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Abstract

Human tissues and organs often exhibit rheological behaviors during their deformation. For

surgery simulation and human modeling, we have to identify physical parameters of such deformation in advance.
In this paper, we propose an approach to estimate the physical parameters of uniform rheological deformation
based on 2D/3D finite element (FE) model simulation. At first, the FE dynamic model was described and
simulations were conducted with initial parameters. Then, the identification method was proposed according to
analysis of deformation behavior. Finally, identification results were shown and their validity was evaluated by
comparing identified parameters and initial ones. This method can be extended to visco-elastic and layered

rheological deformation.
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1. Introduction

Modeling of deformable soft objects is being applied to
medical engineering, including human modeling, surgical
simulation, and minimally invasive surgery. In surgical
simulation, precise model of human tissues or organs are
required to describe and predict the interaction between
external forces or loads and deformation[1, 2]. Then, in
order to reduce accident risks, a surgical training can be
done sufficiently and properly before the actual surgery
was carried out. In addition, to perform minimally
invasive surgery, a needle insertion manipulated was
commonly employed in clinical treatments. A precise
model of the target object with essential properties is
necessary for the precise control of the needle [3]. The
simulation models of such objects have been intensively
studied since late 80's and many methods had already
been proposed to describe the deformation behavior of
soft objects, such as:the mass-spring-damper method
(MSD) [4], the finite difference method (FDM) [5], the
boundary element method (BEM) [6], and the finite
element method (FEM) [7]. However, all of these include
important physical parameters which must be available
before simulation. Unfortunately, there are little useful
data can be obtained to describe these parameters until
now.

In recent years, some methods had already been
proposed to estimate physical parameters of soft objects.
The classification of these methods can be simply
described as Fig. 1. First of all, it can be roughly divided
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Fig.1 Classification of identification methods.

into two categories. The first one is deformation
observation and iterative simulation. FE analysis is
iterated with updated physical parameters until the
difference between the displacements observed from
images and calculated by FEM is minimized [8]. The
Extended Kalman Filter (EKF) was utilized as estimator
to optimize an objective function and a CCD camera or an
ultrasonic device was employed to measure displace-
ments[9, 10]. This method can easily take both nonlinear
deformation and multi-layer structure into account and it
works well to deal with the object with one parameter, for
example the Young's modulus. But it will encounter
problems in deformation with more than one parameter.
One probably can get more than one set of identification
results depend on same deformation behavior. It is
because that all parameters, in multi-parameter deforma-
tion, will interact with each other and contribute to the
deformation. There must be more than one set of
parameters can satisfy the final deformation during
iterations. This problem can be solved by introducing
various loading patterns and force boundary conditions
[11].

The second category is theoretical analysis which tends
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to estimate the parameters by using the relationship
between force and displacement of deformation based on
elastic or inelastic theory. Furthermore, this category also
can be divided into two subcategories. The first one called
surface analysis which only uses displacement and force
on the surface of object. A constant force was imparted on
object surface by an air-jet and displacements of the
surface were measured by high speed cameral[12, 13].
Then, physical parameters can be estimated by analyzing
the relationship between displacement and force. Compar-
ing to other method, lesser measurable data are required
in this method. Unfortunately, it is difficult to use this
method in layered soft objects since only surface
deformation data are available. The second subcategory is
overall analysis. FE method was employed to establish
dynamic model of deformation behavior, and displace-
ments of all nodal points were measured by using CT or
MRI device. Then, the parameters can be identified based
on theoretical analysis of force and displacement[14, 15].
From above description, we can know that this method
needs more measurable data. But it can be used not only
in multi-parameter soft object deformation but also in
both uniform and layered deformation. Moreover, along
with the development of MRI and image processing
technique, it will become more and more convenient to
obtain inner displacements of object.

So far, related works in this field mainly focus on elastic
or viscoelastic object[16, 17]. There are only few papers
can be found working on rheological deformation[18, 19].
Our previous work had already developed an FE model
for simulating linear rheological deformation[20]and an
approach was also proposed to identify the physical
parameters of rheological deformation based on 1D FE
model simulation [21] . In this paper, we extend this
method to 2D/3D rheological deformation. It belongs to
the second subcategory according to above classification.
In next section, 2D/3D FE dynamic model is presented
and simulation results are given. Then, identification
method is proposed based on theoretical analysis and
identification results are presented in Section 3. In Section
4, we give a few conclusions and suggest future works.

2. Dynamic Model and Simulation

2:1 FE Dynamic Model

Depending on the deformation behavior in response to
applied external force, deformable objects can be divided
into three categories: viscoelastic, plastic, and rheological
objects. Suppose that an object has a natural shape, as
shown in Fig. 2 (a). Applying external force, the object
deformed as shown in Fig. 2 (b). After external force is
removed, viscoelastic objects return to the original shape
and there is no residual deformation, as shown in Fig.2(c).
Plastic objects remain all the deformation and there is no
recovered deformation, as shown in Fig. 2(d). However,
rheological objects partially remain the deformation but
not all, as shown in Fig. 2(e).

Rheological object can be described by three-element
model which is a serial connection of a Voigt model and a
viscous element. The 3D FE mesh used in this paper and
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Fig.2 Deformation classification of soft objects.

three-element model as illustrated in Fig.3. This FE
model consists of 5 X 5 X 5 mass points. There are totally
64 parallelepipeds and each of them consists of 6 identical
tetrahedrons. A three-element model is attached on each
tetrahedron. In 2D/3D dynamic model, we assume that
deformation property is isotropic and linear. Rheological
deformation of each tetrahedron is characterized by six
parameters: A2, u2, AVS, uVs, Ay, u¥s. The first two are
Lamé’s constants, which describe elastic deformation. The
next two describe viscosity and the last two show
plasticity. In elasticity theory[22], the Lamé’s constants
A% u® can be described by Young's modulus E and
Poisson’s ratio 7y as shown in Eq. 1. For the sake of
simplicity, we assume that the other four parameters
AYS, u¥s, A¥S, u¥® have the same form with Lamé’s con-
stants as defined in Eq. 1, where ¢1 and ¢z denote viscosity
of two viscous elements respectively. These four physical
parameters E, ci1, ¢z, and y will be employed as input in
simulation and output in identification.

Jela= E-r Jvis= 'y yis= C2' 7
A+pa—2p’ " “a+pa-27 " " a+pa-2p’

ela_ E vis C1 vis C1
BT M T2 M T 20
(1)
Then, dynamic equations of 2D/3D rheological deforma-
tion used in this paper can be described by a set of
differential equations as follows:

Voigt Model

Viscous element

(b)

Fig.3 3D FE mesh and three element model. (a)FE mesh
includes 125 mass points, 64 parallelepipeds and 384
tetrahedrons. (b ) Three-element model which can be
employed to describe linear rheological deformation.
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where M is the inertia matrix, A, B and C are three
constraint matrices, d(#)is displacement constraint func-
tion, llN:[JC1,y1, 21,000 , X125, Y125, z125] T and vy=n11y are
displacement vector and velocity vector of every point,
Aa, A and Ac are Lagrange multiplier vectors which
denote constraint forces on bottom surface and top
surface respectively, w denotes a predetermined angular
frequency, J;and J, are two connection matrixes deter-
mined by geometric quantities alone. Vectors Q, and Q,
are defined as follows to simplify expression of force[23]:
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A set of rheological forces applied to all nodal points are
then simply described as[23]:

F:JzQ/H‘JﬂQﬂ (4)
2-2 Simulation of Rheological deformation
During simulation, we supposed that nodal points on

bottom surface fixed on the ground. So, constraint matrix
A used to restrict displacements of the bottom surface can
be described as

_ (e
0 ‘u\{is_{_‘a;is

u

Isxs =+ Osxs

P 100 000
A=|03x3 - Isxs ; where Isxs=[0 1 0}, 03x5=|0 0 0

E : 001 000

03x3 =+ O3x3|375x75

Deformation process during simulation is divided into
three steps. At first, we give a constant velocity to y-axis
displacements of nodal points on the top surface from time
0 to time t, and we call this period push phase. Then, we
keep the displacements of these points from time t, to
time tx and we call it keep phase. Finally we release this
constraint after time tx and we call it release phase. This
displacement constraint function can be described by
following equations:

d(t)zit; 0=<t<t,
b t,<t<t,+t (5)
d=d; pE=Ee T K

where d is constant displacement of points on the top
surface.

Then, the constraint matrix B used to restrict y-axis
displacements of the top surface was give as

Osx3 =+ O3x3
Do 000
B=|bsxz =+ 03x3 ; where bsx;=[{0 1 0
E : 000
703x3 b3x37375x75

We supposed again that x-axis and z-axis displacements
of nodal points on the top surface do not change during
simulation. So, constraint matrix C can be described as

03><3 03><3

C=|ecsxs *** 03x3

S O O
= o O

1
; where €3x3=|0
0

Osx3 *** C€3x3|375%75

Dynamic FE model given in Eq. 2 can be employed to
simulate linear rheological deformation. In this paper, we
perform two simulations with different physical para-
meters, shown in Table 1. The initial shape of object can
be found in Fig. 3, in which the length of each element
between every two neighboring points is 0.01 m. The
deformed shapes were shown in Fig. 4. Displacements of
some nodal points and normal rheological forces are
shown in Fig. 5 and Fig. 6.

3. Identification Method

During the identification process, we supposed that we
had already known the initial and final position of all nodal
points and normal forces on bottom surface. These data
can be easily measured by using CT or MRI device and
force sensors in actual experiments.

There are 6 parameters in 2D/3D dynamic model given
in Section 2. However, there are only four unknown

Table 1 Initial parameters in both simulations.

Parameters £ @ €2 y d b b
(Pa) (Pas) (Pas) (m) (s) (s)

Case 1 8 5 40 0.43 0.006 120 120

Case 2 300 200 500 0.35 0.01 80 60
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(a) Case 1 (b) Case 2

Fig.4 Deformed shapes in both simulations. (a) Final
deformation with parameters: E = 8 Pa, ¢1= 5 Pas, ¢
= 40 Pas, and v = 0.43. (b)Final deformation with
parameters: £ = 300 Pa, ¢1 = 200 Pa's, c2 = 500 Pa-s,

and 7 = 0.35.
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Fig.5 Normal displacements of some nodal points in both
simulations. In push phase, displacements of all points
increase with a constant velocity. In keep phase,
displacements keep constant and there is no displace-
ments recovery after releasing.
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Fig.6 Normal rheological forces on the bottom surface in
both simulations. Rheological force increases quickly
in push phase and converges to a constant value. In
keep phase, rheological force decreases quickly to
Zero.

physical parameters need to be identified. Here we choose

A2 VS A¥S and ¥ as four independent parameters to

present how to estimate them step by step. By taking time

derivative of Eq. 4 and substituting Eq. 3 into it, we have
F = Jx Q A +Ju Q "

Zela zela/{vis . zvis/zvis .
= AP A ot e g+ i
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(6)

From Eq. 1, we know the coefficients of the first and
fourth term in right side of Eq. 6 are equal to each other.
Considering Eq. 4, above equation can be rewritten as
below:
a1

AT T A
Eq. 7 shows the relationship between rheological forces
and displacements of all nodal points in 2D/3D deforma-
tion.

Now, let us consider deformation behavior in push
phase. During this phase, the deformation velocity of
every point on the top surface is constant. So, if this
velocity is slow enough, we can ignore dynamic effect and
treat the wvelocity of all nodal points as constant.
According to Fig. 5, this velocity can be approximately
denoted by ui™/t,. So we can get analytical expression of
rheological force in push phase by solving Eq. 7.

F+

F

QPT4u353,) A%y + 2150y, (7)

final

Jela _ . § u Aela B
Fo() =F(t) im0+ Q5T+ 3 ) 2 (1*271;’5“;‘5(“ )

tp
(8)
where F (t1)is integral initial value of force data at time t1
which should be close to time zero.

Then, we derive analytical expression of rheological
force in keep phase where the velocity and acceleration of
nodal points are all equal to zero. We can obtain
rheological force in this phase by solving Eq. 7 with
integral initial force F(tz).

Fi(f) =F (t) eipriy " (9)
where t2 is integral initial time, which should be larger
than but close to time t.

Let us pay more attention to keep phase. In this phase,
displacements of all nodal points remain constants but
rheological force decreases quickly, as shown in Fig. 6.
This behavior is called force relaxation in stress analysis
[24]. During force relaxation, the displacements produced
by elastic part will translate to plastic part. In plastic part,
rheological force can be described as below:

F() = A¥ST+uysTDa s @) (10)
where u¥® are displacements in plastic part. Thus, we can
calculate displacements of elastic part at time t, by
integrating Fi from time t, to time infinite.
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=3 ZV!S+ZV15
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ftp) + f(ty)
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2613
where u¥®'(t,) are displacements in elastic part at time

tp. F(t,) and Ff(t,) denote normal force and tangential
force respectively, and subject to Fi(t,) +F{(t,) =Fi(ty).
Comparing left side and right side of Eq. 11, we have
) Xvis_i_lvis
JufE(t,) = e Fity),
A3

. vis+
T ko= (ty) =%Ff:(tp).

12)

2
In elastic part, rheological force can be described as
follows
F() = QAT+ 12T )uX® () + (AVST 75T ) u ¥ (1)
(13)
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From Fig. 6 we know that the rheological force does not
change around time t,. This means that the displacements
produced by this part should be constants, resulting that
u X (t,) equal to zero. By substituting Eq. 12 into Eq. 13,
we have

Fp (tp) — (/{ elaJZ _'_ﬂelaJﬂ)u%oigt (f)

_/ZYiS‘FZ\zAS . | ‘u\llis_'_‘u\zlis .
= s Fi(t,) + ,Ll‘z/is Fi(ty) (14)
/zvis_‘_zvis
:%Fk(tp)
2

Now, we can estimate physical parameters analytically
by solving Eq. 8, Eq. 9 and Eq. 14. Firstly, by substituting
force data of some bottom points into Eq. 9 and using
Least Square Method (LSM), we can compute the value of
A8/ (A4 23%). Then, this value along with force data on
bottom points and displacements of all points were
substituted into Eq. 8 and LSM was employed again to
solve them, we then can have the value of 13" and x5,
Finally, the same computation was used to solve Eq. 14
and the value of (AYS-+2¥%)/13" can be obtained. Conse-
quently, we can identify 4 physical parameters by some
simple substitutions. Identification results can be found in
Table 2.

4. Conclusions and Future Works

In this paper, we proposed a method to identify physical
parameters of uniform rheological deformation base on
2D/3D FE model simulations. We discussed two deforma-
tion behaviors with different parameters and simulation
results were given. Then, Identification method was
proposed according to the analysis of rheological force
and displacement. At last, this method was validated by
identification results. From Section 3, we find that this
method is easily applicable because just a few calculations
were involved in the identification process as long as
required data are known. These data include initial and
final position of all nodal points which can be measured by
CT or MRI device and normal rheological force on bottom
surface which can be measured by force sensor. In
addition, this method can be extended to elastic or visco-
elastic deformation and layered non-uniform deformation.

In the future, experiments will be performed to validate
our method and parameter identification for non-uniform
rheological deformation will be done. Then, nonlinear
behavior also should be taken into account in rheological
deformation.
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