
Abstract Modelling of soft tissue deformation is of

great importance to virtual reality based surgery sim-

ulation. This paper presents a new methodology for

simulation of soft tissue deformation by drawing an

analogy between autowaves and soft tissue deforma-

tion. The potential energy stored in a soft tissue as a

result of a deformation caused by an external force is

propagated among mass points of the soft tissue by

non-linear autowaves. The novelty of the methodology

is that (i) autowave techniques are established to

describe the potential energy distribution of a defor-

mation for extrapolating internal forces, and (ii)

non-linear materials are modelled with non-linear

autowaves other than geometric non-linearity. Inte-

gration with a haptic device has been achieved to

simulate soft tissue deformation with force feedback.

The proposed methodology not only deals with large-

range deformations, but also accommodates isotropic,

anisotropic and inhomogeneous materials by simply

changing diffusion coefficients.

Keywords Virtual reality Æ Surgery simulation Æ
Soft tissue deformation Æ Autowaves Æ Haptic feedback

and analogous systems

1 Introduction

Virtual reality based surgery simulation is expected to

provide benefits in many aspects of surgical procedure

training and evaluation. To this end, a significant

amount of research efforts have been dedicated to

simulating the behaviours of soft tissues. These ap-

proaches can be divided into two classes. One class of

investigations is focused on real-time simulation such

as mass-spring models [8, 41] and spline surfaces used

in deformation [6, 36]. The advantage of these

methods is that the computation is less time con-

suming and the algorithm is easier to implement.

However, these methods do not allow accurate mod-

elling of material properties, and more importantly,

increasing the number of springs leads to a stiffer

system. The other class of studies focuses on defor-

mation simulation using techniques such as finite

element method (FEM) [4, 12] and boundary element

method (BEM) [19, 27]. In FEM or BEM, rigorous

mathematical analysis based on continuum mechanics

is applied to accurately model the mechanical

behaviours of soft tissues. However, these methods

are computationally expensive and are typically sim-

ulated off-line, and only the equilibrium can be

modelled without transient states. The pre-calculation

[19], matrix condensation [7], the space and time

adaptive level-of-detail [15] and the explicit finite

element [13] techniques are used to enhance the

computational performance.
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In general, most of the existing methods for simu-

lation of soft tissue deformation are fully built on an

elastic model that is an ideal tool to describe the

deformation. However, the behaviours of human tis-

sues and organs are extremely non-linear [17, 21]. The

common deformation methods, such as mass-spring,

FEM and BEM, are mainly based on linear elastic

models because of the simplicity of linear elastic

models, and also because linear elastic models allow

reduced runtime computations. However, linear elastic

models cannot accommodate large-range geometric

deformations which may allow displacements to be

more than 10% of the deformable tissue size [17, 25].

Although few methods based on the non-linear elastic

model can handle the large-range deformations [33],

the use of quadric strains generally requires a very

expensive computation for real-time simulation. The

runtime assembly of all the force terms for every ele-

ment limits the interactivity to only a few hundred

elements. In addition, only geometric non-linearity is

modelled other than non-linear material properties,

extra work often needs to be performed for anisotropic

deformations [32, 33]. The survey on soft tissue

deformation can be found in [26].

This paper presents a new methodology for soft

tissue simulation by drawing an analogy between

autowaves and soft tissue deformation. The deforma-

tion is formulated as the propagation of autowaves.

The potential energy stored due to a deformation

caused by an external force is calculated and treated as

the wave energy injected into the system, as described

by the first law of thermodynamics. The potential en-

ergy generated by the external force is propagated

among mass points by non-linear autowaves. An im-

proved autowave model is developed to propagate the

energy generated by the external force in the natural

manner of autowaves. A cellular neural network

(CNN) to solve the autowave model is established to

satisfy the real-time requirement of deformations. A

wave flux based method to derive the internal forces

from the potential energy distribution is also pre-

sented. A haptic virtual reality system has been

developed to mimic soft tissue deformation with force

feedback. Examples are presented to demonstrate the

efficacy of the proposed methodology. The methodol-

ogy proposed in this study can not only deal with large-

range deformations, but also can accommodate

isotropic, anisotropic and inhomogeneous materials

easily through simply modifying diffusion coefficients.

Autowaves have been successfully used in image

processing [24, 31] and trajectory generation and con-

trol of robot motions [1, 2]. However, there are no

investigations that combine autowaves with deforma-

tion simulation. To the best of our knowledge, this

study is the first to directly use autowave techniques to

simulate soft tissue deformation under externally ap-

plied loads. The contribution of this paper is that non-

linear material properties, such as creeping, hysteresis

and non-linear load-deformation relationship, are

modelled with non-linear autowaves other than geo-

metric non-linearity such as non-linear strain, and

autowave techniques are established to naturally

propagate the energy generated by the external force

and further to extrapolate the internal forces from the

natural energy distribution for deformations.

The remainder of this paper first introduces the

concept of autowaves, analyzes the physical analogy

between autowaves and soft tissue deformation, and

describes the design of the autowave model in Sect. 2.

The construction of the autowave model is then dis-

cussed in Sect. 3, including the source formulation

and the CNN formulation of the autowave model.

The discussion shifts in Sect. 4 to the internal force

derivation, the weight functions for obtaining the

optimum internal forces and the issue of model

dynamics. Implementations, verifications, results and

discussions of deformation simulation are then pro-

vided in Sect. 5. Finally, Sect. 6 concludes this paper

with a brief description of future research work and

improvements.

2 Autowaves

2.1 Originality

Autowaves represent a particular class of non-linear

waves, which spread in an excitable medium. The term

‘‘autowave’’ was first coined by Khokhlov [18] to refer

to autonomous waves. Autowaves are characteristic of

strongly non-linear active media. They are self-sus-

tained signals that induce local release of stored energy

in an active medium, which is spent to trigger the same

process in adjacent regions. The fundamental differ-

ence of autowaves from classical waves is that auto-

waves are propagated at the expense of energy stored

in an excitable medium [14]. Typical examples of

autowaves include combustion waves, waves of phase

transitions, concentration waves in chemical reactions,

and many biological autowave processes such as

propagation of nerve impulses and excitation waves in

heart muscle. These examples stress the importance of

the autowave phenomena.

The activity of autowaves in an excitable medium is

described by a reaction-diffusion type partial differ-

ential equation [28]:
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r � ðDrUÞ þ q ¼ @U

@t
; ð1Þ

where � • is the divergence operator, � is the gradient

operator, U is the potential of the observed point at

time t, D is the diffusion coefficient at the observed

point, and q is the source, which describes the active

local reaction in small volumes of the medium.

Therefore, the reaction-diffusion equation can be

described as the rate of the change of the potential is

induced by the kinetics of local reaction plus the

potential diffusion from adjacent regions.

For isotropic materials, Eq. 1 becomes:

Dr2U þ q ¼ @U

@t
; ð2Þ

where r2 ¼ ð@2=@v2Þ þ ð@2@w2Þ is Laplace operator

that encodes each node relative to its neighbourhood.

The wave flux~J is the negative gradient of potential:

~J ¼ �DrU: ð3Þ

2.2 Physical analogy

Excitable media that consist of locally connected ac-

tive elements capable of forming pulses are very fre-

quent in the nature, especially in biological tissues

such as nerve fibers, cardiac muscle, and brain tissues,

etc. The most intriguing property of excitable media is

the existence of autowaves, i.e. non-linear spatiotem-

poral structures propagating through the medium.

The non-linear physical process of autowaves provides

a way to model the non-linearity of biologically soft

tissues.

In accordance with Huygens’ principle of propaga-

tion, autowaves have the nature of wave propagation

and provide a natural manner for energy propagation.

The propagation of autowaves only depends on the

inherent property of a medium, i.e. the diffusion

coefficient, under a given external environment. The

diffusion coefficient determines the energy distribution

in the medium. It is similar to the elastic constants of

elastic materials, which describe the physical behav-

iours of elastic materials. Therefore, the property of

the diffusion coefficient can be used to deal with iso-

tropic, anisotropic and inhomogeneous deformations.

It must be emphasized that this paper addresses

deformation modelling by using the diffusion coeffi-

cient, rather than elastic material constants.

Autowaves do not reflect from either the medium

boundaries or inhomogeneous media. Therefore,

autowaves do not generate oscillations at boundaries,

and can accommodate inhomogeneous materials.

The behaviour of autowaves can be dramatically

controlled by wave fluxes. The wave fluxes are similar

to internal forces since the deformation behaviours of

soft tissues are controlled by internal forces under a

given external environment.

Soft tissue deformation is actually a process of en-

ergy propagation. When a soft tissue is deformed by an

external force, the potential energy of the soft tissue is

changed. The potential energy is distributed among

mass points of the soft tissue. The potential energy

should be zero when the soft tissue is in its natural state,

and the energy should grow larger as the soft tissue gets

increasingly deformed away from its natural state [39].

According to the law of conservation of energy, the

change in potential energy is due to the work done by

the external force [34]. Therefore, the deformation

process can be treated as a process of (i) applying the

energy generated by an external force to the soft tissue

and (ii) propagating the energy among mass points of

the soft tissue at the expense of the energy stored

among the mass points as the potential energy of the

soft tissue. The process of soft tissue deformation is

very similar to the energy propagation process of

autowaves, in which autowave energy is generated by a

source and propagated in an excitable medium at the

expense of the energy stored in the medium.

In the proposed autowave analogy, the deformation

of soft tissues by an external force is treated as an

autowave process with a source at the contact point. The

surface of soft tissues is treated as an excitable medium.

The energy generated by the external force is treated as

the wave source. As a result of the propagation of

autowaves, a potential field is developed on the tissue

surface. The wave flux that originates from the source

always flows from the point with a high potential energy

to the point with a low potential energy. Therefore, such

a wave field with a source, wave fluxes and flow of wave

fluxes can be seen as a communication medium among

an external force, internal forces and deformation.

To solve Eq. 1 or 2, it is necessary to determine the

boundary conditions. The boundary conditions deter-

mine the character for autowave propagation over the

boundary. In the case of soft tissue simulation, the

boundary can be treated as the part of the soft tissue

that connects/contacts with other tissues/objects. For

simplicity, we choose Dirichlet boundary condition, i.e.

the specified potential on the boundary W :

U ¼ UX on X; ð4Þ

where UW is the given boundary potential function.

Med Bio Eng Comput (2006) 44:805–821 807

123



For the sake of convenient description, the soft tis-

sue refers to an isotropic soft tissue unless we declare it

as an anisotropic soft tissue.

3 Autowave model

3.1 Source formulation

When a soft tissue is deformed under an external force,

there is a displacement experienced. The deformation

is the consequence of the work done by the external

force. According to the first law of thermodynamics,

the work done by the external force can be trans-

formed into the equivalent wave energy injected into

the system. For the convenience of describing the

‘‘work’’, we assume that the external force does not

change while the displacement is taken place. There-

fore, the source q is:

q ¼ W

VF
¼
~F �~d
VF

; ð5Þ

where • represents the dot product, W is the work done

by an external force ~F causing a displacement ~d; and

VF is the volume on which the external force is applied.

Since only the surface of soft tissues is considered in

the deformation formulation, the volume degrades as

an area with a unit thickness. Therefore, Eq. 5

becomes:

q ¼
~F �~d
AF

; ð6Þ

where AF is the area on which the external force is

applied.

If the external force is applied to a point, or the area

that the force is applied on is very small, the source q

may be regarded as the elastic strain energy density at

the contact point:

q ¼ re ¼
X3

i¼1

X3

j¼1

rijeij; ð7Þ

where r is the stress tensor and e is the strain tensor at

the contact point.

The strain tensor in Eq. 7 may be a linear or non-

linear strain tensor. The commonly used and simple

strain tensor is the linear Cauchy strain tensor [11]

described by:

e ¼ 1

2

@ui

@xj
þ @uj

@xi

� �
: ð8Þ

A straight forward approach that leads to a linear

relationship between these two tensors is provided by

Hooke’s law:

r ¼ Ce; ð9Þ

where C is a tensor approximating the constitutive law

of a material. For isotropic materials, C has only two

independent coefficients, i.e. Young’s Modulus and

Poisson’s Ratio.

From Eq. 9, the displacement caused by the external

force can be deduced as:

e ¼ C�1r: ð10Þ

Subsequently, the source q can be described as a

non-linear function of a stress:

q ¼ rC�1r: ð11Þ

For traditional autowaves, the source at each point

has the same value. For the purpose of soft tissue

deformation, the energy generated by the external

force is treated as a source and propagated to other

mass points along the tissue surface. Therefore, the

obtained source is set only at the contact point of the

external force, and the source values at other mass

points are set to zero, i.e.

q ¼ rC�1r at the contact point
0 at other points

�
: ð12Þ

3.2 CNN modelling of autowave model

The autowave model can be easily discretized on the

object surface by using a finite difference scheme [20]

or a finite volume method [40]. The discretized auto-

wave equations are usually solved by numerical

methods, such as refined Gaussian elimination and

Gauss–Seidel iteration. The drawback of the numerical

methods is that the numerical solution may develop

oscillations unless certain precautions are taken [5].

Most importantly, the computing time of the numerical

methods is expensive due to the iterative solution

process. Therefore, the numerical methods are not

suitable to solve the autowave propagation equations

for real-time soft tissue deformation.

Comparing to numerical solutions, a CNN offers an

incomparable speed advantage due to the collective

and simultaneous activity of all cells [35]. The CNN is

an analogue dynamic processor array, made of cells,

which are simple circuits containing linear capacitors,
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linear resistors, and linear/non-linear current sources.

One significant feature of a CNN is that the individual

cells are non-linear dynamical systems, but that the

coupling between them, i.e. the local connectivity of

cells is linear [38]. The feature makes CNNs very

suitable for modelling non-linear physical processes,

such as solving non-linear partial differential equations

(PDE), since CNNs conserve the physical properties of

a continuous structure.

Both PDE and CNNs are time-continuous dynamic,

and they share the same property that their dynamic

behaviours depend on their local interactions. The

inherent analogies between the CNN dynamic equa-

tion and the autowave equation have been made evi-

dent in the CNN literature [10, 23, 35, 38].

Furthermore, it has been proven that CNNs represent

an excellent approximation to non-linear PDE

including the autowave equation, and many important

PDE with an appropriate finite-difference approxima-

tion can be efficiently solved by CNNs [10, 23, 35, 38].

The CNN model can be applied to different grid

types. Without loss of generality, we consider the CNN

on a rectangular grid with M rows and N columns.

Each node on the grid is occupied by a cell. The

dynamics of the CNN model is described by the

following equations and conditions [9]:

C
dvxijðtÞ

dt
¼ � 1

Rx
vxijðtÞ þ

X

ðk;lÞ2Nrði;jÞ
Aði; j; k; lÞvyklðtÞ

þ
X

ðk;lÞ2Nrði;jÞ
Bði; j; k; lÞvuklþI ð13aÞ

vyijðtÞ ¼
1

2
jvxijðtÞ þKj � jvxijðtÞ �Kj
� �

; K> 1 ð13bÞ

jvxijð0Þj6K; jvuijj6K ð13cÞ

Nrði; jÞ¼ fða;bÞjmaxfja� ij; jb� jjg6r;

16a6M; 16b6Ng ð16i6M; 16 j6NÞ; ð13dÞ

where (i, j) refers to the cell associated with the node

under consideration, (k, l) to a cell in the neighborhood

of cell (i, j), namely Nr(i, j), within a radius r of cell (i, j)

(r = 1 in our case). C is the capacitance of a linear

capacitor. Since the capacitor is a scalar coefficient, we

can set C = 1 without the loss of generality. Rx is the

resistance of a linear resistor, and I is the current of

the independent linear/non-linear current source. A is

the feedback template and B is the control template,

whose values depend only on the relative positions of

cells (i, j) and cells (k, l). vuij (t), vxij (t), and vyij (t)

denote the input, state and output of cell (i, j) at the

time t, respectively. vyij (t) is a non-linear sigmoid

function of vxij(t), and it is bounded by a constant K,

which is equal to or greater than one.

Without inputs, Eq. 13a becomes an autonomous

CNN:

dvxijðtÞ
dt

¼ � 1

Rx
vxijðtÞ þ

X

ðk;lÞ2Nrði;jÞ
Aði; j; k; lÞvyklðtÞ þ I:

ð14Þ

The CNN templates which define the CNN model

are obtained from the discrete autowave model. For

example, consider the discrete autowave model at the

point ~Pi;j shown in Fig. 1:

2DUiþ1;jðtÞ
DuiðDui�1 þ DuiÞ

þ 2DUi�1;jðtÞ
Dui�1ðDui�1 þ DuiÞ

þ 2DUi;jþ1ðtÞ
DwjðDwj�1 þ DwjÞ

þ 2DUi;j�1ðtÞ
Dwj�1ðDwj�1 þ DwjÞ

� 2DUi;jðtÞ
Dui�1Dui

� 2DUi;jðtÞ
Dwj�1Dwj

þ q ¼ @Ui;jðtÞ
@t

; ð15Þ

Dui�1 ¼ Pi�1;jPi;j
�����!���

��� Dui ¼ Pi;jPiþ1;j
�����!���

���

Dwj�1 ¼ Pi;j�1Pi;j
�����!���

��� Dwj ¼ Pi;jPi;jþ1
�����!���

���;

where Ui,j (t) is the potential of point ~Pi;j at time t, and

Pi�1;jPi;j
�����!���

��� and other similar terms represent the

magnitudes of vector Pi�1;jPi;j
�����!

and other similar vectors.

The analogy between the autonomous CNN given

by Eq. 14 and the discretized autowave model given by

Eq. 15 can be established by associating the state of a

CNN cell vxij (t) with the potential Ui,j (t), and the CNN

templates can be further obtained as Eq. 16. The out-

put of a cell can be further obtained from the non-

linear sigmoid function Eq. 13b. Therefore, the time

evolution of the cell array’s transient directly provides

the solution to the autowave equation.

Pi, j
Pi+1, j

Pi-1, j

Pi, j-1

Pi, j+1

vi-1 vi

wj

wj-1

Fig. 1 Discretization of the autowave model on a rectangular
grid
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A¼

I¼q

0 2D
DwjðDwj�1þDwjÞ 0

2D
Dui�1ðDui�1þDuiÞ

1
Rx
� 2D

Dui�1Dui
� 2D

Dwj�1Dwj

2D
DuiðDui�1þDuiÞ

0 2D
Dwj�1ðDwj�1þDwjÞ 0

0
BBBBB@

1
CCCCCA
:

ð16Þ

The initial value and the boundary condition of the

autowave equation are also incorporated in the CNN

model. The initial potential value of the autowave

equation is directly associated with the initial state of

the CNN. The Dirichlet boundary condition is realized

by using fixed-state cells.

4 Internal forces and model dynamics

4.1 Derivation of internal forces

The internal force is described by wave flux, which is

the negative gradient of potential with respect to the

change in position, as described below:

~f ¼ �Dr~Pi
U; ð17Þ

where ~Pi is a point with position ðPix; Piy; Piz Þ:
For anisotropic materials, Eq. 17 becomes:

~f ¼ �r~Pi
DU: ð18Þ

Since a flux flows along an edge from a high po-

tential point to a low potential point, an internal force

exists between any two adjacent points and the internal

force at a point is further derived from the neigh-

bouring points of this point.

The force between two adjacent points ~Pi and ~Pj is:

~fij ¼ D
U~Pj
�U~Pi

���
���

~Pj �~Pi

���
���

PiPj
��!

: ð19Þ

The detailed derivation of Eq. 19 is described in

Appendix.

The internal force~gi at a given point ~Pi is the sum of

the internal forces from all adjacent points of point ~Pi:

~gi ¼
X

j2Nð~PiÞ

~fij ¼ D
X

j2Nð~PiÞ

jU~Pj
�U~Pi

j

P
*

j �~Pi

���
���

PiPj
��!

; ð20Þ

where Nð~PiÞ is the neighbouring points of ~Pi; and~fij is

the force between point ~Pi and its neighbouring point
~Pj:

4.2 Optimization of internal forces

The internal force between two points is associated

with the gradient of potential, i.e. it is proportional to

the potential difference between these two points and

is inversely proportional to the distance between these

two points. The internal force increases with the

increment of the potential difference, and the incre-

ment of the internal force further results in the dec-

rement of the distance between these two points. The

decrement of the distance subsequently causes the

increment of the internal force at the next iteration.

Consequently, a large enough discontinuity will finally

occur, resulting in undesirable effects such as instabil-

ities in the numerical integration and visual disconti-

nuity points.

To overcome this problem, a neighborhood [Rmin,

Rmax] is defined as shown in Fig. 2 as the allowable

range of a neighbouring point ~P1 of the observed point
~P0: A weight function is used to control the potential

between these two points in order to locate the

neighbouring point ~P1 within the allowable range

during the deformation process. The weight function is

to ensure that the potential and hence the internal

force is decreased when the distance between these

two points is less than Rmin or is increased when the

distance is greater than Rmax. In addition, the weight

function should be continuous at the two ends of its

parameter interval to avoid the occurrence of visual

discontinuity points.

Due to the simplicity, monotony and continuity of

polynomial functions, one straightforward way is to

construct a piecewise polynomial function with re-

spect to the distance between two points as the weight

function. As shown in Fig. 3, the weight function s(l)

is defined as a piecewise continuous polynomial

function:

Rmax

Rmin

P0 P1

Fig. 2 The neighborhood of a point
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sðlÞ ¼
b1ðuÞ if l\Rmin; letting u ¼ Rmin�l

Rmin

1 if Rmin6 l6Rmax

b2ðuÞ if l[Rmax; letting u ¼ l�Rmax

Rmax

8
><

>:
;

l ¼ ~P1 �~P0

���
���;

b1ðuÞ ¼ �6u5 þ 15u4 � 10u3 þ 1:0;

b2ðuÞ ¼ 6u5 � 15u4 þ 10u3 þ 1:0;

ð21Þ

where b1 (/) is chosen as a monotonically decreasing

polynomial and b2 (/) as a monotonically increasing

polynomial over the interval [0,1], and the first and

second derivatives of both b1 (/) and b2 (/) are zero at

the ends of the interval. Therefore, the weight function

is continuous and smooth in the first and second

derivatives. The smoothness and continuity conditions

are important for well behaved numerical integration.

With the potential refined by the weight function,

the internal force is further refined as:

~f ¼ �Dr~Pi
sðlÞUðlÞ: ð22Þ

Since

r~Pi
sðlÞUðlÞ ¼ sðlÞ dU

dl
r~pi

l þUðlÞ dsðlÞ
dl
r~pi

l

r~pi
l ¼ �

~Pj �~Pi

~Pj �~Pi

���
���
¼ �PiPj

��! ð23Þ

the force between point ~Pi and its neighbouring point
~Pj is

~fij ¼ D sðlijÞ
Uj �Ui

~Pj �~Pi

���
���
þ ðUj �UiÞ

dsðlijÞ
dl

2

64

3

75PiPj
��!

: ð24Þ

4.3 Incompressibility constraint and model

dynamics

Soft tissues such as living tissues are usually incom-

pressible, i.e. they have the property of volume pres-

ervation. In order to model the property of volume

preservation, similar as [41], an external incompress-

ibility constraint is introduced to soft tissue models.

The volume variation is penalized by applying an

incompressibility constraint force to nodes along the

normal of each node. The incompressibility constraint

force at point ~Pi is:

~f
incomp
i ¼ q

X

j2Nð~PiÞ

Vj � V0
j

V0
j

 !2

~ni; ð25Þ

where V0
j and Vj are the initial and current volumes of

the prismatic element that adjacent to node i;~ni is the

normal at point ~Pi; and q is the scalar factor.

When an external force is applied to a soft tissue, the

contact point of the external force is replaced with a

new position. As a result, the other points not directly

influenced by the external force are in an unstable

state. The energy generated by the external force is

propagated through autowaves among mass points to

establish a new equilibrium state by generating the

corresponding internal forces. Based on the equilib-

rium state, the new position of each point is obtained.

The dynamic process is governed by the Lagrangian

equation of motion of each node:

mi
d2~Pi

dt2
þ ci

d~Pi

dt
þ~gi þ~f incomp

i ¼ ~Fi; ð26Þ

where ~Pi is the position vector of node i, and mi and ci

are the mass and damping constants of node i,

respectively.~gi is the net internal force applied to node

i at time t, ~f
incomp
i is the incompressibility constraint

force applied to node i, and ~Fi is the external force

applied to node i at time t.

The solution of Eq. 26 can be computed either by

an implicit integration scheme or an explicit inte-

gration scheme. Although implicit integration has the

advantage of being unconditionally stable, which

means it allows large time steps to be used, it is

computationally intensive and requires inverting a

sparse matrix at each iteration [3]. Therefore, the

explicit integration scheme is used to solve Eq. 26

The advantage of the explicit scheme is that no matrix

inversion is required for updating each vertex

position.

Fig. 3 Potential weight function
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5 Performance evaluations

In this section, the deformation based on the proposed

methodology is evaluated comprehensively in three

aspects: (i) mechanical behaviours, (ii) interactive

deformation simulation with force feedback, and (iii)

the computational performance. The comparison with

the existing deformation methods is also discussed. For

the convenience of investigating different deformation

behaviours effected by the autowave model, the same

elastic constants E ¼ 2:5� 105 kg/cm2 and m ¼ 1
3

� �
are

used in the following examples.

5.1 Mechanical behaviours

Realism of soft tissue simulation depends on the

accuracy of the utilized deformation methods. Ideally,

a deformation method should enable the computer-

generated organs to reproduce the biomechanical

behaviours of real tissues. Unfortunately, the com-

plexity of soft tissues makes accurate modelling pro-

hibitive. Microscopically, soft tissues are composed of

various biomaterials with different compositions and

arranged into different structures, and thus exhibiting

complicated mechanical characteristics when studied

from a macroscopic perspective. Given the intricacies,

the validation of the proposed methodology is focused

on the typical mechanical behaviours of soft tissues,

including non-linearity, visco-elasticity, anisotropy and

inhomogeneity.

Due to the different behaviours between living tis-

sues and non-living tissues, the living tissues have to be

used to test the proposed methodology. However, such

an experiment with living tissues raises ethical issues

and technical difficulties. Validation of deformable

models still remains a challenge and there is not a

technique suited to capture the full range of tissue

behaviours [22, 30, 37]. Therefore, similar to most re-

search efforts in soft tissue deformation [8, 12, 41],

empirical evidences on mechanical properties of living

tissues are used to verify the simulated behaviours of

virtual tissue models.

5.1.1 Soft tissue responses

To assess the ability of the proposed methodology to

model real tissues, a set of experiments have been

conducted to verify if the proposed methodology could

predict the typical mechanical behaviours of soft tis-

sues, including two common features of visco-elasticity,

i.e. strain creeping and hysteresis, and non-linear load-

deformation relationship [17, 21, 25].

The creeping has been verified by applying a con-

stant force to a node of a surface grid. Eight materials

modelled with different damping constants (from top

to down in Fig. 4, the damping is 3.0, 4.0, 5.0, 6.0, 7.0,

8.0, 9.0 and 10.0, respectively) are tested. Figure 4

shows the variation of displacement against time under

a constant force. The results in Fig. 4 demonstrate that

the displacement builds up asymptotically towards a

maximum value. The observed responses are similar to

the creeping measurements obtained from real tissues

[21].

The hysteresis effect has been verified by applying

an external force to a node of a surface grid. Two

materials modelled with two different damping con-

stants (the damping is 2.0 and 9.0 in Fig. 5 respectively)

are tested. The deformation is calculated when the

force is increased at a constant rate from zero and then

down to zero again. As shown in Fig. 5, a solid line

shows the deformations under the loading process and

a dot line shows the deformations under the unloading

process. The results in Fig. 5 demonstrate that the

loading and unloading process follow two distinct

paths, which are in accordance with the hysteresis

phenomenon exhibited by living tissues [17].

The proposed methodology has been tested to verify

the non-linear load-deformation relationship. Eight

materials modelled with different damping constants

(from right to left in Fig. 6, the damping is 1.0, 2.0, 4.0,

5.0, 6.0, 7.0, 9.0 and 10.0, respectively) are tested. The

deformation is calculated when the force applied to the

model is increased at a constant rate. The results in

Fig. 6 demonstrate that the deformation varies non-

linearly with the applied force [17, 21].

With reference to the results presented in Figs. 4,

5, 6, the proposed methodology reproduces the typical

mechanical behaviours of real tissues, and the

Fig. 4 Creeping property
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simulated mechanical properties are similar to those

exhibited by soft tissues.

5.1.2 Isotropic, anisotropic and inhomogeneous

deformations

Isotropic, anisotropic and inhomogeneous deforma-

tions have been achieved by using the property of

diffusion coefficient. Figure 7 illustrates the deforma-

tion of an isotropic material (the number of mass

points = 360, diffusion coefficient = 0.05, mass = 1.0

and damping = 1.0, the external force = 20 kg). The

undeformed shape of the material is a cylinder. Fig-

ure 7a–d are different views of the material deformed

under a compressive force.

The anisotropic property of soft tissues can be easily

simulated by the proposed methodology through sim-

ply setting different diffusion coefficients in different

parameter directions. Figure 8 illustrates the defor-

mation of an anisotropic cylindrical material. The

material has the same material parameters with the

material in Fig. 7 except that the diffusion coefficients

are different in the parameter directions (diffusion

coefficient on the lines parallel to the cylinder’s

axis = 0.05 and diffusion coefficient on the segment

lines = 0.1). Compared to the isotropic deformation

shown in Fig. 7, the anisotropic deformation of the

material is illustrated in Fig. 8, where the cylinder is

deformed more on the segment lines and the cylinder

becomes narrower around the deformation area.

The inhomogeneous property of soft tissues can also

be simulated by setting different diffusion coefficients

at different points. Figure 9 illustrates the deformation

of an inhomogeneous cylindrical material. The mate-

rial has the same material parameters with the material

in Fig. 7 except that the portions with white grids

(diffusion coefficient = 0.1) have a different diffusion

coefficient from the green portion (diffusion coeffi-

cient = 0.05). As shown in Fig. 9, some of the portions

with white grids are deformed correspondingly during

the deformation, and they also highlight the difference

from the isotropic deformation shown in Fig. 7. Com-

pared to the anisotropic deformation shown in Figs. 8,

9 illustrates that the cylinder is deformed differently at

the different points with different diffusion coefficients.

5.1.3 Local and large-range deformations

Local deformation is happened commonly in surgical

operations. The local deformation can be easily pre-

dicted by the proposed methodology.

It must be recalled that wave propagation is pro-

portional to diffusion coefficient values. This property

can be used to limit the deformation range. A very low

diffusion coefficient can be set at the points where

small deformations are expected. Figure 10 illustrates

an example of local deformations, where the portions

with white grids of the images have a very low diffusion

coefficient. Figure 10a–d show different views of the

cylinder deformed under a compressive force, where

the portions with white grids are not deformed.

The proposed methodology can deal with large-

range deformations. With the above deformation

examples, all of the deformation ranges exceed 10% of

the original mesh sizes. The non-linear load-deforma-

tion relationship also reveals that the proposed meth-

odology can deal with large-range deformations.

Further, the large-range deformations can be achieved

by the property of the source.

It is noted that the range of wave propagation is

proportional to the source. As discussed in Sect. 3.1,

the source value generated by an external force is only

set to the contact point, while the source values at

other points are set to zero. If there are more points set

to the source value at the contact point, there is more

Fig. 5 Hysteresis property

Fig. 6 Non-linear load-deformation relationship
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Fig. 7 Isotropic deformations

Fig. 8 Anisotropic
deformations
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wave energy propagated from the source in the wave

field. Therefore, large deformation range can be

further obtained by setting the source value to the

points around the contact point. Figure 11 shows an

example for the large-range deformation of a cylinder

by setting the source value to multiple points, where

Fig. 9 Inhomogeneous
deformations

Fig. 10 Local deformations
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the source value generated by the external force is set

to the points on the white line.

5.2 Deformation simulation with force feedback

Laparoscopic surgery is much more difficult for sur-

geons than classical surgery. Surgeons lose the third

dimension and use two long tools instead of their

fingers. Therefore, they must use all the clues provided

to them to understand and reconstruct the scene in

their minds. Force feedback is one of these clues, and

its introduction in the surgery simulation greatly

improves the overall realism of the simulation.

An interactive prototype system has been developed

with the proposed methodology for interactive

deformation simulation with force feedback. As shown

in Fig. 12, a PHANToM haptic device is configured

with the system to carry out the deformations of soft

tissues. A user can use the device to touch the

deformable organ and deform it by pushing, pulling

and dragging the surface in a natural 3D environment.

As shown in Fig. 13, the system has been imple-

mented based on a multi-threaded platform, where

deformation simulator, graphics rendering and haptic

rendering are executed as individual processes.

Deformation simulator performs collision detection

and carries out deformation simulation if collision oc-

curs. Graphical rendering is achieved by the OpenGL

graphics library. Haptic rendering is achieved by

the point-based haptic rendering technique [16],

which simulates PHANToM’s stylus tip as the haptic

interface point (HIP) to interact with virtual tissues.

The point-based haptic rendering is a convenient

abstraction for haptic interactions, and the speed is

fast. During the process of deformation simulation, the

collision detection algorithm checks if the HIP collides

with the virtual tissue. If collided, a penetration depth

is computed as the distance between the current HIP

and the corresponding surface contact point, and the

external force applied at the contact point is further

calculated from the penetration depth. Under the

external force, deformation simulator calculates inter-

nal forces from the internal energy distribution estab-

lished by the CNN model, and also calculates nodal

positions. The nodal positions are passed to the

graphics rendering thread for graphics refresh.

The internal forces are output to the PHANToM as the

PHANToM’s reaction forces to provide the feeling of

Fig. 11 Large-range
deformations by using the
property of the source

Fig. 12 System configuration
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force feedback to the operator. Since the internal force

is actually wave flux and the flow of wave flux from a

high potential point to a low potential point is a natural

optimum consequence generated by energy propaga-

tion, the benefit of the force feedback is that the nat-

ural distribution of internal forces on the surface of the

deformed tissue can be felt through the haptic device.

Real-time interactive deformation of virtual human

organs with force feedback has been achieved with the

proposed methodology. Figure 14 shows the deforma-

tions of a kidney model. Figure 14a–c illustrate the

simulated deformations of the kidney model with a

virtual probe. Figure 14d and e illustrate two different

views of the deformed kidney model. Figure 15 shows

the deformations of a liver model. Figure 15a and b

illustrate the simulated deformations of the liver model

with a virtual probe. Figure 15c–f illustrate different

views of the deformed liver model.

5.3 Computational efficiency

The timing performance of the proposed methodology

has been carried out with an Intel Pentium (R)

2.8 GHz and 1.0 G memory PC with an nVidia

GeForce FX5200 graphics card. With one external

stimulus, the computational time of one deformation

iteration utilizing different numbers of points is given

in Fig. 16. It can be seen that the computation time is

increased with the increment of the mesh points. The

visually satisfactory refresh rate of 25 Hz to maintain a

realistic visual feedback [32] is achieved by meshes

with less than about 1200 grid points. Since the correct

visualization of a soft tissue such as the human liver

requires at least 600 grid points [27], it is sufficient to

provide realistic visual feedback with the proposed

methodology.

For the force feedback to be realistic, the haptic

device requires forces to be updated at the rate of at

least 1,000 Hz [29]. The haptic fresh rate can be

achieved by using a small time step to ensure that the

surface grid simulated is always near the HIP when

there is a collision. When the computational speed

cannot cope with the haptic fresh rate any more, force

extrapolation [32] is employed to improve the realism

of force feedback by generating the missing forces

from the previous time step. On the other hand, since

force sensing depends on the deformable nature of the

model, the realism of force feedback corresponds to

the physical realism of soft tissue deformation [12].

Therefore, the verification of the simulated behaviours

Collision
Detection

Autowave
Model

Cellular Neural
Network

Modelling

Internal Force
Derivation and
Optimization

Virtual Soft
Object Models

Visual Diaplay
Monitor

OpenGL
Graphics
Library

Point-based
Method

Haptic Device

Deformation Simulator Haptic RenderingGraphics Rendering

Calculate
Nodal

Positions

Fig. 13 System framework
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Fig. 14 Deformations of a
virtual human kidney model

Fig. 15 Deformations of a
virtual human liver model
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in Sect. 5.1.1 is also evidence of the physical realism of

the force feedback.

The fundamental difference of the proposed meth-

odology from most of the existing deformation meth-

ods such as mass-spring, BEM and FEM, is that soft

tissue deformation is carried out from the viewpoint of

energy propagation. The methodology can perform

large-range displacements through its non-linear load-

deformation relationship, while only small-range

displacements through the linear load-deformation

relationship are carried out in the most existing

deformation methods. Although the computational

speed may be a problem if compared with the common

deformation methods to deal with small-range defor-

mation, it can be further greatly enhanced by the dig-

ital hardware implementation of the CNN algorithm

[9]. Compared with the explicit non-linear FEM [33],

non-linear material properties are modelled with non-

linear CNN other than geometric non-linearity, and the

CNN model is easier to be formulated than the com-

plex non-linear elastic models. The transient states are

also physically modelled by the real transient states of

CNN, while the transient states are modelled only

through the dynamic numerical integration in the ex-

plicit non-linear FEM. Only surface mass points are

involved in computation and rendering without any

inside points, while the interior has to be meshed and

calculated in FEM. The deformation process in the

proposed methodology is caused naturally by an

external force, while the deformation process is caused

by a displacement without any external force existed in

the non-linear explicit FEM. The proposed methodol-

ogy exhibits the typical mechanical behaviours of real

tissues and provides a natural force feedback, while

there is not any discussion on the verification for the

mechanical properties of real tissues and on force

feedback in the explicit non-linear FEM. Furthermore,

the methodology can easily accommodate anisotropic

and inhomogeneous materials by simply setting diffu-

sion constants, while extra work has to be performed in

explicit FEM.

6 Conclusions

This paper presents a new methodology to simulate

the deformation of soft tissues by drawing an analogy

between autowaves and soft tissue deformation. The

contribution of this paper is that (i) non-linear

materials are modelled with non-linear autowave

propagation other than geometric non-linearity, and

(ii) autowave techniques are established to naturally

propagate the energy generated by the external force

and further to extrapolate the internal forces from the

natural energy distribution for deformations. An im-

proved autowave model is developed for the natural

propagation of the energy generated by the external

force. A CNN model is constructed to solve the

autowave model for real-time deformations of soft

tissues. A wave flux based method is presented for

deriving the internal forces from the potential energy

distribution. A haptic virtual reality system has been

developed to simulate soft tissue deformation with

force feedback. This proposed methodology can not

only deal with large-range deformations, but also can

accommodate isotropic, anisotropic and inhomoge-

neous materials through simply modifying diffusion

coefficients.

Ongoing research work focuses on the extension of

the proposed methodology to 3D solid volumes. Cur-

rently, only surface models are treated in the proposed

methodology. Due to the lack of a defined interior, it is

difficult to simulate complex surgical operations, such

as cutting and tearing operations, and it is also difficult

to simulate the deformation behaviours of 3D patho-

logic organ models, such as the human organ models

with tumors inside. The limitation can be overcome by

extending the proposed methodology to 3D volume

models. In essence, the autowave model can be easily

extended to 3D volume models, and the CNN based on

the mass points of a 3D object surface can also be

extended to the CNN based on the 3D finite elements

of a 3D volume. Another aspect of improvement in the

near future is the global validation of simulated

deformations against real in vivo data of soft tissues.

The measurement of in vivo mechanical data of soft

tissues would be of great value for a full validation but

is much more challenging to achieve experimentally. A

minimally invasive experimental setup is being estab-

lished to use normal indentation to acquire the force-

displacement response of soft tissues.
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7 Appendix

Consider two adjacent points ~Pi and ~Pj; where the

potentials are U~Pi
and U~Pj

; respectively. The potential

at any point~P between these two points is regarded as a

function of the distance between point ~Pi and point ~P:

Therefore, the following relationships can be written:

U ¼ UðlÞ

l ¼ ~P�~Pi

���
���
: ð27Þ

Thus:

r~Pi
U ¼ dU

dl
r~Pi

l ¼ �
U~Pj
�U~Pi

���
���

~Pj �~Pi

���
���

PiPj
��!

; ð28Þ

where PiPj
��! ¼ ~Pj�~Pi

~Pj�~Pik k and U~Pj
�U~Pi

���
��� is the magnitude

of the potential change between point ~Pi and point ~Pj:

Substituting Eq. 28 into Eq. 17, the force between

point ~Pi and point ~Pj is

~fij ¼ D
U~Pj
�U~Pi

���
���

~Pj �~Pi

���
���

PiPj
��!

: ð29Þ
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