liver in the needle plane.
Medical ultrasound equipment was selected from the various
diagnostic imaging systems because it can provide the time-
series data required to validate the viscoelastic properties.

Following are the experimental setup and conditions (also
see Fig. 5). The deformation of the liver was measured from
recognition of the ultrasound image. Part of the liver wall
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was perforated, and the medical ultrasound equipment was
set into the perforation. This setup prevented any liver defor-
mation caused by the ultrasound probe coming into contact
with the liver. The probe of the medical equipment was placed
in needle insertion plane. The ultrasound images of the liver
included various special features because of the presence of
various tissues such as fat. The feature point on the ultra-
sound image is the virtual target that represents the cancer,
and pattern recognition (normal correlation) was carried out
to measure the position of the virtual target. The white-box
in the ultrasound image in Fig. 5 shows the measured point,
and the initial length between the measured point and the
wall was 36 mm.

The liver was cut into a rectangular solid (60 × 60 mm,
thickness 20 mm), and the rear side of the liver was constrai-
ned by the wall. The liver was attached to sandpaper using
glue, and the sandpaper was attached to the wall using double-
sided tape. A dimensional outline drawing of the liver is
shown in Fig. 5.

A 17-gauge, bevel-tip needle used for biopsy purposes was
used for the experiment. The needle was attached to the linear
actuator used to insert the needle. A six axis load cell was atta-
ched to the tip of the linear actuator to measure the force loa-
ded onto the needle. Figure 6 shows the needle insertion unit.

The needle was inserted from the center of the liver sur-
face (Fig. 5). The axial force loaded onto the needle in the
Y direction was controlled equal to the target force, which
was set to increase linearly, by 0.45 N at 0.025 N/s during the
first 18 s. Subsequently, the target force was set to a constant
force at 0.45 N for 30 s. The nonlinear property of the liver
was evaluated based on the liver’s response during linear
increase, and the viscoelastic property of the liver was eva-
luated based on the liver’s response during constant force.
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Fig. 7 Model shape of the deformation evaluation

Then, the time-series data of the displacement of the needle
and of the virtual target was collected.

We used the measurement of displacement at a single point
in the liver to validate the liver model. In future work, we
will use a large number of measurement points to validate
the overall deformation of the liver model.

Model deformation

A 2-D slice of the liver model was defined using mesh trian-
gular elements. Figure 7 shows the initial shape of the FEM
liver model. This model shape is the same as the shape of
the liver used in the experiment, and the rear side of model is
set to be the fixed end. This model has 121 total nodes, 200
total elements, and a 20 mm thickness. The stiffness parame-
ters of the model such as Go, ε0, and aε were set manually
to fit the measured data presented in “Measurement of liver
deformation”.

It was assumed that the needle was inserted into the center
of the liver model at (X, Y ) = (0, 0)mm (see Fig. 7), while
the force was ordered to load the node at (0.0, 0.0) mm in the
Y direction. The ordered force was set to increase linearly,
by 0.45 N at 0.025 N/s during the first 18 s. Subsequently, the
target force was set to a constant force at 0.45 N for 30 s.

The time-series data of the displacement of both the needle
and the virtual target were collected during the numerical
experiment. The initial position of the virtual target was set
to be the same as the measured point in the experiment, as
described in “Measurement of liver deformation”.

Validation of liver model by in vivo experiment

In vivo experiment

We also evaluated our liver model by an in vivo experiment
using a pig liver. The needle was inserted into a pig liver
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Fig. 8 Experimental setup of in
vivo experiment

at a constant velocity of 5 mm/s using a needle insertion
manipulator with the medical ultrasound equipment (Fig. 8a).
The inferior vena cava in the liver, as shown in Fig. 8b, was
set to be the virtual target of this experiment. Then, the needle
displacement and force during needle insertion were collec-
ted, and ultrasound images were captured.

Since the needle was inserted at a constant velocity, this
experiment may primarily show the nonlinear properties of
the liver rather than the viscoelastic properties. Therefore,
this validation mainly evaluates the nonlinear properties of
the liver model.

Analysis using liver model

Considering the size of a pig liver, the shape of the liver
model developed for the in vivo evaluation was assumed to
be a square (70 × 70 mm). The mesh and coordinate system
of the liver model were the same as for the in vitro experiment
(Fig. 6). The rear side of model was set to be the fixed end,
because the rear side of pig liver is considered to be constrai-
ned by the abdominal wall of the back side. The stiffness of
the element in the inferior vena cava part was set to approxi-
mately 0 Pa, because the actual stiffness of the inferior vena
cava part is very low compared to that of normal tissue. The
stiffness parameters such as Eo, ε0, and aε of the normal tis-
sue part were set manually to fit the data of the experiment.
Again, it was assumed that the needle was inserted at the
center of the liver model at (X, Y ) = (0, 0)mm, and that it
was inserted at a constant speed of 5 mm/s in the Y direction.
The time-series data of needle displacement and of the force
loaded on the needle were collected during the numerical
experiment. Only the initial loading phase was analyzed in
this numerical simulation. A simulation including puncture
phenomenon will be carried out in the near future.

To evaluate the presence of blood vessels, we also develo-
ped a homogeneous liver model without the blood vessel part,
and simulation was carried out under the same conditions.

Because the real shape of a pig liver is not rectangular and
since the real boundary conditions are more complex as a
matter of course, the validation of our liver model was not
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Fig. 9 Experimental and simulation result of liver deformation

rigorous. In the future, a more rigorous deformation analysis
should be carried out, one that uses a liver model that captures
the shape and boundary conditions of a real pig liver.

Results

Results of in vitro experiment

Figure 9 shows the experimental results of liver deformation,
both the time-series data of needle displacement and virtual
target displacement as measured by the experiment presented
in “Measurement of liver deformation”, and the time-series
data of needle displacement and virtual target displacement
on the model. Figure 10 shows the overall model deformation
and distribution of the Mises stress of each element. The color
of each element in Fig. 10 indicates the value of the stress.

Results of in vivo experiment

Figure 11 shows the relation between needle displacement
and force on the real liver and liver model (both with and
without the blood vessel), whereas the simulation data shown
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Fig. 10 Model deformation for
model evaluation
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Fig. 11 Relationship between needle displacement and force: in vivo
experiment

in Fig. 11 displays only the initial loading phase. Figure 12
shows the deformation of the liver model both with the blood
vessel and without the blood vessel; it also shows the ultra-
sound images captured during the in vivo experiment.

Discussions

In vitro experiment

Needle displacement (0–18 s)

The needle displacement in Fig. 9 increased linearly when
the loaded force was small (0–5 s); however, it showed a low
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Fig. 12 The comparison of
model deformation with the
ultrasound image

increase rate when the loaded force was large (5–18 s). This
result stems from the nonlinear characteristics of liver, that is,
liver subject to high strain displays features of rigidity whe-
reas liver subject to lower strain does not, as shown in Fig. 3.

Based on the results from the liver model, it is clear that
needle displacement also showed linear increase when sub-
jected to a small force (0–5 s) and a low increase rate when
the loaded force was large (5–18 s). And, Fig. 9 shows that
the liver model reproduced the nonlinear response of a real
liver with high accuracy.

Needle displacement (18–50 s)

Needle displacement increased after the loaded force was
set to be constant (18–50 s). This result is related to the vis-
coelastic characteristics of the liver, as shown in “Material
properties [3,4]”, while the strain on the liver increased with
constant stress, as shown in Eq. (2).

The results from the liver model also show that needle dis-
placement increased during constant force (18–50 s), while
Fig. 9 shows that the liver model reproduced the viscoelastic
response of the real liver with high accuracy.

Displacement of virtual target (0–18 s)

The virtual target displacement increased with acceleration
in the early stages of load application (0–5 s). First, the rate

of displacement was low, but then it increased rapidly. In
addition, the displacement of the virtual target (see Fig. 9)
increased linearly when the loaded force was small (5–15 s),
while it increased nonlinearly when the loaded force was
large(15–18 s).

As shown in Fig. 9, the model results of the virtual tar-
get show an accelerating increase in displacement. Although
the model results have about 1 mm error when comparing
the data measured by the real organ in the early stage of
applying a load (0–5 s), the error diminishes corresponding
to the increase of loaded force. The liver model reproduced
with high accuracy the nonlinear response of displacement at
an internally-located point shown in the real liver when the
loaded force was considerable (12–18 s).

Displacement of virtual target (18–50 s)

The displacement of an internally-located virtual target in
the liver also increased after the loaded force was set to be
constant (18–50 s).

The results from the liver model also show that the displa-
cement of the virtual target increased during constant force
(18–50 s). Then, as shown in Fig. 9, our liver model repro-
duced with high accuracy the viscoelastic response of dis-
placement at an internally-located point shown in the real
liver.
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In vivo experiment

Results of the in vivo experiment are shown in Fig. 11.
There is a nonlinear relation between needle displacement
and force. The liver model with the blood vessel reproduced
with high accuracy the relation between needle displacement
and force of the in vivo liver. In the simulation, the model
with the blood vessel shows a little smaller force increase
than the model without the blood vessel. This result is due to
the low elasticity of the blood vessel part.

The ultrasound images in Fig. 12 show that the inferior
vena cava in the liver collapsed from the force of the needle
that the part of the inferior vena cava in the liver model
with the blood vessel also collapsed, in contrast to the model
without the blood vessel.

Based on all these results, we consider that our liver model
also reproduces the in vivo situation.

Parameter variation

Table 1 gives the values of all the stiffness parameters.
Table 1a shows the parameters obtained from the experiment
for the modeling of the material properties discussed in
“Materials and methods I (development of physical liver
model)”. Table 1b shows the parameters of the model for
the in vitro experiment, while Table 1c shows the parameters
of the model for the in vivo experiment.

There is a large variation between each stiffness parame-
ter in (a) and that in (b), even though both sets of data were
obtained from the in vitro tissue. In general, the material para-
meters of tissues vary as the result of individual differences
in a number of individual factors such as age, gender, living
habits, etc. The differences between the stiffness parameters
in (a) and (b) are assumed to be the result of these individual
differences. This discussion leads to the conclusion that both
parameter identification methods such as previous work [7]
and the evaluation of parameter variation from a large number
of individuals are both necessary for the clinical application
of any model such as ours.

There also are large differences between the stiffness para-
meters when the data of (a) and (b) are compared with (c).
These differences may be caused by the differences between
the in vitro liver and the in vivo liver. It is said that the in
vivo liver is harder than the in vitro liver because the in vivo

Table 1 Stiffness parameters

Experiment Go ε0 aε

(a) 1,200 0.1 21,000

(b) 2,600 0.15 45,000

(c) 5,000 0.1 3,00,000

liver has more blood in blood vessels than the in vitro liver.
As a result, the stiffness parameters of the in vivo liver must
be evaluated for clinical application.

Conclusion

We developed and validated a viscoelastic and nonlinear liver
deformation model for organ model-based needle insertion.
First, the concept of organ model-based needle insertion was
described, and then the importance of the organ model, inclu-
ding detailed material characteristics, was shown. Second,
we used FEA to model the detailed material properties of
the liver based on the measured data. Both in vitro and in
vivo-experiments were carried out for comparison with the
simulation using the model. The needle displacement and
displacement at an internally-located point in the real liver
were measured, and the displacement of the liver model was
calculated. Comparing the measurement data of the real liver
with that of the liver model, we validated the model.

The results of the in vitro experiment showed that the
liver model reproduced with high accuracy the nonlinear
and viscoelastic response of displacement at an internally-
located point in the liver. The maximum displacement error
was about 1 mm for a force up to 0.45 N. The results of the
in vitro experiment showed that the model reproduced the
nonlinear increase of load upon the needle during insertion.

From these results, we consider that the liver model we
developed accurately reproduced the physical response of
the liver in both in vitro and in vivo situations. This accurate
reproduction suggests that the method we used to develop the
physical liver model is useful to simulate needle insertion into
the liver.

In future, further precise liver modeling will be carried
out to realize more accurate needle insertion. Liver mode-
ling including anisotropic properties will be carried out; this
kind of modeling was not a target of this research because
anisotropic properties, compared with viscoelasticity and
nonlinearity, do not have a large effect on the simulation
when the liver is compressed in a certain direction. In addi-
tion, a liver model should be developed that considers inho-
mogeneous properties when the target is a liver affected by
disease, including hepatic cirrhosis. Detailed inhomogeneous
modeling that takes hepatic cirrhosis into account should be
carried out. And, the accurate setting of liver shape and boun-
dary conditions also will be carried out. First, a liver model
with the actual shape and complex boundary conditions of a
real pig liver should be validated so it can be used for more
detailed evaluations. Then, it should be determined whe-
ther the proposed liver model can be generalized to human
liver tissue. The model parameter identification method using
intra-operative information will also be researched, with refe-
rence to the ambiguity of the model parameter. Finally, the
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organ model-based needle insertion system will be further
developed for use in safe and precise clinical treatment.
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